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Abstract 

Autophagy is an evolutionarily conserved cellular pathway that clears 

long-lived or dysfunctional cytosolic components in response to metabolic stresses 

and other related signals. The key role of autophagy in maintaining cellular 

homeostasis leads to its implication in a variety of human disorders. Full 

understanding of the autophagy process can offer new opportunities for therapeutic 

intervention of autophagy-related diseases.  

Our studies mainly focus on the structural and biochemical mechanisms of two 

essential components within the complex autophagy molecular machinery, i.e. the 

p62/SQSTM1 adaptor protein and the Beclin1-Vps34 complex. P62 is a multidomain 

protein which has been proposed as the adaptor between ubiquitinated proteins and 

autophagosomes. The issue we seek to address about p62 is to understand the 

structural mechanism of how the phosphorylation of serine 409 of p62 leads to 

enhanced association with ubiquitinated protein and its effective clearance by 

autophagy. The Beclin1-Vps34 complex is the core lipid kinase machinery 

responsible for the nucleation and maturation of autophagosome. Our work on the 

Beclin1-Vps34 complex covers two aspects. The first aspect is to understand how the 

interaction between Beclin1 and UVRAG, an important autophagy modulator, affects 

Vps34-mediated processes including autophagy and endosomal trafficking. The 

second aspect is to identify the key structural domains of Beclin1 and Vps34 that are 

critical for their association to form the Beclin1-Vps34 complex.  
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For the p62 project we characterized the interaction between p62 UBA domain 

and mono ubiquitin. Our data reveals that the p62 serine 409 phosphorylation mimic 

mutant S409E shows about 10-fold stronger binding affinity to ubiquitin than that of 

wild type. Furthermore, the S409E mutation leads to lower thermal stability, 

presumably by destabilizing the dimeric form as seen in the wild-type structure. 

NMR data of the S409E mutant suggests that the S409E mutation leads to 

conformational changes in p62 UBA domain. Such changes may promote the binding 

of p62 to poly ubiquitin as in the physiological conditions. 

For our study on the Beclin1- UVRAG interaction, our crystal structure of the 

Beclin1-UVRAG complex reveals a parallel coiled coil with a “perfect” interface 

consisting of five “leucine-zipper” pairs to render the Beclin1-UVRAG interaction 

highly stable. Our structure-based functional studies show that this interaction is 

important for endocytic trafficking like the EGFR degradation but less so in 

starvation-induced autophagy. 

For the Beclin1-Vps34 project we conducted preliminary screening to map the 

key domains within Beclin1 and Vps34 that are critical for their interaction. Our 

experiments have uncovered a fragment in the C2 domain of Vps34 that is 

indispensable for the Beclin1-Vps34 complex association and full activation of the 

complex. E.coli expression system based solubility screening thorough the C2 

domain of Vps34 has revealed a soluble but unfolded fragment containing the key 

Beclin1 interaction region. For future studies, more proper approaches will be 
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applied to identify the structural and functional features of the Beclin1-Vps34 

interaction.   

(483 words) 
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Autophagy is a term coined by de Duve more than fifty years ago, coming of 

the Greek “auto” and “phagy” which means “oneself” and “to eat”, respectively (De 

Duve and Wattiaux, 1966). Now, it is considered as an evolutionarily conserved 

homeostatic process in all eukaryotes, in which cytoplasmic components including 

long-lived and damaged proteins, lipids, sugars, nucleotides, various organelles and 

invading microorganisms are enclosed into double membrane vesicles and digested 

by lysosome or vacuole(Cecconi and Levine, 2008; Deretic, 2009; Esclatine et al., 

2009; Klionsky, 2005b; Kuma and Mizushima, 2010; Levine and Kroemer, 2008; 

Mizushima, 2007; Mizushima et al., 2008; Rubinsztein, 2006). Autophagy acts as 

cellular quality controller not only in the clearance of damaged or long-lived proteins 

and organelles and but also in the degradation of these intracellular components in 

normal conditions(Nelson and Shacka, 2013). Furthermore, autophagy also 

contributes to cellular adaptive response to stressed conditions, such as starvation, 

serving as an a vicarious source of energy (Singh and Cuervo, 2011). In recent years, 

mounting reports in the molecular mechanisms of the autophagic process have linked 

autophagy with the treatment of different diseases and of aging (Mizushima et al., 

2008).   

1.1  Different types of autophagic pathways 

Reports in recent years point out that there are generally three forms of 

autophagy, macroautophagy, microautophagy and chaperone-mediated autophagy 

(CMA) based on the different delivery ways of cytosolic components into lysosomes 
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(Klionsky, 2005b)(Fig 1.1).  

CMA is a type of autophagy in which cytosolic proteins labeled by chaperones 

are captured by a membrane-receptor on the surface of lysosome and subsequently 

unfolded and directly translocated into lysosomes for degradation(Massey et al., 

2004). So far, CMA was firstly revealed in mammalian cells and particularly 

transports soluble proteins with exposed KFERQ-like motifs to lysosomes. These 

motifs interact with various chaperones and co-chaperones, such as heat shock 

cognate protein (hsc70), which help the target proteins bind to the 

lysosome-associated membrane protein type 2A (LAMP-2A), the receptor on the 

lysosomal out membrane. Once the destined CMA degradation proteins bind to the 

lysosome receptor, higher-order molecular complex forms for the intake of target 

cargo into lysosomes (Kaushik et al., 2011). The last step is the degradation of the 

cargos in the lysosome lumen and export of the products. 

 

Figure 1. 1 Schematic pictures of different types of autophagy. 
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Microautophagy is the least investigated process, by which the degradative 

organelles, such as lysosomes or vacuoles, directly intacke cytosolic components by 

their membranes (Klionsky, 2005a, b). Microautopahgy has only been identified in 

yeast cells and mainly contributes to the formation and closure of the vacuoles (Sahu 

et al., 2011; Tuttle et al., 1993). But recent studies describe a microautophagy-like 

process in mammalian cells, naming endosomal microautophagy. In this process, the 

complex involved in formation of multi-vesicular bodies has been adopted to 

construct the invaginating vesicles for the engulfment of cytosolic components to be 

degraded (Sahu et al., 2011).  

The predominant form and the most characterized process, macroautophagy, is 

identified by the formation of autophagosomes, a kind of double-membrane vesicles  

which cargo the captured cytoplasmic materials to lysosomes(Klionsky, 2007).  

Here, in this project, only the macroautophagy, will be called autophagy for short and 

will be investigated. During autophagy, cytoplasmic organelles and proteins are 

surrounded by double-membrane structures named phagophore, which is the 

precursor of autophagosome (Kirisako et al., 1999; Tanida, 2011). Then, the 

autophagosomes fuse with lysosomes and release cytoplasmic cargos into lysosomes 

where these cargos are digested by various digestive enzymes. The resulting products   

including various basic molecules are sent back to the cell cytosol for reuse(Petersen 

et al., 2014).  

Generally, autophagy is in terms of the “in bulk” non-selective degradation of 



5 
 

cytoplasmic components. In recent studies, a series of selective forms of autophagy 

have also been described. Distinct from the heterogeneous cargos in common 

autophagy, the autophagosomes in selective forms of autophagy contain single type 

of cytosolic material. Based on the specific cargos in the autophagosomes, the 

selective forms of autophagy are named as mitophagy (Goldman et al., 2010; 

Tolkovsky, 2009), pexophagy (Farre et al., 2009; Veenhuis et al., 2000), 

recticulophagy (Bernales et al., 2006; Hamasaki et al., 2005), lipophagy (Singh et al., 

2009), ribophagy (Kraft et al., 2008) and aggrephagy (Yamamoto and Simonsen, 

2011). All these specific forms of autophagy share the same set of critical members 

of the autophagic regulatory complexes as that in the “in bulk” degradation, and 

utilize another group of cargo recognition proteins additionally for the specific cargo 

selectivity. The cargo recognition proteins are described as the adaptors between 

destined cytosolic components and autophagic machinery. These adaptors are usually 

multi-domain and multi-function proteins including, p62 and neighbor of BRCA1 

(NBR1), (Lamark et al., 2009; Schweers et al., 2007). And heat shock protein hsc70 

and BAG-3 have also been indicated to be essential in the selective sorting of 

aggregated proteins to autophagy pathway (Arndt et al., 2010).   

1.2  Molecular signaling of autophagy 

Autophagy was firstly depicted in mammalian cells, the knowledge of the 

autophagic molecular mechanisms mainly came from genetic analysis in yeast, 

taking advantage of the well established background information in this model 
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organism (Yang and Klionsky, 2010). From the recognition of the first 

autophagy-related gene (Atg), ATG1 (Matsuura et al., 1997) in 1997 to the most 

recent identification of ATG33 in 2009 (Kanki et al., 2009), totally 33 Atg genes have 

been uncovered. The protein products of all these Atg genes assemble into different 

functional machineries regulating autophagic processes: initiation, nucleation, 

elongation and closure and maturation. In the these processes, there are several core 

complexes in charge of the critical steps: 1) the Atg1-Atg13-Atg17 complex in the 

initiation step; 2) the classⅢ phosphatidylinositol 3-kinase (PIK3C3) complex, 

compose of Vps34-Vps15-Atg6 in the nucleation step; 3) Atg12-Atg5 conjugate and 

Atg8 conjugate in the elongation step (Fig 1.2)(Wojcik, 2013). Most of the 

autophagic regulatory investigations concentrate on the nucleation complexes, so do 

ours. The majority of the yeast Atg proteins have their homologues in mammalian 

cells, in which these genes usually have much more diverse functions.  

Autophagy induction is finely tuned by the regulatory machineries involving 

various cellular signals, including wide range of stimuli such as starvation, ER stress, 

mitochondrial damage and signals from the plasma membrane (Klionsky and Emr, 

2000; Rabinowitz and White, 2010). In the absence of stimuli, autophagy occurs at a 

basal level and upgrades greatly after activated. So there should be a system for 

connecting the extracellular stimuli and the cytoplasmic regulators that directly open 

the door for autophagy.  
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Figure 1. 2 Overview of the autophagic flux. 

In mammalian cells, mTOR (mammalian target of rapamycin) complex 1 

(mTORC1) with serine-threonine kinase activity, which contains mTOR, Raptor 

(regulatory associated protein of mTOR), mLST8/GβL (G-protein β-subunit-like 

protein), Deptor (DEP-domain-containing mTOR-interacting protein), and PRAS40 

(proline-rich AKT substrate 40KDa), is critical for the initiation of autophagy 

(Efeyan and Sabatini, 2010; Kuma and Mizushima, 2010). Besides autophagy, 

mTORC1 mediates diverse cellular events such as proliferation and protein synthesis. 

Under normal conditions, mTORC1 is activated by classⅠ 

phosphatidylinositol-3-kinase (PIK3C1) and inhibits autophagy initiation via binding 

and phosphorylating uncoordinated-51-like kinase1 or 2 (ULK1 or ULK2) and Atg13 

in the ULK complex (the mammalian orthologs of yeast Atg 1 complex)(Mizushima, 

2010). ULK complex contains ULK1/ ULK2, Atg13, FIP200 (focal adhesion kinase 
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family interacting protein of 200 KDa) and Atg101. In starvation, the kinase activity 

of mTOR complex 1 is inhibited which frees ULK complex and promotes ULK 

activity as well as FIP200 hyperphosphorylation(Mizushima, 2010). Then the free 

ULK1 complex moves from the cytoplasm to specific domain or closely associated 

structure of ER to recruit the multi-proteins complex (Di Bartolomeo et al., 2010), 

the PIK3C3 complexes and elongation complexes for vesicle nucleation and 

autophagosome formation (Itakura and Mizushima, 2010; Mizushima, 2010).  

Autophagosome nucleation requires a core complex containing Beclin1 

(Bcl-2-interacting protein)—the mammalian homologue of yeast Atg6, p150 (Vps15) 

and PIK3C3 (Vps34), which further forms larger complexes via binding to additional 

regulatory molecules such as UVRAG (UV-radiation resistance associated gene), 

Atg14L and so on (He and Levine, 2010). Recent studies suggest that Beclin1 in the 

PIK3C3 complex works as the scaffold for the anchoring of interactomes which can 

mediate the kinase activity of the core complex (Wirawan et al., 2012). The 

activation of the lipids kinase activity of this complex is required to produce 

phosphatidylinositol-3-phosphate (PI3P), which interacts with other components 

such as DFCP1 (double FYVE domain-containing protein1) (Axe et al., 2008) and 

WIPI (WD-repeat domain phosphoinositide interacting) family proteins (Polson et al., 

2010). DFCP1 proteins originally spread on the ER or the Golgi membrane, while 

they are summoned by PI3Ps to the pre-autophagosome site (PAS) to form 

ER-associated Ω-like structures termed omegasomes (Axe et al., 2008). The detailed 

functions of these PI3P interaction molecules need to be illustrated by further 
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investigations. 

Vesicle expansion and completion are the final steps of autophagosome 

formation in which two ubiquitin-like conjugation systems are indispensable (Tanida, 

2011). Firstly, Atg7, the E1-like enzyme activates and brings Atg12 to Atg10, an 

E2-like enzyme and Atg10 helps the covalent conjugation of Atg12 and Atg5. Next, 

Atg12-Atg5 core forms trimer with Atg16L1, which further homodimerizes to 

assemble a large multimeric complex (Kuma et al., 2002; Mizushima et al., 2003). 

This Atg16L1 complex has been proposed to determine the curvature of the growing 

autophagosome membrane through transient interaction with the out membrane at 

the growing point of autophagosome. Secondly, the cysteine protease, Atg4, cut off 

the C-terminal of LC3 (homologue of Atg8) to reveal a glycine residue. In the 

combination of Atg7, Atg3 and the Atg16L1 complex, LC3 is covalently linked to 

phosphatidylethanolamine (PE) finally. LC3-PE or LC3-Ⅱ insert into the membrane 

of autophagosomes and function as a unique autophagic marker (Kabeya et al., 2004). 

After the vesicle is sealed, LC-Ⅱ is removed by Atg4 from the outer membrane of 

autophagosome for recycling.   

 At the end, autophagosomes are transferred to lysosomes along microtubules. 

Then, the autophagosomal outer membrane interacts with lysosomal membrane, 

unloads the inner membrane engulfed cargos into the lysosomal lumen for 

degradation. Various machineries and proteins have been reported to function in the 

fusion process, including AAA ATPase, HOPS (homotypic fusion and protein 
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sorting), ESCRT (endosomal sorting complex required for transport) complex, 

FYCO1 (FYVE and coiled-coil domain containing 1), LAMP2, LC3, Rab 

(Ras-related GTP-binding proteins), SNAREs (soluble N-ethylmalemide-sensitive 

factor attachment protein receptor) and the UVRAG-C-Vps tethering complex (Tong 

et al., 2010). Interestingly, a type of kiss-and-run fusion has been revealed between 

lysosome and autophagosome. In this process, the autophagic cargos can be 

transferred from autophagosome into lysosome while both maintaining separate 

vesicles (Jahreiss et al., 2008). Once the cargos enter lysosome, the contents are then 

degraded into carbohydrates, nucleosides, lipids and amino acids which are released 

into cytoplasm by lysosomal permease system (Yang et al., 2006). 

1.3  Autophagy and diseases 

Emerging evidences connect autophagy with diverse physiological functions, 

including cellular energetic balance, protein and organelle quality control, immunity, 

differentiation and cell death. The alterations in these physiological events often lead 

to cellular malfunctioning, and set the basis for contributions of autophagy to a wide 

range of pathogenesis of severe human disorders (Giordano et al., 2014). In these 

disorders, such as aging, autophagy is basically considered as protective factor, but 

sometimes also shows the detrimental effects in the progress of some diseases. The 

dual role of autophagy has been well demonstrated in the pathogenesis and treatment 

in cancer, heart dysfunction and neurodegeneration diseases as well as immune and 

infectious diseases. 
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   Autophagy and aging 

The general features of aged cells are progressive accumulations of damaged or 

altered DNA, proteins and organelles and deficits in some physiological processes. 

Attenuated autophagy activities may play key roles in these events. Bergamini’s 

investigations suggested that autophagy decreased along age, both in vitro in isolated 

liver cells and in vivo in rats (Del Roso et al., 2003; Donati et al., 2001). And they 

also demonstrated that the slowdown of aging by caloric restriction could rescue the 

attenuation of autophagic activity. In addition, the induction of autophagy by 

pharmaceutical reagent or starvation improves cellular fitness and longevity of 

C.elegans and D. melanogaster (Jia et al., 2007; Mair et al., 2003). In contrast, 

knockdown or deficiency of key autophagic regulators, such as Beclin1 and Atg7, in 

C. elegans and Drosphila, respectively, reduces autophagy activity and the life span 

of the worms and flies (Juhasz et al., 2007; Melendez et al., 2003). Recent studies on 

molecular relations between autophagy and aging control imply that diverse cellular 

pathways and extracellular factors regulate aging via autophagy. Current efforts in 

rescue the decline of autophagy activity with aging have revealed several potential 

anti-aging drugs, such as Spermidine and an anti-lipolytic compound (Bergamini, 

2005; Eisenberg et al., 2009). 

Autophagy and cancer 

Through the studies on Beclin1, Levine’s group provided the first evidence 

which connected autophagy with tumorigenesis (Liang et al., 1999). As the 
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homologue of yeast Atg6 and the core component of the PIK3C3 complex in 

autophagy, Beclin1 was found to be monoallelically mutated or truncated in the 

genome of 40-75% human mastocarcinomas, oophoroma and prostate 

carcinomas(Gewirtz, 2014). And mice with monoallelical Beclin1 deletion in the 

chromosome accelerate the aggression of spontaneous tumors, such as lung cancers, 

mammary precancerous, hepatocellular cancers and lymphomas(Gewirtz, 2014). 

Independent studies reveal deletion of other Atg genes, such as Atg4C, Bif-1 (the 

Bax interacting factor-1) and UVRAG increase the rate of spontaneous 

hyperproliferating tumours in mice (Liang et al., 2006; Marino et al., 2007; 

Takahashi et al., 2007). In the protein level, the autophagy repressors such as Bcl-2, 

PIK3C1, PKB and TOR, are well known for their tumor-promoting properties, 

whereas autophagy activators such as PTEN (phosphatase and tensin homolog), 

DAPK (death associated protein kinase) and TSC1/TSC2 (tuberous sclerosis protein 

1/2), are tumor suppressors. The totally opposite effects of autophagy activators and 

suppressors on tumorigenesis support the tumor suppressive role of autophagy 

(Mizushima et al., 2008). Furthermore, autophagy has been proposed to inhibit 

tumorigenesis in the early stages, via its functions in chromosome maintenance and 

cellular quality control in organelles and proteins. And also, the functions of 

autophagy in mediating cell cycles contribute to the prevention of spontaneous 

hyperproliferation (Koneri et al., 2007; Scott et al., 2007). All these evidences 

indicate the anti-oncogenic functions of autophagy.  

However, recent reports indicate that autophagy could also be pro-oncogenic in 
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certain conditions. Although the mechanisms of the tumor-promoting characteristics 

of autophagy remain unknown, the most likely hypothesis is that the pro-survival 

functions of autophagy provide energy and essential materials to tumor cells which 

surrounded by nutrient poor and hypoxic microenvironments caused by the rapidly 

growth of tumors (Mathew et al., 2007). It is confirmed by the evidences that the 

attenuation of autophagy either via genetic deletion or pharmaceutical reagent 

reduces tumor cell viability during treatment by cancer chemotherapy drugs 

(Amaravadi et al., 2007). Autophagy has also been found to facilitate Ras-mediating 

tumorigenesis through its function in maintaining mitochondrial functions and 

energy levels through facilitating the ‘Warburg effect’, the unique glucose utilization 

process used by cancer cells, in which cells prefer to use glycolysis for ATP 

production (Guo et al., 2011). And its ability to reduce oxidative damage and to 

maintain the homeostasis of cellular metabolism has also been found to be essential 

for the proliferation of pancreatic cancers (Yang et al., 2011). The metastasis of 

tumor cells also requires autophagy to protect them from anoikis after detachment 

from extracellular matrix (Fung et al., 2008). Mitophagy, the mitochondria specific 

type of autophagy, has been proposed to be required for the cancer cells transforming 

via maintenance of highly efficient mitochondria to meet the acute requirement of 

tumor growth (Guo et al., 2011).  

Collectively, the connections between autophagy and cancer development are 

quite complex and needs to be illustrated further in the future. It has been proposed 

that the regulation of the two opposite functions of autophagy in cancer strictly 



14 
 

depends on the cell type, disease-context or stage of tumor progression. Due to the 

complicated relationships between cancer and autophagy, cancer therapy approaches 

through autophagic pathway should pay special attention to these characteristics. In 

fact, based on these properties, several autophagic inhibition reagents have been 

developed and confirmed to be efficient in the cancer therapy, such as oxaloplatin 

(Ding et al., 2011), sorafenib (Shi et al., 2011), epirubicin (Sun et al., 2011) and 

5-fluorouracil (Li et al., 2010). 

Autophagy and neurodegeneration diseases 

The essential role of autophagy in keeping neuronal health has been well 

documented in nowadays. Before Rubinsztein’s research work on the connections 

between autophagy and Huntington’s disease (Ravikumar et al., 2002), autophagy 

has been considered to be inactive in neuron cells for the observation of 

autophagosomes in neuron cells has scarcely been reported. They demonstrated that 

stimulation of autophagy declined the accumulation of huntingtin aggregates and 

subsequentially kept flies and mouse models from neurodegeneration. The most 

compelling evidences come from two independent studies in transgenetically 

neuron-specific Atg5 or Atg7 knockout mouse models (Hara et al., 2006; Komatsu et 

al., 2006). These mice exhibit dramatic enhancement in the amount of protein 

inclusions and neuronal cell decline in their brains. These evidences imply that the 

absence of autophagosomes in neuron cells could be caused by the high clearance 

rate of the lysosomes which could rapidly process the freshly generated 
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autophagosomes. And later, it is reported that the induction of autophagy in nearly all 

kinds of neuronal cells is beneficial (Webb et al., 2003; Yu et al., 2005). Besides the 

protective functions in response to general stressors, autophagy is also essential to 

the defense to neuron injuries, including excitatory toxicity and neuronal ischaemia 

(Midorikawa et al., 2010; Piras et al., 2011; Rodriguez-Muela et al., 2012).  

However, some reports indicate that the attenuation of autophagy during some 

specific period of post-injury can be beneficial to neuron cells (Cheng et al., 2011). 

Recent reports also demonstrate that in the case of incapable autophagosome 

clearance, massive induction of autophagy could become harmful to neurons by 

permeable leakage of reactive oxygen species from accumulated autophagosomes 

(Russo et al., 2011).  

These findings provide the possibilities of using up-regulation of autophagy as 

the basis for therapeutic methods for neurodegenerative disease. However, they also 

remind us the limitation of the widely use of chemical activators of autophagy in 

treatment of these type of diseases. Firstly, in the scenario that the cellular autophagy 

machineries themselves have deficits, especially when the clearance of 

autophagosomes is out of work, stimulation of autophagy could be harmful to cells. 

For example, in the presence of dopaminergic neurotoxin, LC-II forms abnormal 

aggregation through interaction with p62. The decline in the amount of LC-II causes 

failure in response to cell stresses and sequentially incompetency to protect neuron 

cells (Lim et al., 2011). Secondly, recent findings find that, not all protein aggregates 
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could be recognized and digested by autophagy, although there is sufficient adaptor 

or chaperone proteins (Wong et al., 2008). Similar to the cases in the cancer 

treatment, utilizing autophagy for therapy approaches critically depends on the well 

understanding of the mechanism behind each type of neurodegenerative disorders. 

Although it has been well illustrated that autophagy could faciliate the clearance of 

neuron pathogenic proteins, there are evidences showing that the multiple complexes 

regulating autophagy are also disturbed in certain diseases. For example, in most 

forms of Alzheimer’s disease, autophagic failures, especially in the clearance steps, 

are also accompanied (Yu et al., 2005). Similarly, in Parkinson’s disease, mutated 

α-synuclein forms aggregates and interferes in autophagy at the autophagosome 

formation step (Winslow et al., 2010). Thus, utilization of autophagic modulation for 

therapy of neuron degenerative disorders requires more studies in the autophagy flux 

in different types of neuronal disorders.  

Autophagy and cardiovascular dysfunction 

The first conclusive finding which supports the important role of autophagy in 

protection of cardiomyocytes is from the genetic model of LAMP-2 knockout mice 

which exerts dysfunction of heart function and accumulation of autophagosomes in 

the cardiomyocytes. The mutations in LAMP-2 are found to be the pathogen of 

human Danon’s diseases which demonstrate the similar characteristics as LAMP-2 

knockout mice (Lacoste-Collin et al., 2002; Saftig et al., 2001; Tanaka et al., 2000). 

Furthermore, knockout of Atg5 or Atg7 specifically in cardiomyocyte confirm the 
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essential roles of autophagy in maintaining normal heart functions both in normal 

and stressed conditions (Nakai et al., 2007). In the lines of decline of autophagy with 

age, the age-related cardiomyopathy has also been suggested to correlate with 

autophagy (Taneike et al., 2010).  

Besides the housekeeping functions in normal conditions, autophagy has also 

been proposed to contribute to the protection of cardiomyocytes in stressed 

conditions, such as ischaemia-reperfusion injury (Gurusamy et al., 2009; 

Hamacher-Brady et al., 2006; Huang et al., 2010). Piling evidences support the 

protective functions of autophagy in cardiac system, especially in the prevention of 

cardiomyocyte proteinopathies during various cardiac stresses (Tannous et al., 2008; 

Wang et al., 2001). Because mitochondrial membrane depolarization and ROS 

produced by damaged mitochondria in stress conditions such as 

ischaemia-reperfusion are the major cardiomyopathies, autophagy may function in 

removal of damaged mitochondria and maintenance of efficient mitochondrial 

function to protect cardiomyocytes from death (Huang et al., 2011; Yitzhaki et al., 

2009).  

However, some reports point out that autophagy sometimes plays a bad guy in 

the heart failure. In the specific stage of reperfusion post-ischaemia, induction of 

autophagy accelerates heart cell death, whereas inhibition provides beneficial effects 

to heart. It may be explained by the excessive stimulation of autophagy by the huge 

demand of clearance of damaged organelles and ROS produced in the ischaemia 
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period and overload of the clearance machinery, kill the cardiomyocytes (Matsui et 

al., 2007; Zhu et al., 2007). Although these evidences show the opposite functions of 

autophagy as in cancer and neurodegenerative diseases, in the case under strict 

control, the activation of autophagy still can be a useful therapy approach for the 

treatment of heart failure during ischaemia-reperfusion injury. 

Autophagy and immunity and infectious disease 

There are robust evidences supporting the protective roles of autophagy in 

prevention of infections by bacteria and virus through a type of selective autophagy 

called xenophagy (Deretic, 2011). The process of mouth virus and HIV-1 infection 

and Streptococcus Group A invading can induce autophagy which in turn clears these 

pathogens(Randow and Munz, 2012). Autophagy also acts as a second surveillance 

point for the pathogens that are able to cheat on phagosomes through engulfing them 

in autophagosomes and delivering them to lysosomes for degradation (Rich et al., 

2003).  

However, this mechanism could be utilized by some “smart” pathogens, such as 

Porphyromonas gingvalis and Coxiella burnetti, which have been demonstrated to 

use the autophagosomes for replication and the inhibition of autophagosomal 

formation decreases the survival of these invaders(Schmid and Munz, 2007). There 

are some more “cunning” invaders, such as Staphylococcus aureus, which has the 

ability to secret a factor to stimulate autophagy and then uses autophagosomes as 

shelter and utilizes the cargos inside as energy source (Mestre et al., 2010). As 
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similar in the previous depicted diseases, use up-regulation of autophagy as therapy 

strategy needs fully understanding of the characteristics of the pathogenic 

microorganisms.  

Recent studies also connect autophagy with the antigen processing and 

presentation to lymphocytes in adaptive immunity (Tey and Khanna, 2012). The 

links are established by the evidences that the block of autophagy flux either by 

drugs or by genetic manipulations can efficiently attenuate MHC class II intracellular 

antigen presentation to CD4 T cells (Lee et al., 2010; Nimmerjahn et al., 2003).  

Related to the role in the antigen presentation, autophagy has been proposed to 

function in the establishment of tolerance to self antigens (Starr et al., 2003). The 

deletion of Atg5 in transplanted thymus causes disorders in the selection and 

development of autoimmunity (Nedjic et al., 2008). In addition, autophagy activity is 

required for the sufficient induction of tolerance against self-antigens. The essential 

roles of autophagy in removal of apoptotic cells connect it to autoimmune diseases 

which have been proposed to be caused by the failure in clearance of apoptotic 

cells(Randow and Munz, 2012). It has been observed that the activation of T cells, 

which is essential for immunity, also requires autophagic activation (Hubbard et al., 

2010). 

1.4  Regulations on autophagy 

For the essential roles of autophagy in human health and diseases, autophagy 
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has attracted numerous investigations during recent years and a basic schematic for 

the molecular mechanism in autophagy has been established besides many questions 

remain in the way to full understanding of autophagy. The most attractive ones are 

the regulatory mechanisms in the whole process from the induction to the finally 

fusion with lysosomes, especially the mediations in the nucleation steps (Figure 1.3). 

 

Figure 1. 3 Regulations of mammalian autophagy. 

In mammalian cells, Beclin1, Vps34 and Vps15 are the core components which 

exist in various types of complexes by interacting with different binding partners and 

mainly function in the autophagosome nucleation process (Funderburk et al., 2010; 

He and Levine, 2010). Some of these binding partners positively regulate autophagy, 
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such as UVRAG (UV radiation resistance-associated gene) (Liang et al., 2008b), 

AMBRA1 (activating molecular in beclin-1-regulated autophagy) (Di Bartolomeo et 

al., 2010; Fimia et al., 2007), Atg14L(Matsunaga et al., 2009; Zhong et al., 2009), 

and Bif-1 (Bax-interacting factor 1) (Takahashi et al., 2007), while others are 

negative regulators, such as Rubicon (RUN domain and cysteine-rich domain 

containing beclin-1-interactong protein) (Matsunaga et al., 2009; Zhong et al., 2009), 

Bcl-2 and Bcl-xL. These interacting proteins may not only function in autophagy but 

also in other physiological processes. For example, AMBR1, Bif-1 and UVRAG 

were found to negatively control growth and suppress tumor progression, whereas 

Bcl-2 and Bcl-xL are anti-apoptotic members of Bcl-2 family. Most of these 

multifunction proteins regulate autophagy through directly or indirectly binding to 

Beclin1-Vps34 complex to activate or repress the kinase activity of the complex and 

subsequently regulate autophagy (He and Levine, 2010).  

Besides these regulatory proteins, autophagy can also be regulated by mediating 

Atg proteins at both mRNA and protein levels. Activation of the transcriptional factor 

E2F1 by 4-hydroxytamoxifen up-regulates the protein level of several Atg genes, 

such as Atg1, Atg5, LC3 and Beclin1 (Polager et al., 2008; Weinmann et al., 2001). 

Post-translation modifications contribute to the regulation of autophagy in all steps as 

well. For example, the phosphorylations on Beclin1 and Vps34 alter the interaction 

between them and sequentially change the autophagic activity (Boya et al., 2013). 

The details of phosphorylation on Beclin1 and Vps34 will be discussed in the section 

1.7 of this chapter. And ubiquitination states of Beclin1 not only affect the stability of 
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Beclin1 but also control the interaction with Bcl-2 (Wirawan et al., 2012). 

Calpain-mediated degradation and caspase cleavages also regulate the protein level 

of Beclin1 and autophagy (Wirawan et al., 2012). 

Overall, autophagy plays essential roles in multi-physiological processes of all 

eukaryotic organisms and correlates to various human diseases. These characteristics 

invoke us to explore the mechanisms behind the evolutionary conserved processes in 

the following aspects: 1) p62 phosphorylation driven autophagic selectivity; 2) 

structure-based functional studies of the UVRAG-Beclin1 complex; 3) structural and 

functional studies of the Beclin1-Vps34 complex. 

1.5  P62 and autophagy 

P62, also named Sequestosome-1, is a multi-domain protein which has been 

reported mediating essential physiological events including bone remodeling, 

apoptosis, autophagy and tumorgenesis(Rusten and Stenmark, 2010). It was initiately 

named p62 Lck-ligand for the interaction with the tyrosine kinase Lck (Joung et al., 

1996). And the name sequestosome 1 is originated from the functions of p62 to form 

aggregates and A170 is the original name of mouse p62 (Ishii et al., 1996; Shin, 

1998).  
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Figure 1. 4 Schematic representation showing the functional domains of p62. 

The mouse p62 is a 442 amino acids protein which contains a N-terminal PB1 

domain, a ZZ-type zinc finger domain, two nuclear localization signal (NLS) motifs, 

one nuclear export signal (NES) motif, a LC3-interactiong region (LIR) motif, one 

KEAP1 interacting region (KIR) motif, and a ubiquitin-associated domain (UBA) at 

the C-terminal (Fig1.4). PB1 domain is a protein-protein interaction domain which is 

required for the oligomerization of p62 as well as for the interaction with protein 

kinases PKCs, MEKK3, MEK5 and NBR1 to function in different cellular 

pathways(Liu et al., 2012). The p62 ZZ (zinc finger motif) domain is in charge of the 

binding with another binding partner RIP (receptor interaction protein) which harbors 

aPKCs (atypical protein kinase Cs) to tumor necrosis factor-α (TNFα)-signaling 

complexes (Sanz et al., 2000). The NLS and NER enable p62 to efficiently shuttle 

between the nucleus and cytoplasm. The LIR motif is in charge of the interaction 

with LC3 and is necessary for the autophagic clearance of p62 bodies(Liu et al., 

2012). KIR motif has been reported to involve in the regulation of protective 

responses versus oxidative damages to cellular functional units and biomolecules 

(Jain et al., 2010). The p62 UBA domain is essential for the ubiquitin binding region 
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and is also essentially required for its functions in ubiquitinated protein system and 

autophagy (Cavey et al., 2005; Vadlamudi et al., 1996).  

 

Figure 1. 5 p62 functions in NF-κB signaling pathway and apoptosis pathway. 

One of the essential roles of p62 is mediating the induction of 

osteoclastogenesis, which is related to its scaffolding functions in 

the RANKL-induced NF-κB (nuclear factor kappa B) signaling (Sanz et al., 2000). In 

the normal conditions, RANKL targets to RANK receptor on osteoclasts, followed 

by the binding of ubiquitinated TRAF6 to the cytoplasmic domain 

of RANK. Then, ubiquitinated TRAF6 recruits p62, and aPKCs (atypical protein 

kinase Cs) binds to the PB1 domain of p62. The atypical protein kinase Cs activate 

the inhibitor of κB kinase β (IKKβ) in the IKK complex, containing several 

components, including IKKα, IKKβ, and NEMO (NF-κB essential modulator 
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or IKKγ). Next, the activated IKK complex phosphorylates the inhibitor of κB (IκB) 

that makes it K48-linked ubiquitinated and ready for being degraded by proteasomes, 

followed by releasing of NF-κB. Subsequently, NF-κB relocates to the nucleus and 

enhances the transcription of selected genes involving in osteoclastogenesis. And P62 

may contribute to an alternative way to activate NF-κB by promoting K63-linked 

ubiquitination of TRAF6. The ubiquitination of TRAF6 activates a complex 

composed of TAB2 (TAK1 binding protein) and TAK1 (tumor growth factor-β 

activated kinase1) followed by inducing K63-linked ubiquitination on NEMO.  Then, 

IKK complex is phosphorylated and NF-κB activated (Fig1.5) (Duran et al., 2008). 

In the p62 knockout mice, the failure of osteoclastogenesis was observed (Martin et 

al., 2006). And in the patients with Paget diseases, p62 is commonly found to be 

either with a deletion of the UBA domain or with mutations which are unable to bind 

to ubiquitin (Laurin et al., 2002). Furthermore, these mutations over-stimulate NF-κB 

and the osteoclastogenic activity, sequentially lead to excessive bone turnover and 

bone expansion (Duran et al., 2008) . 

There are some findings which link p62 to the extrinsic apoptosis pathway in 

the full activation of death receptors DR4 and DR5. Cells treated by TRAIL contain 

promoted polyubiquitination of caspase-8 through a cullin-3-dependent manner (Jin 

et al., 2009). Then, P62 is recruited to polyubiquitinated caspase-8 and 

self-oligomerized to trigger the apoptotic pathway (Fig1.5).  
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Figure 1. 6 p62 mediated autophagic degradation of mis-folded proteins. 

As the well known specific substrate of mammalian autophagy, p62 has been 

considered to be the adapter between autophagosome and autophagy substrates(Liu 

et al., 2012). This ability has been well depicted by the group of 

Lipponcott-Swhwartz. They illustrated that p62 was required for recognizing and 

anchoring the ubiquitinated long-lived protein and peroxisomes to autophagic 

degradation (Kim et al., 2008). And they also proposed a hypothesis that p62 acted as 

a linker between substrates and autophagosome. Firstly, the substrates were 

selectively bound by chaperones and some special cellular molecules and be sorted 

into autophagic degradation pathway through ubiquitination. Then, p62 was recruited 

via binding to polyubiquitin and embeds the ubiquitinated proteins into larger 

aggregates and sequestosomes. Through binding to LC3, p62 recruited the 

phagophore to sequestered substrates and the autophagosomes formed around the 

substrates (Fig 1.6). The last step was the fusion with lysosome and degradation of 

the substrates.  

Generally, the ubiquitinated proteins can be cleared up by both the proteasomal 

and autophagic pathways. It remains unclear if there are specific signals or tags that 
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selectively lead the substrates either into proteasomal pathway or autophagosomes. 

Several research groups have reported that p62 UBA domain had a preference to 

K63-linked polyubiquitin chains compare to K48-linked chains both in vitro and in 

vivo (Liu et al., 2012). These results indicate that K48-linked polyubiquitin chain 

represents a tag for degradation by proteasomal pathway while K63-linked 

polyubiquitin chain indicates the signal for degradation by autophagic pathway. But 

it has been pointed out by Nobuyuki Nukina’s group that the phosphorylation on p62 

plays key roles in the autophagic degradation of polyubiquitinated proteins. 

 

Figure 1. 7 The phosphorylation sites revealed on p62. Blue letters indicate constitutively 

phosphorylated residues and bold letters show the inducible phosphorylation sites. 

They revealed that seven serine residues and one threonine residue on p62 were 

phosphorylated when proteamsomes pathway was inhibited by MG132 (Fig 1.7): 

S24, S207, T269, S272, S282, S332, S366 and S403. While only S403 in p62 UBA 

domain was found to be essential for selective binding to the two types of 

polyubiquitin chains. They demonstrated this phenomenon by generating a 

phosphor-mimic mutant S403E and a nonphosphorylated mutant S403A and the 

comparison of their direct binding affinity to two types of polyubiquitin chain in vitro. 

Consistent with previous reports, the wild type and S403A mutant showed 
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undetectable binding to K48-branched polyubiquitin and significant binding to 

K63-linked chains. While the S403E mutant bound much more polyubiquitin 

proteins than that of wild type regardless of K63-linked or K48-linked chains. These 

findings indicated that the phosphorylation on S403 of p62 significantly promotes the 

binding affinity to both K48 and K63-linked polyubiquitinated proteins and targets 

them to autophagosomes without differences. And they also found the 

phosphorylation increased the formation of sequestosomes and promoted the 

incorporation of polyubiquitinated proteins into the autophagosomes during 

proteasome inhibition (Matsumoto et al., 2011). Based on these results, they 

proposed that the ratio of the S403 phosphorylated p62 and unphosphorylated p62 

was a sensor on the level of polyubiquitinated proteins. When the polyubiquitinated 

proteins increased due to different kinds of cell stress, the balance shifted to the 

phosphorylated states to sequester the ubiquitinated substrates and followed by 

autophagic degradation. 

Casein kinase 2 (CK2) was found to be in charge of the phosphorylation of p62 

S403. Ck2 is identified as a protein kinase that phosphorylates the serine/threonine 

residues of acidic proteins, such as casein. It plays key roles in a lot of cellular 

signaling pathways, such as Wnt/β catenin pathway which is essential for the early 

development, such cell fate determination, embryonic patterning and cell 

proliferation. 

Our collaborator found that the phosphorylation on S409 in the UBA domain of 
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p62 played a critical role in the degradation of ubiquitinated proteins by autophagy. 

Furthermore, the phosphorylation enhanced the interaction between ubiquitinated 

proteins and p62. Our aim in this part of work is to provide structural interpretation 

for the increased interaction between p62 and ubiquitinated proteins. 

1.6  UVRAG and UVRAG containing complex 

UVRAG, the ultraviolet radiation resistance-associated gene, was firstly 

identified in KCL22 myeloid leukemia cells and named by its capacity to providing 

UV resistance in Xeroderma pigmentosum cells (Perelman et al., 1997).  It contains 

several functional domains: a proline-rich (PR) domain at N-terminal, C2 domain 

and CCD domain in the middle, with a large C-terminal end. The PR domain is 

related to the binding of Bif, which positive regulated the kinase activity of UVRAG 

containing Vps34 complex and played a role as tumor suppressor (Takahashi et al., 

2007). And the C2 domain has been reported to be a binding domain of several 

signaling molecules, including Vps16 in the class C vacuolar protein sorting (Vps) 

complex (Liang et al., 2008b), Bax in the proapoptotic group of Bcl-2 protein family 

(Yin et al., 2011) and PtdIns(3)P which is essential in endocytic, phagocytic and 

autophagic pathways (He et al., 2013). The CCD domain is mainly in charge of 

binding to Beclin1 to form a UVRAG-Beclin1-Vps34-Vps15 complex functioning in 

autophagic and endocytic pathway(Song et al., 2014). The long C-terminal domain is 

proposed to bind to RINT-1, a member of the ER tether complex (He et al., 2013), 

and also interacts with two important binding partners in maintaining the stability of 
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chromosome: CEP63 and DNA-PK complex (Zhao et al., 2012a; Zhao et al., 2012b). 

Through binding to distinct partners, UVRAG participates in diverse cellular 

trafficking events (Fig 1.8).  

 

Figure 1. 8 UVRAG and its binding partners. DSBs: DAN double-strand breaks. 

In 2006, UVRAG was reported to form complex with the Beclin1-Vps34-Vps15 

autophagic machinery via interaction with the CCD domain of Beclin1. It is the first 

report that indicated UVRAG as a Beclin1 binding partner, which can increased the 

contacts between Beclin1 and Vps34 and the kinase activity of Vps34 complex. And 

also, the binding of UVRAG to Beclin1 has been proposed to be indispensable for 

the formation of autophagosome and tumor suppression in HCT116 and MCF7 cell 

lines. Stably over expression of UVRAG in NIH3T3 cells increased basal, rapamycin 

and starvation induced autophagy, while knockdown of UVRAG by siRNA in HeLa 

cells considerably decreased the formation of autophagosome (Liang et al., 2006). 

However, recent evidences suggest that the main job of UVRAG is not in autophagy 
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induction. In 2008, Mizushima’s group demonstrated that the UVRAG siRNA treated 

HeLa cells showed significantly decrease in UVRAG protein level, while no 

observed reduction in starvation induced autophagy in terms of LC3 conversion, p62 

degradation and autophagosome formation (Itakura et al., 2008). Later, another 

report also indicated that there was no obvious relationships between the amount of 

UVRAG and the activity of autophagic pathway in several cell lines including 

HCT116, RKO, LoVo, HCT115 and HEK293T (Knaevelsrud et al., 2010). These 

contradictory results render the role of UVRAG in autophagy debatable and further 

studies are needed to resolve this controversy.  

In addition to Beclin1, UVRAG also has another binding partner Vps16, which 

is one of the components in the core class C Vps complex functioning in the fusion 

of multiple vesicles, including endosomes, lysosomes, autophagosomes and so on. It 

is proposed that there are two separate sites for Vps16 binding on UVRAG, the C2 

domain and a region from residue 270 to 442 in the C-terminal domain, and each of 

them is sufficient for binding to Vps16. Stable overexpression of UVRAG in HeLa 

cells enhances the fusion of autophagosome and lysosome, or the autophagosome 

maturation. And also UVRAG-C Vps complex plays essential roles in the endocytic 

trafficking through promoting the endosome-endosome fusion. Beclin1-UVRAG 

interaction was proposed to be genetically separated from the functions in the 

autophagosome maturation and endocytic pathway (Liang et al., 2008b). But later, a 

Norwegian research group found that not only UVRAG, but also 

Beclin1-Vps34-Vps15 complex and bif-2 play key roles in the EGFR degradation 



32 
 

and endocytosis (Thoresen et al., 2010). This report provides opportunities for 

further investigation on Beclin1-UVRAG interaction in the endocytic pathway.  

Besides the autophagy and endocytic functions, UVRAG has been illustrated to 

be very important in many other cellular processes. It is reported that UVRAG 

suppresses apoptosis through blocking the mitochondrial translocation of Bax (Yin et 

al., 2011). UVRAG is also playing key roles in maintaining chromosomal stability. 

With binding to the DNA-dependent protein kinase, UVRAG engages in the 

nonhomologous end joining process, which is a preferential path to rejoin the broken 

DNA ends in mammalian cells in responding to DNA double-strand breaks (DSBs) 

(Zhao et al., 2012a; Zhao et al., 2012b). UVRAG is required for centrosome stability 

and effective chromosome segregation through binding to centrosome protein CEP63 

(Zhao et al., 2012a). Recently, UVRAG is revealed to be required in the Golgi-to-ER 

transport and cis-Golgi integrity through the interaction with RINT1-ZW10-NAG ER 

tether complex and Ptdlns(3)P (He et al., 2013).  

In this part of study, we are trying to look closely into the interaction between 

Beclin1 and UVRAG by resolving the crystal structure of the complex. Furthermore, 

we are aiming to reveal Beclin1-UVRAG interaction mediated functions, especially 

in autophagy and endocytosis.    

1.7  Beclin1-Vps34 complex 

Beclin1 is the mammalian homologue of yeast Atg6/vacuolar protein sorting 



33 
 

(Vps)30 protein and it was firstly identified as a Bcl-2 interaction protein(Kang et al., 

2011). It contains three independent functional domains: a Bcl-2 homology (BH)-3 

domain, a central coiled coil domain (CCD) and an evolutionally conserved domain 

(ECD) (Kang et al., 2011). BH3 domain of Beclin1 is in charge of binding to Bcl-2 

and other anti-apoptotic proteins. The CCD domain is in charge of the interaction 

with Ambra1 (activating molecule in Beclin1-regulated autophagy), UVRAG and 

Atg14L (Fimia et al., 2007; Itakura et al., 2008; Li et al., 2012). Together with CCD 

domain, ECD domain interacts with PI3KC3/Vps34 (Fig 1.9) (Liang et al., 2006). 

Vps34 is an evolutionally conserved phosphoinositide (PI) 3-kinase from yeast 

to mammalian cell (Vanhaesebroeck et al., 2010). It was firstly cloned as a protein 

involving in the protein sorting to the vacuole in Saccharomyces cerevisiae (Jaber et 

al., 2012). Yeast only contains one type of PI 3-kinase, Vps34, but mammalian cells 

has several Vps34 homologues and they can be categorized into three classes by the 

substrates specificity and the resulting products (Vanhaesebroeck et al., 2010). Vps34 

contains an N-terminal C2 domain, a central helical domain in the middle and end by 

the catalytic domain. The C2 domain is proposed to interact with Beclin1, the helical 

domain and catalytic domain form the catalytic core, and a region composed of 46 

residues is required for the interaction with Vps15 (Jaber et al., 2012). Through 

interacting with Vps15 and Beclin1, Vps34 forms a core complex which functions in 

different cellular trafficking events. In yeast, the Vps15-Vps30-Vps34 core complex 

is involved in at least two essential signaling pathways, autophagy and vacuolar 

protein sorting, through forming larger complexes with Atg14 and Vps38 
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respectively (Jaber et al., 2012). In mammalian cells, Beclin1-Vps34-Vps15 core 

complex also exists in two distinct complexes via binding to Atg14L and UVRAG 

correspondingly. Atg14L-containing complex mainly regulates the autophagy 

pathway and UVRAG-containing complex plays key roles in both autophagy and 

endocytic pathway(Bechtel et al., 2013). The interrelationship of these two mutually 

exclusive Beclin1-Vps34-Vps15 containing complexes remains unknown (Li et al., 

2012).   

 

Figure 1. 9 Schematic picture of the phosphorylation sites on Beclin1 and Vps34. 

The essential roles of the Beclin1-Vps34 complex in the regulation of multiple 

signaling pathways have attracted mounting investigations on the interaction between 

them. The anti-apoptotic proteins such as Bcl-2, Bcl-xL, Bcl-w and Mcl-1, have been 

reported to negatively regulate the interaction between Beclin1 and Vps34 through 

interaction with the BH3 domain of Beclin1 (Germain et al., 2011; Maiuri et al., 

2007; Pattingre et al., 2005). And RUBICON (run domain Beclin1-interacting and 
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cysteine-rich containing protein) and NLRP4 (nucleotide-binding and 

oligomerization domain like receptor 4) bind to the ECD domain of Beclin1 and 

diminish the Vps34-Beclin1 complex formation (Jounai et al., 2011; Wei et al., 2013; 

Zhong et al., 2009). The Beclin1-Vps34 interaction can be interfered by viral 

proteins, such as the viral homologues of Bcl-2 from several γ-Herpes-viruses 

(Liang et al., 2008a) . In contrast, Ambra1 activates autophagy in a way stabilizing 

the association of Becin1 and Vps34 (Fimia et al., 2007).   

Other than the binding partners, the post-translation modifications, especially 

phosphorylation on these two molecules, has been revealed to play essential roles in 

the interaction of these two molecules and the activity of the complex (Fig 1.8). 

Furuya and co-workers found that Thr
159

 in the C2 domain of Vps34 was 

phosphorylated by CDK1 (cyclin dependent kinase 1) and CDK5 between metaphase 

and anaphase in cell cycle and resulted in the disruption of Beclin1 binding and 

autophagy inhibition. They also found that Thr
668

 in the catalytic domain of Vps34 

was also phosphorylated by CDK5 and the kinase activity was decreased (Furuya et 

al., 2010). Another paper described that Vps34 was activated during ROS induced 

autophagy with phosphorylation of Thr667 by protein kinase D (PKD) 

(Eisenberg-Lerner and Kimchi, 2012). Recently, a report illustrated that AMPK 

phosphorylated the Thr163 and Ser165 by in the C2 domain of Vps34 and played a 

role in the inhibition of non-autophagic Vps34 complex’s kinase activity during 

glucose starvation (Kim et al., 2013).  
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Beclin1 has also been considered as the substrate of various kinases during 

autophagy. The phosphorylation of Beclin1 has been related to the interaction with 

Vps34 as well. As reported by Zalckvar and colleagues, DAPK directly 

phosphorylated Thr119 in the BH3 domain of Beclin1 and released Beclin1 from 

Bcl-xL, subsequentially increase the Beclin1-Vps34 interaction (Zalckvar et al., 

2009). And ROCK1 (Rho kinase 1) functions in the same way by disrupting the 

Beclin1-Bcl-2 interaction (Gurkar et al., 2013). Levine’s group demonstrated that 

overexpressed Akt decreased the Beclin1-Vps34 interaction via phosphorylation of 

Ser
234

 and Ser
 295

 of Beclin1 (Wang et al., 2012). A recent report showed that Beclin1 

was phosphorylated at three tyrosine sites (Tyr
229

, Tyr
233

 and Tyr
352

) in the ECD 

domain by activated EGFR and attenuated Vps34 binding (Wei et al., 2013). The 

phosphorylation of Ser
14 

by ULK1 and Ser
91/94

 by AMPK were proposed to increase 

the kinase activity in the Atg14L-containing Beclin-Vps34 complexes via 

introducing conformational changes in Vps34 (Kim et al., 2013; Russell et al., 2013). 

Although there are extensively studies on the interaction between Beclin1 and 

Vps34, but the evidences for the physical interaction between these two molecules 

are missing. And even the exact boundaries of the interaction domains on these two 

proteins are not available. Our studies in this part are trying to find some clues for the 

direct interaction between Beclin1-Vps34 and this interaction related functions. 
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2.1  Plasmids construction 

All the wild type plasmids were constructed by general cloning procedure: 

amplification of target DNA fragments by polymerase chain reaction (PCR), 

digestion by restriction enzymes and ligation with expression vectors, transformation 

and sequencing after digestion screening. The cloning related reagents and enzymes 

were bought from Thermo Scientific. 

The mutant plasmids including deletion, truncation and point mutation were 

conducted based on the wild type plasmids using site-directed mutagenesis as 

depicted in the protocol provided by the manufacture of Phusion Site-Directed 

Mutagenesis Kit (Thermo Scientific). 

In the p62 project, the UBA domain (residues 391-438) of mouse p62 protein 

was cloned into the modified pET49 vector (Novagen) between the restriction sites 

BamHⅠand EcoRⅠ. The full length of mouse ubiquitin was inserted into the 

modified pET32 vector between the restriction sites BamHⅠand EcoRⅠ. For dimer 

exchange assay, UBA domain of p62 was cloned into the pRSETa vector with His6 at 

amino terminal but without protease 3C cutting site. And the mutants S409A/E were 

cloned to the same vector. 

In UVRAG-Beclin1 interaction studies, constructs aimed at protein purification 

were prepared using the modified pET32 vector (Novagen) which containing a 

thioredoxin-6XHis tag and a protease 3C cutting site in the upstream of multi-clone 
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site. The DNA fragments corresponding to the coding sequence of the peptide 

228-275 of mouse UVRAG and 174-223 of Beclin1 were linked by the DNA 

sequence of tandem of 5Xglycine-serine repeats using PCR. The linked DNA 

fragment and the corresponding individual fragments were cloned into the expression 

vector pET32M between the restriction sites BamHⅠand EcoRⅠ. For the transient 

expression in mammalian cells, the DNA sequences of full length mouse UVRAG 

and Atg14L were cloned into both pEGFP-N3 vector and pcDNA3.1 (Invitrogen) 

derivative vector containing an N-terminal Flag epitope tag. And the DNA sequences 

of mouse Beclin1 were amplified and cloned into pCMV-myc vector between 

EcoRⅠand XholⅠsites.  

In Beclin1-Vps34 interaction studies, all the solubility screening constructs 

were prepared using the modified pET based vectors (Novagen) which containing 

thioredoxin-6XHis tag (pET32m), 6XHis tag (pETm), GST-6XHis tag (pET49m) or 

MBP-6XHis tag (pMBP) respectively and a protease 3C cutting site in the upstream 

of multi-clone site. Vps34 constructs were inserted between BamHⅠand XholⅠ and 

the Beclin1 constructs were between BamHⅠand EcoRⅠ. The 5XGS linked 

constructs were obtained using the similar strategy as in the UVRAG-Beclin1 studies. 

For the transient expression in mammalian cells, the DNA sequences of full length 

mouse Beclin1 and Vps34 were cloned into both of pEGFP-N3 and pCMV-myc 

vectors (Clonetech). 

2.2  Protein expression and purification 
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The expression plasmids were transformed into the Escherichia coli BL21 (DE3) 

cells and induced by 0.2-0.5mM IPTG at 16-30℃ for 6hrs. The proteins were then 

purified by His-trap column and Hiload Superdex75 16/60 on the AKTA Purifier 

system (GE Healthcare) following the manufacturer’s instructions. Briefly, induced 

bacteria were lysed in His-binding buffer (20mM sodium phosphate buffer, pH7.4, 

40mM imidazole) by sonication. After 2hrs centrifugation at 20000rpm, the 

supernatant was loaded onto the His-trap column followed by 10 column volume 

His-binding buffer wash. The target proteins were separated from the affinity tag by 

protease 3C and further purified by the size exclusion chromatography. His tagged 

p62 UBA samples used in dynamic exchange assays were prepared without tag 

removing step. The N
15

 labeled samples were prepared by growing cells in M9 

minimal media containing 
15

NH4Cl (6g/L Na2HPO4, 3 g/L KH2PO4, 0.5g/L NaCl, 

2mM MgCl2, 0.1mM CaCl2, 1g/L
 15

NH4Cl, 2g/L Glucose).  

2.3  NMR spectra collection 

All the
 1

H-
15

N HSQC spectra of wild-type and mutant p62 UBA domain were 

collected at a concentration of 100μM protein in 20mM sodium phosphate buffer, 

pH6.8, 5mM potassium chloride, 1mM EDTA and 10% D2O. For the ubiquitin 

titration, 6-equimolar ubiquitin was mixed with the 
15

N labeled UBA samples before 

the data collection. The spectra were acquired with a Bruker Avance 700 MHz 

spectrometer and data were processed by the software provided by the manufacture. 

The 
1
H spectrum of Vps34 C2J fragments and the

 1
H-

15
N HSQC spectra of 
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linked C2J and Beclin1 were collected by the same machine but in a protein 

concentration of 0.5mM in PBS buffer at pH7.4. 

2.4  Isothermal titration calorimetry (ITC) 

A MicroCal VP-ITC200 was used to perform all the ITC related experiments and 

data processing was conducted with the software Origin 7 provided by the 

manufacture. All the protein samples used in ITC were prepared in buffer containing 

50mM Tris-HCl, pH8.0 and 150mM NaCl. To acquire a high quality profile, all the 

protein samples and buffers were filtered and degassed prior to the data collection. At 

least three independent titrations of each experiment were performed. 

For the determination of ubiquitin binding constants of different p62 UBA 

mutants, 2μl of 1mM ubiquitin was injected at 180s intervals into the cell containing 

50μM UBA samples(Wild-type, S409A and S409E) at 25℃. For the UBA dimer 

dissociation constants, 500μM UBA samples were loaded in the syringe and titrated 

to the blank buffer in the same set up in ubiquitin binding experiments. Generally, 

titrations consisted of 20 injections. 

To measure the binding constants between UVRAG mutants and Beclin1 wild 

type peptide, 2μl of 1mM UVRAG peptides was injected at 180s intervals into the 

cell containing 50μM Beclin1 peptide, or 1mM Beclin1 peptides were titrated in to 

UVRAG mutated peptides in the same setting as in p62 UBA-ubiquitin binding.  

2.5  Differential Scanning Calorimetry (DSC) 



42 
 

In the thermal stability tests of p62 UBA, DSC measurements were carried out 

by a MicroCal VP-DSC calorimeter with 0.5ml cells under a constant pressure of 2.5 

atm. For the thermal stability data collection, all the protein samples were exchanged 

to buffer containing 20 mM HEPES, pH7.4, 115 mM NaCl, 1.2 mM CaCl2, 1.2 mM 

MgCl2 and 2.4 mM K2HPO4 by dialysis. Five rounds of buffer to buffer scans from 

10-90℃ by a ratio of 60℃/hr were performed to acquire a high quality baseline and 

a consistent thermal history prior to the protein data collection. The protein samples 

at a concentration of 200μM were degassed and warmed to 25℃ before being 

loaded to the sample cell. All the protein samples were injected in a temperature 

window between 15-25℃ when the cell cooling down to 10℃ after the previous 

scan. Data were analysis by the software provided by the manufacture (MicroCal, 

Inc), including baseline subtraction, normalization and model fitting. For each 

experiment, at least three independent scans were performed. 

2.6  Dynamic Exchange Assay 

In p62 UBA dynamic exchange assays, His6-tagged and untagged same type 

(wild type/S409A/S409E) p62 UBA domains were mixed and incubated together in ~ 

1:2 molar ratio at different temperatures for 20 min in 250 μl exchange buffer (150 

mM NaCl, 50 mM Tris buffer, pH 8.0, 40 mM imidazole) to form heterodimer. 

Pre-equilibrated Ni
 2 +

 -NTA agarose beads were added to samples, rolling in 4℃ for 

30min, then centrifuged to co-precipitate Ni
 2 +

-NTA beads with bound protein 

complexes. Bound protein complexes were eluted by elution buffer after thoroughly 
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wash, and equal volume of elutant was analyzed by SDS-PAGE. 

2.7  Immunoprecipitition and western blotting 

All the cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) 

containing 10% fetal bovine serum and 1% penicillin-streptomycin (Invitrogen). 

Transient transfection was conducted with Polyjet DNA intro transfection reagent 

following the manufacture’s protocol. 

Cells were collected 24 hours after transfection, followed by being lysed in 

magnesium containing lysis buffer (MLB) composed of 25 mM HEPES (pH 7.5), 

150 mM NaCl, 10 mM MgCl2, 1 mM EDTA, 1% Nonidet P-40, 1% Triton X-100, 2% 

glycerol, and protease inhibitor cocktail (Roche Diagnostics). After being clarified by 

centrifugation at 10000g for 10 min, total protein concentrations were determined by 

Bradford kit (BioRad) and 500-1000μg total proteins containing lysate were 

subjected to IP. All the lysates were normalized to 1μg/μl prior to adding 10μl 50% 

slurry ANTI-FLAG M2 Magnetic Beads or 2μg specific antibodies together with 

protein A/G agarose (Santa cruz) into each sample. After incubation at 4℃ for 2 

hours, beads were thoroughly washed with lysis buffer and eluted by SDS reducing 

dye via boiling for 10 min.  

For immunoblotting, samples were resolved by SDS-PAGE and transferred to 

PVDF membrane (GE Healthcare). Immunodetection was performed with anti-Flag 

(1:1000) (Sigma), anti-Beclin1 (1:500) (Santa Cruz Biotech), anti-GFP (1:1000) 
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(Roche), anit-c-myc (1:1000) (Roche), anti-EGFR (1:1000) (Santa Cruz Biotech), 

anti-LC3 (1:1000) (MBL), anti-p62 (1:1000) (ARP). The bands were visualized by 

SuperSignal West Pico Chemiluminescent substrate (Thermo). 

2.8  EGFR degradation 

Twenty four hours after transfection, cells were washed with PBS and serum 

starved overnight in DMEM containing 20mM HEPES. EGF (200 ng/ml) was added 

to stimulate EGFR endocytosis. Then, cells were collected at each time point and 

lysed in MBL buffer. Equal amounts of cell lysate were analyzed by SDS-PAGE and 

followed by detection of EGFR using western blotting. 

2.9 Autophagy assays 

Autophagy was induced by starvation. Cells were washed two times with PBS 

24 hours after transfection and incubated in Earle’s balanced solution (EBSS; 

Invitrogen) for 2 hrs at 37℃. The cells were collected and subjected to western 

blotting for detection of p62 and LC3. 

2.10 In vitro Vps34 Kinase activity assays 

The IP samples of Vps34-Beclin1 complexes were washed once by kinase assay 

buffer (20 mM HEPES, pH7.4, 1 mM EGTA, 0.4 mM EDTA, 5 mM MgCl2) and 

then were incubated with KA buffer containing 50uM cold ATP, 5mM MnCl2, 50 μM 

DTT, 0.1 mg/ml phosphatidylinositol and 5 μCi 
32

P-ATP for 30 min at 37℃ for 30 
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min with frequent shaking. The reactions were stopped by CHCl3/CH3OH/HCl 

(10:20:0.2) mixture and continuously shaken for 10 min. After centrifuging at 6000g 

for 5 min, 15 μl of the lower phase samples were separated by a 

thin-layer-chromatography (Whatman) under CHCl3/CH3OH/NH4OH/H2O 

(86:76:10:14) mixture. And radioactive signals were detected by autoradiography 

(GE Healthcare).  
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3.1 Biochemical and structural characterization of 

p62/SQSTM1 – ubiquitin interaction and the impact of 

Serine 409 phosphorylation on this interaction 

Our collaborator, (Dr. Zhenyu Yue’s lab in Mt. Sinai School of Medicine, New 

York, NY U.S.A.) has found that ULK1 phosphorylates p62 at residue S409 within 

the UBA domain. Such phosphorylation leads to enhanced association of p62 to 

ubiquitinated proteins and is critical for effective protein degradation by autophagy if 

the proteasomal pathway is inhibited (manuscript under preparation). Our aim here is 

to investigate, through biophysical and biochemical methods, how the S409 

phosphorylation in p62 leads to enhanced association with ubiquitinated proteins. 

Based on previous reports on the dimer structure of p62 UBA domain and its 

incompatibility with ubiquitin binding, we hypothesize that the phosphorylation of 

S409 leads to destabilization of the auto-inhibited p62 UBA dimer conformation and 

facilitates more effective ubiquitin binding.  

3.1.1 p62 UBA-ubiquitin interaction can be enhanced by 

phosphorylation–mimicking mutant S409E 

For our in vitro studies we have focused on the p62 UBA domain. This domain, 

where residue S409 is located, is directly responsible for ubiquitin binding. We have 

generated three p62 UBA constructs, including the wild type and two mutants S409E 

and S409A. The S409E mutation is meant to mimic the phosphorylation event and 

S409A mutation is to represent the absence of phosphorylation. All these three UBA 
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constructs were expressed and purified to homogeneity following standard 

procedures.  

The first biochemical assay we performed was Isothermal Titration Calorimerty 

(ITC). Our aim is to compare the binding affinity of these three constructs to mono 

ubiquitin. The Kd for wild-type p62 UBA is ~100 μM, confirming a generally weak 

interaction between p62 UBA domain and mono-ubiquitin. The Kd for 

phosphorylation-mimicking S409E mutant is ~10 μM, nearly 10 times stronger than 

that of wild-type. Furthermore the Kd for phosphorylation-deficient S409A mutant 

is ~300 μM, slightly weaker than that of wild-type and about 30 times weaker than 

that of S409E (Fig. 3.1.1). These data suggest that the side chain property of residue 

409 exerts noticeable impact on the binding affinity of p62 UBA domain to 

mono-ubiquitin, with charged or polar side chain groups favorable to this interaction 

while hydrophobic side chains unfavorable. 

 

Figure 3. 1. 1 S409E mutation increases its binding affinity to ubiquitin. ITC titrations with ubiquitin 
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in the syringe and S409E (a), WT (b) and S409A UBA in the cell. The data were fitted to single site 

models. 

3.1.2 S409E mutation destabilizes p62 UBA homodimer 

1) Dynamic exchange assay 

Firstly, dynamic exchange assays were performed to study the stability of the 

p62 WT, S409E and S409A UBA dimers. Both His-tagged and untagged UBA 

domains were co-incubated at the indicated temperatures and pulled down by Ni
+ 

NTA agarose beads after cooled on ice for 5 minutes, followed by examination by 

SDS gel. If there is dynamic exchange among p62 UBA dimer molecules, the 

pull-down sample would contain both the Hig-tagged and untagged samples with 

noticeable mass difference of ~1 kDa. In fact our data show that for all three 

constructs, the eluted sample contained almost exclusively His-tagged protein only, 

suggesting that little dynamic exchange occurred over the wide temperature range of 

22 – 70 
o
C (Fig 3.1.2). These findings suggest that the in vitro dimeric form of p62 

UBA domain is highly stable. Single-residue mutations like S409E or S409A, 

although close to the dimer interface, do not lead to significant impact on the overall 

thermostability of the dimer interface. Our result is consistent with the previous 

report that p62 UBA dimer is stable in aqueous solutions (Isogai et al., 2011). 
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Figure 3. 1. 2 UBA dimer undergoes little dynamic exchange in solution. Dynamic exchange assays of 

wild type, S409E and S409A p62 UBA domain at temperature from 22℃ to 70℃. 

2) Probing dissociation of p62 UBA domain by ITC experiments  

To further characterize the thermostability of p62 UBA dimer, ITC was applied 

to determine the dissociation constants of wild type p62 UBA and two mutants. Our 

experimental data of the dissociation constants among the three types of p62 UBA 

revealed that WT had the highest dimer stability (Kd = 8.5±1.7μM), S409A in the 

middle (Kd = 12±2.9μM) and S409E at the lowest (Kd = 40±1.4μM). (Fig3.1.3). 

The much weaker dimer stability of S409E is in general agreement with our 

hypothesis.  
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Figure 3. 1. 3 S409E mutation reduces UBA dimer stability. Dimer dissociation assays with 

buffer in cell and S409E (a), WT (b) and S409A (c) UBA in syringe. The data were fitted to 

dissociation models. The number of “*” roughly represent the stability of UBA dimer. 

3) DSC profile, thermal stability of the p62 UBA domain 

Next, to support these findings, we applied differential scanning calorimetry to 

determine the thermal stability of p62 UBA dimer. The thermal stability of the 

mutants and WT p62 UBA domain was assessed by Differential Scanning 

Calorimetry (DSC). The Tm of S409E was determined to be 61.5±0.01℃, which is 

about 4℃ lower than that of the wild-type at 65.8℃. And the Tm of S409A was at 

59.6℃, which is even lower than that of S409E (Fig 3.1.4). The lower Tm of S409E 

as compared to WT indicates that the phosphorylation-mimicking S409E mutation 

leads to reduced thermal stability of p62 UBA domain, in support of our hypothesis. 

However the lower Tm of S409A as compared to WT is inconsistent with our 

hypothesis as this mutation is expected to strengthen dimer stability. Furthermore in 

vivo data from our collaborator’s lab shows weakened binding for S409A to 
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ubiquitinated proteins. The inconsistency of the DSC data probably reflects the 

limitation of this method, rather than disapproving our hypothesis. For one thing, it is 

possible that the Tm measured in DSC does not correlate directly with the dimer 

stability as the two processes of the dimer dissociation and protein denaturation 

might be convoluted in the process of heating during DSC procedure. Secondly DSC 

method is highly sensitive to calibration and buffer conditions etc. We need to 

conduct more vigorous control experiments, like multiple buffer-to-buffer 

measurements, to ensure the DSC data are robust.  

Figure 3. 1. 4 DSC profile of p62 UBA constructs. DSC profiles of S409E (a), WT (b) and S409A (c) at a 

protein concentration of 200μM and a heating rate of 1℃/min from 10℃ to 90℃. The data were 

fitted to non-two states models. 

4) NMR analysis of p62 UBA 

Next, NMR studies were carried out to investigate the structural profile of p62 

UBA S409E. 
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Figure 3. 1. 5 S409E mutation causes conformational changes on UBA dimer interface and ubiquitin 

binding motif MGF. The overlay of 
1
H-

15
N HSQC spectra of 

15
N-labeled WT (red) and S409E (Blue) 

UBA at concentration of 100μM. Cross-peaks in the red rectangles represent the residues critical for 

the dimer interface. 

The 
1
H-

15
N correlation spectra of the 

15
N-labeled p62 UBA wild type and 

S409E mutant were first collected in the absence of ubiquitin (Fig. 3.1.5). The 

overall disperse pattern of cross peaks for S409E mutant is largely identical to that of 

wild-type. A few chemical shifts are significant and the corresponding residues D410, 

G412, W414 and L418 were identified using the published wild-type spectra as 

reference. All these residues are located in the vicinity of residue 409 and it is logical 

that the S409E mutation alters their local environment and leads to chemical shift in 

the HSQC spectra. Noticeably residues W414 and L418 are both important 
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constituents of the UBA dimer interface in the wild-type structure. The chemical 

perturbation caused on these residues by S409E mutation may lead to destabilization 

of the dimer interface.  

 

Figure 3. 1. 6 S409E binds to mono-ubiquitin similarly to WT. The overlay of 
1
H-

15
N HSQC spectra of 

15
N-labeled WT (red) and S409E (Blue) UBA at concentration of 100μM in the presence of 600μM 

native mono-ubiquitin.  

NMR titration experiments were carried out by adding 6-fold molar excess of 

unlabelled mono-ubiquitin to the wild-type and S409E mutant UBA proteins. First of 

all the addition of mono-ubiquitin induced a large set of chemical shifts in the spectra 

of S409E mutant, confirming that S409E undergoes the dimer-monomer transition 

upon ubiquitin binding as reported in previous studies for wild-type p62 UBA 

domain. Close inspection reveals that the disperse pattern of S409E in presence of 
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ubiquitin is also largely similar to that of wild-type, with only a few noticeable 

chemical shifts involving residues such as S409E and W414. These data suggest that 

S409E mutant interacts with mono-ubiquitin in highly similar manner to that of 

wild-type, with the S409E mutation exerting little influence (Fig. 3.1.6). 
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3.2  Structure-based functional studies of the 

UVRAG-Beclin1 complex 

This part of work is focused on functional study of the UVRAG-Beclin1 

interaction by focusing on two processes it mediates: autophagy and endocytosis. We 

first aim to determine the crystal structure of the UVRAG-Beclin1 complex. Based 

on the crystal structure, we then proceed to conduct structure-based functional 

studies to explore the essential cellular roles of UVRAG-Beclin1 interaction using 

site-directed mutagenesis, ITC and co-immunoprecipitation. 

3.2.1 Crystal structure of Beclin1-UVRAG complex  

A polypeptide containing residues 174-223 of mouse Beclin1 at the N-terminal, 

the residues 228-275 of mouse UVRAG at the C-terminal and a 5X(GS) linker in the 

middle, was expressed, purified and crystallized (Fig 3.2.1a). The UVRAG-Beclin1 

complex structure was determined at 2.0 Å resolution. This structural study was 

carried out by Dr. Yunjiao He, my fellow labmate. It is included here to give a more 

comprehensive description of the Beclin1-UVRAG project.  

The peptides from two proteins form a canonical parallel coiled coil 

heterodimer which is distinct from the anti-parallel homodimer of Beclin1 CCD 

domain (Fig 3.2.1c) (Li et al., 2012).  
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Figure 3. 2. 1 Crystal structure of Beclin1-UVRAG complex. (a) The schematic picture of the linked 

complex in crystal. (b) The parallel dimeric coiled coil structure of the Beclin 1-UVRAG complex. (c) 

Comparison of the coiled coil interface of Beclin 1 homodimer and the Beclin 1-UVRAG heterodimer. 

Green arrows mark the strongly hydrophobic “leucine zippers”; Yellow arrows mark the moderately 

hydrophobic pairings and red arrows mark the stabilizing pairings only observed in Beclin 1-UVRAG 

complex. (Note: the crystal structure of Beclin1-UVRAG complex is resolved by Dr He Yunjiao in our 

group). 
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The Beclin1-UVRAG dimer interface contains five “leucine-zipper” pairs that 

are formed between the leucine residues (L178, L185, L192, L196 and L210) of 

Beclin1 and the corresponding leucine residues (L232, L239, L246, L250 and L264) 

of UVRAG. In addition to the hydrophobic “leucine zipper” pairs, the positively 

charged side chain of R203 in Beclin1 forms a salt bridge with the negatively 

charged side chain of E260 and a hydrogen bond with the polar side chain of Q253 in 

UVRAG (Fig 3.2.1c). The hydrophobic “leucine zippers”, together with the charge 

complementary salt bridge and hydrogen bond underlie the extraordinary strong 

affinity of the Beclin1-UVRAG interaction. 

3.2.2 Key residues identification in UVRAG-Beclin1 interaction in 

vitro 

Using the Beclin1-UVRAG complex as guidance, we generated a series of 

UVRAG mutations to confirm the key residues in the Beclin1-UVRAG interaction. 

Based on the structural information of the complex, we substituted the hydrophobic 

“L” residues on UVRAG indicated by arrows in Figure 3.2.1C with negatively 

charged “E” or replaced the negatively charged 260E with positively charged “R”. 

This in vitro study was carried out by Dr. Yunjiao He, my fellow labmate. It is 

included here to give a more comprehensive description of the Beclin1-UVRAG 

project.  
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Figure 3. 2. 2 UVRAG single mutations reduce their affinity to Beclin1. ITC titrations with 

UVRAG wild type or mutants in syringe and Beclin1 (174-223) in cells. The data were fitted to 

single site models. 

 Firstly, we generated four single-site UVRAG mutants (L246E, L250E, L264E 

and E260R) aiming to weaken or abolish Beclin1-UVRAG interaction. Next, we 

determined the binding affinity between UVRAG mutants and Beclin1 by ITC. The 

Kd for wild type UVRAG is ～0.3μM, confirming a strong interaction between 

Beclin1 and UVRAG. The Kd for L246E is 180μM, for L250E is 91μM, for E260R 
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is 10μM and for L264E is 4.2μM (Fig3.2.2). Although the single mutations on 

UVRAG showed dramatically decreased binding affinity to Beclin1 by almost two 

orders of magnitude as compared to that of wild type, these single mutants still 

retained weak interactions with Beclin1. These data suggest that the strong 

Beclin1-UVRAG interaction can not be abolished when a single residue is mutated at 

the dimer interface. Furthermore, the differences of the affinity to Beclin1 among the 

UVRAG mutants suggest different weightings of these residues in maintaining the 

interaction. 

Since the single site mutations were not strong enough to abolish the interaction 

between Beclin1 and UVRAG, we constructed several multiple sites mutations 

including one double mutant (L246E_L250E), a triple mutant 

(L232E_L239E_L271E), a penta mutant (L232E_L239E_L246E_L250E_L264E) 

and a hexa mutant (L232E_L239E_L246E_L250E_L264E) and investigated their 

interactions with Beclin1 by ITC as well. All the multi-site mutants show a titration 

profile that suggests little or no interaction between Beclin1 and these UVRAG 

mutants (Fig 3.2.3). These data confirm that removing multiple leucine residues 

within the Beclin1-UVRAG interface is sufficient to abolish their interaction. 
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Figure 3. 2. 3 UVRAG multi-sites mutants lost interaction with Beclin1. ITC with UVRAG mutants in 

syringe and Beclin1 (174-223) in cell. (Note: The in vitro interaction studies is done by Dr He Yunjiao 

in our group)   

3.2.3 Key residues identification on UVRAG-Beclin1 interaction in 

vivo. 

The crystal structure of the Beclin1-UVRAG complex and the in vitro studies 

have identified a group of key residues for their interaction. Next, we performed 

co-immunoprecipitations in HEK293T cells to confirm these findings in vivo. 
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Firstly, we studied the interactions between Beclin1 and the UVRAG mutants 

that have lost interaction with Beclin1 as shown by ITC experiments. We transfected 

the Flag tagged full length UVRAG mutants including a single mutant (L246E, for 

control), a double mutant (L246E_L250E), a penta mutant 

(L232E_L239E_L246E_L250E_L264E) and a hexa mutant 

(L232E_L239E_L246E_L250E_L264E) mutants separately into HEK293T cells. 

Twenty four hours after transfection, cell lysates were immunoprecipitated by 

anti-Flag magnetic beads and the immunocomplexes were analyzed by western 

blotting using anit-Beclin1 antibody. As shown in Fig 3.2.4, Beclin1 can be detected 

in the pull-down fraction by all the UVRAG mutants. These data indicate that when 

over-expressed in vivo, these UVRAG mutants still retain interaction with Beclin1.  

 

Figure 3. 2. 4 All the mutations retain interactions with Beclin1. HEK293T cells were transfected with 

Flag-UVRAG mutants plasmids. Twenty four hours after transfection, cell lysates were 

immunoprecipitated by anti-Flag magnetic beads and the immunocomplexes were analyzed by 

western blotting using anit-Beclin1 antibody. 
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Figure 3. 2. 5 Deletion mutation cannot abolish UVRAG-Beclin1 interaction. HEK293T cells were 

transfected by Flag-vector, Flag-UVRAG or Flag-UVRAG deletion mutants. Twenty four hours after 

transfection, cell lysates were immunoprecipitated by anti-Flag magnetic beads and the 

immunocomplexes were analyzed by western blotting using anit-Beclin1 antibody. 

While our initial co-ip data of the UVRAG mutants didn’t agree with the in 

vitro ITC results in terms of their binding to Beclin1, multiple factors could have 

contributed to this discrepancy. First of all, the in vitro ITC experiments used only 

the coiled coil domain of Beclin1 and UVRAG, while the in vivo co-ip experiments 

used full-length proteins. Secondly co-ip assays are qualitative and sensitive assays 

that confirms co-precipitation but not necessarily direct physical interaction, while 

the in vitro ITC method provides quantitative measurement of direct physical 

interaction. Lastly there is also the possibility that other regions of Beclin1 or 

UVRAG may be involved in their interactions as well.  

To further investigate the Beclin1-UVRAG interaction we generated a few 

deletion constructs for UVRAG. First we generated a UVRAG deletion mutant 

which has the Beclin1 interaction domain (228-275) truncated. Then we investigated 

the interaction between deletion mutant and Beclin1 by transfected HEK293T cells 



64 
 

with the Flag tagged UVRAG deletion mutant. Co-ip experiments were performed in 

the same manner as previous experimental settings. Interestingly, the deletion mutant 

could pull down considerable amount of Beclin1 (Fig 3.2.5). These data suggest that 

the Beclin1-interacting coiled coil region of UVRAG may not be exclusively 

responsible for the Beclin1-UVRAG interaction. It is possible other regions of 

UVRAG may interact with Beclin1 directly. There is also the other possibility that 

UVRAG can associate with third-party Beclin1-interacting proteins independent 

from its coiled coil domain.  

 

 

Figure 3. 2. 6 Beclin1 interaction domain mapping. HEK293T cells were transfected with a series of 

Flag-UVRAG deletion mutants. Twenty four hours after transfection, cell lysates were 

immunoprecipitated by anti-Flag magnetic beads and the immunocomplexes were analyzed by 

western blotting using anit-Beclin1 antibody. 

To further analyze the Beclin1-interacting regions of UVRAG we decided to 

re-map the Beclin1 interaction domain on UVRAG. We generated a series of 

UVRAG truncation mutants to map the accurate boundary of Beclin1 interaction 

domain around 227-275 of UVRAG. And these truncated Flag-UVRAG constructs 
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were transfected to HEK293T and Co-ip assays were carried out as previous protocol 

to investigate their interactions with endogenous Beclin1. As shown in Fig 3.2.7, the 

constructs 1-227 and 228-298 pulled down comparable amount of Beclin1 to that of 

the full length UVRAG, and deletion of 1-275 significantly decreased the amount of 

Beclin1. Only the IP sample of 1-298 deleted construct showed undetectable Beclin1. 

These results show that Beclin1 interaction domain on UVRAG is located in the 

region of 1-298. Combined with previous reports (Liang et al., 2006) on the 

definition of UVRAG CCD domain, we generated several truncated mutants in the 

region before residue 298 and conducted the IP experiments in the same setup.  

And we found that that only the deletion of the fragment from residue 199 to 

298 of UVRAG could not pull down Beclin1 but the other constructs could. These 

results suggest that the short peptide fragment of 199-227 may contribute to 

Beclin1-UVRAG interaction, in addition to the coiled coil domain of 227-275. 

Currently there is no structural information on the 199-227 region. Whether and how 

this region affects the Beclin1-UVRAG interaction awaits further investigation. 

 

Figure 3. 2. 7 Residue 199-298 of UVRAG is required for Beclin1 interaction. HEK293T cells 

were transfected with a series of Flag-UVRAG deletion mutants. Twenty four hours after 
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transfection, cell lysates were immunoprecipitated by anti-Flag magnetic beads and the 

immunocomplexes were analyzed by western blotting using anit-Beclin1 antibody. 

3.2.4 Mutations that perturb the Beclin1-UVRAG interaction 

favors the formation of Beclin1-Atg14L complex 

Our previous data showed that UVRAG is a stronger binding partner than 

Atg14L for interaction with Beclin1 (Li et al., 2012). Moreover, it has been reported 

that both UVRAG and Atg14L bind to the same region of Beclin1, the CCD domain. 

We reason that the series of hydrophobic leucine zippers at the Beclin1-UVRAG 

interface might contribute to this stronger affinity. Furthermore we anticipate that the 

multi-site UVRAG mutants, with weakened or abolished binding to Beclin1, may 

lose their competitive advantage over Atg14L for binding to Beclin1. To testify our 

hypothesis, the UVRAG mutants which showed negative results in Beclin1 binding 

assays using ITC, were used in vivo. The UVRAG mutants and Atg14L wild type 

were co-transfected into HEK293T cells to investigate their interactions with Beclin1. 

And the IP experiments were performed by using anti-Flag beads and cell lysate 

from HEK293T cells transiently transfected with Flag-UVRAG mutants with or 

without over expression of Atg14L. Then, Beclin1 levels were detected in the IP 

complex.  
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Figure 3. 2. 8  Key residues on UVRAG are critical for competition with Atg14L. HEK293 cells were 

transfected either with Flag-UVRAG mutants alone or together with GFP-Atg14L. Twenty four hours 

after transfection, cell lysates were immunoprecipitated by anti-Flag magnetic beads and the 

immunocomplexes were analyzed by western blotting using anit-Beclin1 antibody. 

The competitive IP results show that all the mutants were able to intact with 

Beclin1 without significant differences when UVRAG mutants were transfected 

alone. However, when Atg14L were introduced into the cells, starting from the 

246250E to the hexa mutants, the amount of Beclin1 pulled down by UVRAG 

decreased gradually and finally was totally absent for the hexa mutant (Fig 3.2.8). 

Inversely, the amount of Beclin1 pulled down by Atg14L increased for UVRAG 

mutants with more LeuGlu mutation sites (Fig 3.2.9). 

These data imply the essential roles of the leucine zipper between Beclin1 and 

UVRAG in the homeostasis of the Beclin1 containing complexes, especially in 

maintaining the balance between Atg14L-Beclin1 and UVRAG-Beclin1 complexes. 
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Figure 3. 2. 9 Key residues on UVRAG prevent Beclin1-Atg14L binding. HEK293T cells were 

transfected with GFP-UVRAG mutants and Flag-Atg14L plasmids. Twenty four hours after transfection, 

cell lysates were immunoprecipitated by anti-Flag magnetic beads and the immunocomplexes were 

analyzed by western blotting using anit-Beclin1 antibody. 

3.2.5 The impact of UVRAG-Beclin1 interaction in autophagy 

As the Co-IP data showed that the strong interaction between UVRAG and 

Becin1 played key roles in the dynamic balance in Beclin1 containing complexes, 

which had been reported to be essential for autophagy regulation, we next 

investigated the impact of overexpression of different UVRAG mutants on 

autophagy flux. HCT116 cells have been reported to contain a monoallelic deletion 

of UVRAG in the chromosome and have lower level of endogenous UVRAG 

compare to other cell lines (Ionov et al., 2004). Liang’s group has also demonstrated 

that HCT116 has defect in autophagy and the exogenous expression of UVRAG can 

restore the autophagic flux in a Beclin1 dependent manner (Liang et al., 2006). 
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Figure 3. 2. 10 Autophagy assay of overexpressed UVRAG mutants. HCT116 cells were transfected 

by Flag-UVRAG mutants. Twenty four hours after transfection, cells were starved for 2hrs and the LC3 

and p62 were visualized by western blotting using anti-LC3 and anti-p62. 

Based on these reports, we transfected HCT116 cells with full length UVRAG 

or the truncation mutant (Δ227-275) to investigate whether Beclin1 interaction 

domain play a role in starvation induced autophagy. To do so, we monitored two well 

established autophagy markers, LC3-Ⅱand p62, in the transiently UVRAG 

transfected HCT116 cells which has been starved in EBSS medium for two hours. 

However, no significant differences in the levels of LC3-II and p62 between full 

length and truncation mutant samples were observed during both normal condition 

and starvation. Furthermore, wild type UVRAG did not showed significant changes 

in the level of LC3-II and p62 compare to vector control. We also found that the 

turnover of p62 and conversion of LC3 in the vector control samples were quite 

obvious during starvation (Fig 3.2.10), which is inconsistent with previous report. 

The inconsistence may suggest the HCT116 cell line in our group is different from 

Liang’s group, at least in the starvation induced starvation or there are some other 
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unknown reasons which need further investigations.  

3.2.6 The Beclin1-UVRAG interaction is critical for endocytic 

pathway 

UVRAG and Beclin1 have been reported to have essential functions in the 

endocytosis pathway which is particularly related to EGFR degradation. To find out 

whether the interaction between Beclin1 and UVRAG is involved in the regulation of 

endocytosis, HEK293T cells were transfected with wild type and UVRAG mutant 

plasmids and EGF treatment was performed 24hr after transfection. After EGF 

treatment as the indicated time, cells were collected and subjected to Western blotting 

to detect the amount of EGFR by anti-EGFR antibody.  

In the Western Blot results, significant less EGFR were observed in wild type 

and 246E mutant of UVRAG from 30 minutes compare to vector control. The other 

mutants which lost the binding to Beclin1 in vitro showed the similar amount of 

EGFR as vector control at 30 minutes. And the EGFR bands nearly disappear at 50 

minutes in wild type and single mutant group, but in double, penta and hexa mutant 

group, there is considerable amount of EGFR. The band of EGFR remains clearly in 

penta and hexa mutant even in 2 hours samples (Fig 3.2.11). These data indicates that 

the mutations on UVRAG which lead to loss of Beclin1 binding in vitro also lead to 

the loss of accelerative function in EGFR degradation. Furthermore, these data 

suggest that Beclin1-UVRAG interaction plays essential roles in EGFR degradation 

and endocytosis pathway. I have performed a series of experiments to assay EGFR 
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degradation and obtained preliminary data that is not shown here. The figure reported 

here is based on the experiments conducted by Wu Shuai, a graduate student in the 

lab. His results are included here to give a comprehensive report of the final data. 

 

Figure 3. 2. 11 EGFR degradation assay of overexpressed UVRAG mutants. HEK293T cells were 

transfected either with empty vector or UVRAG mutants. Twenty four hours after transfection, cells 

were treated by 200ng/ml EGF for indicated time and EGFR amount were detected by western 

Blotting using anti-EGFR. 
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3.3  Structural and Functional Studies of the Beclin1-Vps34 

Complex in Autophagy 

Due to the complexity of the Vps34-Beclin1-containing complexes, the detailed 

physical interaction among the members of the complexes remains unclear. Our aim 

in this part is to conduct initial characterization of the interaction between Beclin1 

and Vps34 through Co-ip and biochemical methods.  

3.3.1 Mapping of Vps34 and Beclin1 interaction domains  

 

Figure 3. 3. 1 N-terminal of Beclin1 is required for Vps34 binding. a. the schematic picture of the 

Beclin1 constructs; b. Co-IP results, Beclin1-GFP constructs and myc-Vps34 were co-transfected into 

HEK293 cells, 24hrs after transfection IP was performed by anti-myc and results visualized by western 

blotting using anti-GFP. 

The first thing we did is to determine the interaction domains on Beclin1 and 

Vps34. To identify the Vps34 interaction domain on Beclin1, a series of GFP tagged 

Beclin1 deletion mutants and myc tagged wild type Vps34 were constructed and 
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co-transfected into HEK293T cells. Twenty-four hours after transfection, the cells 

lysates were co-immunoprecipitated by anti-myc antibody. The IP complexes pulled 

down by myc-Vps34 were analyzed by Western Blot using anti-GFP. The Western 

Blot results show that the N-terminal region (Beclin1
1-105

) can be pulled down by 

myc-Vps34, but the rest of Beclin1 without this region cannot (Fig 3.3.1). These data 

suggest that the N-terminal region (Beclin1
1-105

) is required for binding to Vps34.  

We employed similar strategy to search for the exact boundary of Beclin1 

binding domain on Vps34. Briefly, we co-transfected a series of myc tagged Vps34 

constructs and GFP tagged wild type Beclin1 into HEK293T cells. Twenty-four 

hours after transfection, the cells lysates were co-immunoprecipitated by anti-myc 

antibody. The IP complexes pulled down by myc-Vps34 were analyzed by Western 

Blot using anti-GFP. The results show that the construct C2T, with a 31 amino acid 

peptide from residue 214 to 244 truncated cannot pull down Beclin1, but C2S and 

wild type containing this fragment do. These data indicate that Vps34 fragment 

214-244 is indispensable for the interaction with Beclin1.  

Previous reports had revealed that Beclin1 plays key roles in the lipid kinase 

activity of Vps34. Next, we did is to investigate the kinase activity of the Vps34 

construct which has lost the binding to Beclin1. We transfected myc tagged Vps34 

wild type and deletion constructs C2T or C2S separately into HEK293 cells and 

conducted IP experiments using the protocol in domain mapping studies. Half of the 

IP complexes were subjected to kinase assays as described in materials and methods. 
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The kinase reaction products were analyzed by TLC and followed by 

autoradiography. The kinase assays results show that the IP complex from construct 

C2T has no endogenous Beclin1 and lose almost half of kinase activity compare to 

full length Vps34. Interestingly, the construct C2S which has residues 1-214 deleted 

also lost the interaction with endogenous Beclin1, and showed similar kinase activity 

to that of C2T (Fig 3.3.3). These data further confirm the essential roles of Beclin1 

interaction for the kinase activity of Vps34 complex and the importance of Vps34 

214-244 in binding to Beclin1. The performance of C2S suggests the region 1-214 

also plays some roles in Beclin1 interaction or may be just caused by mis-fording 

originated from overexpression of truncated mutation. To clarify the performance of 

C2S, we need further investigations. 

 

Figure 3. 3. 2 Residue 214-244 (C2R) on Vps34 is required for Beclin1interaction. a. the schematic 

picture of the Vps34 constructs; b. Co-IP results, myc-Vps34 deletion constructs and GFP-Beclin1 full 

length were co-transfected into HEK293 cells, 24hrs after transfection IP was performed by anti-myc 
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and results visualized by western blotting using anti-GFP. 

 

Figure 3. 3. 3 C2R on Vps34 is required for Beclin1 binding and activity of the complex. HEK293T 

cells were transfected with wild type or deletion mutated myc-Vps34, 24 hours later, cells were 

subjected to IP with anti-myc, and kinase activity assays were carried out with the purified IP 

complexes. The kinase activities were normalized by the amount of Vps34 in IP complexes.  

3.3.2 Folding of the Vps34-Beclin1 interaction domains 

Based on the domain mapping results which suggested that the fragment 1-244 

in C2 domain of Vps34 is important for the binding of Beclin1, we generated a series 

of E.coli expression plasmids containing different fusion tag and various protein 

fragments of Vps34 C2 domain around residue 1-244 to search for soluble segments 

(Fig 3.3.4) and for further biochemical studies. 
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Figure 3. 3. 4 Schematic picture of Vps34 C2 constructs for solubility screening. The DNA sequence 

of the corresponding fragments were cloned to expression vectors and solubility of the fragments 

were tested in E.coli. 

 

Figure 3. 3. 5 Examples of solubility screening. WCL: whole cell lysate 

With IPTG induction, different constructs were overexpressed in E.coli 

BL-21(DE3) cells. Harvested cells were lysed by ultra-sonication in different buffers 

varying in pH from 3.5 to 10 and salt concentration from 50 to 1000mM. After 



77 
 

centrifugation, proper amount of whole cell lysis (WCL), pellets and supernatants 

were analyzed by SDS-PAGE with coomassie-blue staining. The results were 

evaluated by the intensity of corresponding bands in the supernatant fractions. For 

example, in the screening of C2G and C2H with Trx (thioredoxin) and GST 

(Glutathione S-transferases) fusion tag using His-binding buffer (20mM sodium 

phosphate, pH7.4, 500mM NaCl, 40mM imidazole) as lysis buffer, the solubility of 

Trx-C2G was considered as “++”, and Trx-C2H and GST-C2G as “+”, while 

GST-C2H as “-” (Fig 3.3.5). The solubility screening results were summarized in 

Table 3.3.1.  

Fragments Solubility of fragments with different fusion tag 

 
pET32M 

(Trx) 
pET49M 

(GST) 
pETM 
(6Xhis) 

pMBP 
(MBP) 

C2A - - -------- + 

C2B - - -------- - 

C2C - - -------- - 

C2D - - -------- - 

C2E - - -------- ++ 

C2F - - -------- - 

C2G ++ + -------- -------- 

C2H + - -------- -------- 

C2I - -------- -------- -------- 

C2J ++ -------- + -------- 

C2K - -------- -------- -------- 

C2L - -------- -------- -------- 

C2R ++ - - -------- 

C2U -------- -------- - -------- 

C2V -------- -------- - -------- 

C2W -------- -------- - -------- 

C2X -------- -------- - -------- 

C2Y -------- -------- - -------- 

Table 3. 3. 1 Summary of solubility screening of the Vps34 C2 domain. Note: “++” means good 



78 
 

solubility; “+” means soluble; “_” means poor solubility and not suitable for purification; “--------” 

means construct has not been tried in this vector. 

As shown in Table 3.3.1, constructs MBP-C2A, MBP-C2E, Trx - and GST-C2G, 

Trx-C2H, Trx- and 6*His- C2J and Trx-C2R were selected to proceed to purification. 

Except C2J and C2G, all the constructs had aggregation problem during the 

purification steps, especially in the fusion tag removing step. The construct C2J 

could be prepared by affinity and size-exclusion chromatography as depicted in 

Methods and Material.  

Then we studied the folding state of Vps34 C2J by NMR. The C2J proteins 

prepare from normal LB broth were resolved in PBS with 10% DO2 in a 

concentration of 0.5mM for NMR tests. Judged by the 1D NMR spectra, C2J showed 

obvious unfolded random coil characteristics (Fig 3.3.6). 

 

 

Figure 3. 3. 6 
1
H-NMR spectra of Vps34 C2J. The NMR profile was collected using native C2J with 10% 
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DO2. The signals from 7.2 to 8.8 ppm were enlarged on the up-left panel.  

In order to resolve the folding problem, we co-expressed the proposed binding 

partner for Vps34 C2J, N-terminal of Beclin1, to help it transform to a folded state 

for further biochemical and structural studies.  

3.3.3 Folding of Beclin1-Vps34 linked constructs 

A 5X(GS) linker was used to conjugate the proposed binding partners, C2J of 

Vps34 and Beclin11-105, to overexpress them in E.coli (Fig 3.3.7) aimed to facilitate 

their folding.  

 

Figure 3. 3. 7 Schematic pictures of two types of linked constructs. 
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Figure 3. 3. 8 
1
H-

15
N HSQC spectra of 

15
N-labeled Vps34_C2J-(GS)*5-Beclin1_1-105. NMR spectra 

was obtained by 
15

N-labeled Vps34_C2J-(GS)*5-Beclin1_1-105 with 10% DO2.  

Interestingly, the type I construct with Beclin1 1-105 in the N-terminal of the 

aggregated during concentration; while the type II construct which with Vps34 C2J 

in the N-terminal could proceed to purification. To study the folding state of the 

complex, 2D NMR was performed using 
15

N labeled type II construct 

Vps34_C2J-(GS)*5-Beclin1_1-105 prepared in M9 medium. However, in the 2D 

NMR spectra, all the cross-peaks from main chain amide groups were stacked in a 

small region, indicating an unfolded state (Fig3.3.8).  
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Chapter4 Discussions and Summary 
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4.1  P62 S409 phosphorylation promotes p62-ubiquitin 

interaction 

In this part, we quantified the binding affinities to ubiquitin of p62 UBA wild 

type, S409A mutant and S409E mutant. Consistent with our collaborator’s data, our 

S409E mutant, which mimics the phosphorylation of S409 in p62, leads to increased 

interaction with ubiquitinated proteins. We found that by ITC measurements S409E 

showed stronger affinity to ubiquitin than wild type, while S409A mutant that 

mimicks phosphorylation deficiency shows the lowest affinity to ubiquitin. 

Furthermore our DSC measurements show reduced thermal stability of S409E as 

compared to wild-type, suggesting decreased structural stability. 

The crystal structure of p62 UBA domain adopts a dimeric form in one 

crystallographic asymmetric unit. Consistently, analytical gel-filtration and 

ultracentrifugation indicate that UBA domain exists as a dimer in solution (Isogai et 

al., 2011). S409 is located quite close to the dimerization interface that consists of 

F408, W414 and L418. And it has been reported that the monomer derivatives of 

GST fused p62 UBA domain bind more strongly to tetra-ubiquitins than wild type 

(Isogai et al., 2011). We propose that p62 S409 phosphorylation might disturb the 

dimerization of UBA domain to enhance its ubiquitin binding affinity.  
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4.2  Beclin1-UVRAG complex in autophagy and endosomal 

trafficking 

The crystal structure of Beclin1-UVRAG complex reveals a parallel coiled coil 

assembly with five leucine zipper pairs at the interface. These leucine zippers, 

together with electrostatic interactions, render the Beclin1-UVRAG interaction 

highly stable. Through site-directed mutagenesis, we confirmed that multi-site 

mutations that replace a series of hydrophobic leucine residues with charged 

glutamate is necessary to significantly weaken or abolish the Beclin1-UVRAG 

interaction. Furthermore UVRAG mutations that weaken the Beclin1-UVRAG 

interaction would favor the formation of the Beclin1-Atg14L complex at the expense 

of the Beclin1-UVRAG complex, further comfirming the mutual exclusivity of these 

two complexes. 

Our extensive effort to characterize the impact of UVRAG mutations on 

autophay yielded little results. Our data show that the HCC116 (???) cell line we 

used, which supposedly carries monoallelic loss of UVRAG and should have 

impaired autophagy, have instead normal level of autophagy activity upon starvation. 

Furthermore over-expressing the various UVRAG mutants in this cell line shows 

little impact on its autophay activity. While our data is not information we should 

bear in mind that our experiments were carried out with serious limiting factors. 

There are many ways to improve our experiments, such as generating UVRAG 

knockdown cell lines, and stably over-expressing UVRAG mutants etc. These 
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experiments should be our future studies.  

In contrast to the findings of Zeng et al. and Liang et al., Harald Stenmark’ 

group showed significant down regulation of EGFR degradation by Beclin1 knock 

down (Liang et al., 2006; Thoresen et al., 2010; Zeng et al., 2006). They also 

demonstrated that knock down of Vps15, Vps34, UVRAG and Bif-1 strongly 

suppressed the endocytosis pathway. All these data suggest a complex composed of 

Bif-1-UVRAG-Beclin1-Vps34-Vps15 is the regulation machinery in the endocytosis 

pathway. We detected the EGFR degradation in HEK293T cells with transient 

overexpression of different UVRAG mutants. And we found that the mutants that 

lost the binding to Beclin1 in vitro showed declined ability in promoting the 

degradation of EGFR compare to wild type UVRAG. Our findings confirm the roles 

of UVRAG in the endocytosis pathway. 
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4.3  Preliminary studies of Beclin1-Vps34 interaction 

In this part, we identified a fragment from residue 214 to 244 in the C2 domain 

of Vps34 as the Beclin1 binding region. Also, we found that the overexpressed 

N-terminal of Beclin1 (1-105) was sufficient for the interaction with Vps34 in 

HEK293 cells. Based on that, we overexpressed Beclin1 
1-105 

and Vps34 
214-244

 in 

E.coli independently, but encountered with aggregation problem during the 

purification. Through solubility screening with a series of constructs of Vps34 C2 

domain, C2J is found to be good enough for purification. However, C2J showed 

typical unfolding characteristics during gel filtration and 1D NMR assays. To resolve 

the folding problem, we used a 5X(GS) linker to conjugate the Beclin1 
1-105

 and 

Vps34 
150-244 

(C2J) and expressed them as a single molecule in E.coli cells. This 

strategy largely improved the solubility and resolved the aggregation problems in 

purification. The folding state of 
15

N-labeled linked complex was studied by 
1
H-

15
N 

HSQC. Unfortunately, the HSQC spectra still showed the characteristics of unfolding 

proteins.  

Meanwhile, we investigated the in vitro kinase activities of the Vps34 

complexes containing wild type Vps34 and the Becin1-binding-deficient mutants. 

The deletion of the Beclin1 binding region on Vps34 strikingly decreased the kinase 

activity of the IP complex. These data suggest that Beclin1 is strongly required for 

Vps34 complex kinase activity. 

During the domain mapping, we found some conflicts with previous report. 
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Beclin1 ECD+CCD domain was reported to be the binding region of Vps34, but we 

found that the N-terminal region was sufficient for the interaction and showed much 

stronger affinity to Vps34 than that of the rest part of Beclin1. The failure to get a 

well folded linked complex composed of Beclin1 
1-105

 and Vps34 
150-244 

made it hard 

to identify the physical interaction between them. However, there is also no solid 

evidence for the direct interaction between Vps34 and the Beclin1
106-447

 till now. 

These conflicts raise a concern on using IP experiments to identify the interaction 

domains of Beclin1 and Vps34. And also the overexpression of truncated or 

fragmented proteins may cause abnormal folding and sequential false positive or 

negative results. In the other side, these data may also imply the architectural 

complexity of the Beclin1-Vps34 complex.  

This part of work obviously needs further investigation in the future. We will 

continue studies in following aspects: 1) Continue mapping the Vps34 interaction 

domain on Beclin1 by Co-IP with overexpression of Beclin1 constructs alone; 2) Use 

co-expression vectors in E.coli system to find the Vps34 C2J binding partner; 3) Use 

mammalian expression systems to obtain larger complexes containing other 

components in the complex, such as Atg14 and Vps15. 
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