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Abstract

Autophagy is an evolutionarily conserved cellular process that traffics cytosolic
contents to lysosomes for degradation and recycling. This process plays a critical role
in maintaining cellular homeostasis and its malfunction has been implicated in the
pathogenesis of multiple human diseases. There is intense interest to understand the
molecular mechanism of autophagy execution and regulation with the long-term goal

to target this process for novel disease-modifying therapies.

My thesis reports the biochemical and structural studies of two important
components of the autophagy machinery, i.e. the autophagy receptor protein
p62/SQSTM1 and the Beclinl-UVRAG interaction within the VPS34 lipid kinase

complex.

The first part of my thesis focuses on p62/SQSTM1, a scaffolding protein that
serves as a receptor in the selective autophagy process by binding to ubiquitinated
substrates. This activity relies on its C-terminal ubiquitin-associated (UBA) domain,
a small motif that binds to ubiquitin with moderate affinity. Cell biology study from
our collaborator’s lab reveals that ULK1, a serine/threonine kinase critical for
autophagy induction, phosphorylates the UBA domain at S409. Such phosphorylation

enhances p62’s association with ubiquitinated substrates to promote their clearance



through autophagy. My thesis has summarized our biochemical and structural studies
to delineate the molecular details of how S409 phosphorylation leads to enhanced
UBA- ubiquitin (Ub) binding. Our data reveal that the phosphorylation mimicking
mutation S409E destabilizes the UBA dimer interface and promotes its transition to
the monomeric form that suitable for Ub binding. Furthermore we have identified
K422 as another critical residue for UBA dimer interface and our preliminary data
shows that post-translational modification at this site may lead to enhanced Ub binding
in similar manner to S409 phosphorylation. Thus modulating the UBA dimer stability

may be a strategy to regulate p62-dependent selective autophagy.

The second part of my thesis reports our work on the Beclinl-UVRAG
interaction. These two proteins are tightly associated to form the regulatory arm of the
mammalian Vps34 Complex Il. They serve to stabilize the otherwise structurally
dynamic Vps34-Vpsl5 catalytic arm and up-regulate its lipid kinase activity to
promote autophagosome biogenesis. Our structural study of the Beclinl-UVRAG
complex reveals a tightly packed coiled coil interface that is strengthened by
complementary features on Beclinl and UVRAG respectively. The notable high
affinity of the Beclin1l-UVRAG interaction is further confirmed by in vitro and in vivo
studies. The functional significance of this strong association in regulating autophagy
and endosomal trafficking has been investigated by cell-based autophagy assays and
EGFR degradation experiment. Our results show that the affinity of the Beclinl-

UVRAG interaction is particularly important for the endosomal trafficking process.



Furthermore, using the Beclin1-UVRAG structure as guidance we designed a series
of stapled peptides with the aim to promote the Beclin1-UVRAG interaction and to
enhance autophagy and endosomal trafficking. Our data show that these rationally
designed stapled peptides can bind to Beclinl in vitro, enhance autophagic flux and
accelerate EGFR degradation in cell-based assays. These findings highlight the
exciting possibility that modulating the Beclin1-UVRAG interaction can potentially

serve as a novel approach in quest for autophagy-targeting therapies.



Publications arising from the thesis

Lim J, Lachenmayer ML, Wu S, Liu WC, Kundu M, Wang R, et al. (2015)
Proteotoxic Stress Induces Phosphorylation of p62/SQSTM1 by ULK1 to Regulate
Selective Autophagic Clearance of Protein Aggregates. PLoS Genet 11(2):

£1004987.

Wu S, He YJ, Yang WC, Liu WC, Li XH, Qiu XX, Li Y, Shen HM, Wang RX, Yue
ZY, and Zhao Y X. Potent Beclin1-UVRAG interaction via coiled coil region is
critical to promote Vps34-dependent endocytic trafficking and can be targeted for

modulation. (Paper submitted)

Wu S, Liu WC, Lim J, Yue ZY and Zhao YX. p62/SQSTM1 UBA phosphorylation
and its implication in cancer. International Symposium on “Frontiers in Cancer
Biology and Drug Development”, The Hong Kong Polytechnic University, Hong

Kong, March 12th-13th, 2015.

Wu S, Liu WC, Lim J, Lachenmayer ML, Yue ZY and Zhao Y X. S409
Phosphorylation in p62 UBA domain by ULK1 enhances its interaction with
ubiquitin by destabilizing the dimer interface. Autophagy (E6) of Keystone
Symposia on Molecular and Cellular Biology. Beaver Run Resort, Breckenridge,

Colorado, USA, June 19th-24th, 2015 (Barrie Hesp Scholarship winner).



Acknowledgements

My foremost and deepest gratitude goes to my supervisor Dr. Zhao Yanxiang for
professional guidance, generous support and warmly encouragement given to me
throughout the whole course of my PhD studies. Her respect and passion for science,
enthusiasm at work, and way of logical and creative thinking have greatly impacted

me and | am grateful for what | have learned from her.

I would like to thank all the teammates who worked or still work in the lab.
Special thanks to Dr. Li Xiaohua and Dr. Liu Wenchao for helping me to get used to
the lab and life in Hong Kong, and teaching me useful experimental techniques. Many
thanks to Dr. He Yunjiao and Dr. Pan Xuehua for helping me and sharing of valuable
experiences. Thanks to Mrs Sun Lu, who used to serve the lab as a part-time lab
manager. It is really pleasure to have Ms. Qiu Xianxiu, Ms. Li Na, Dr. Yang Wenchao,
Mr. Yeung Saifeng, Ms. Zhang Xiaozhe and Ms. Gurung Shilpa join and extent our
lab family with enthusiasm and energy. My appreciation to Ms. Qiu Xianxiu and Ms.

Li Na for helping with much of lab routine work.

I am grateful to Dr. Shen Hanming for giving me the great opportunity to study
autophagy assays in his lab at National University of Singapore. Three months of study
in Singapore is full of happy memories. Special thanks to Ms. Shi Yin for helping me
to get familiar with the lab. Many thanks to Mr. Yeong Bin, Mr. Zhang Jianbin, Mr.

Wang Liming, Mr. Ren Yi, Ms Xu Jian, Mr. Cui Jianzhou, Mrs. Zhou Zhihong and

vi



Mrs Yang Naidi for valuable suggestion and help.

Thanks to labmates in Y1208, with whom we shared the lab and worked together

for more than two years before we moved to Y704. Many thanks to Dr. Cuiwei, Dr.

Hu Shengquan, Mr. Marvin Mark for help.

Finally, 1 would like to thank my parents and younger brother for generous

support and endless love.

vii



Table of contents

CERTIFICATE OF ORIGINALITY ..ttt ettt ettt e e s e s e e e s s s e snnneeeeeee s s seanene i
FA o1y A o APPSR i
Publications arising from the thesSis.........couiiii i et v
ACKNOWIEAZEMENTS......eiiiiiiiee ittt e e e e et e e e e sbe e e e e abae e e eeabaeeeeeareeeeennsees Vi
[ e B T ={ U TR Xi
LIST OF TABIES ettt ettt e st e e ate e sbeeesateesnbaesnateesabeeessseenns xiii
LiSt OF ADDIEVIATIONS ...vviiiiiiiieeieecee ettt te e st e s be e e sabe e sbaeenateesbeeenanes Xiv
Chapter 1. Background introduction ..............ccoooiiiiiiii i e 1
1.1. The cellular process of QULOPNAEY ...eeeeecuiiiiieiiee et 1
1.1.1. The initial discovery of aULOPNAGY.......cccoveriiieriiiicececeee e e 2
1.1.2. The cellular process of aUtOPhAgY.........ccovevvirieiiiiiieereceee e 6
1.1.3. Classification of QULOPNAGY ......cccecveevieiiiieeceeece et st 7
1.1.4. Autophagy in other eUKaryotiC SYSLEMS .......c.covevveieirerinerestereeeeeeee e 19
1.2. Molecular machineries that execute the mammalian autophagy process .................... 22
1.2.1. The mTOR complex as a master regulator of autophagy.........c.ccecevveervererereenen 23
1.2.2. The ULK1 complex to initiate the autophagy proCess........ceceeevveerverreevereerennn. 25
1.2.3. The Atg12-Atg5-Atgl6 conjugation system for autophagosome formation........ 25
1.2.4. Lipidated LC3 as an important marker for autophagoSomes ............ccceceeervereennes 26
1.3. Function of autophagy and its implication in human diseases.........cccocceerviiirieersierennne. 27
1.3.1. Autophagy’s dual-natured role in CANCEN .........ccvevverieceeriereee e 28
1.3.2. Autophagy in neurodegenerative diSEASES ........ccevverereerierereenireeeieneeeeeseeseeennas 29
1.3.3. Autophagy in innate iMmUNILY ........ccecerireeienieeereee e 30
1.3.4. Autophagy in deVelOPMENt .........ccvvieieieeee e 31
Chapter 2. Biochemical and structural studies of p62/SQSTM1 UBA-Ub interaction ........ 34
2.0, INErOTUCTION Lottt ettt st e st e s ta e e sabe e sabaeesabeesbaesaneesabaeenes 34
2.1.1. Selective vs. non-selective autophagy.........cceceeeeeerieeereseeee e 34
2.1.2. The molecular events of selective autophagy .......ccccceeveeveereecieneniese e 34
2.1.3. p62/SQSTML1 is a crucial receptor for selective autophagy..........ccecvevvevervennenne 35
2.1.4. The p62/SQSTM1-Ub interaction is mediated by its UBA domain with dimer-to-
MONOMEY TFANSTEION ...ttt sttt be b e nen 36
2.1.5. Casein Kinase 2 phosphorylates p62/SQSTM1 UBA domain on S405............... 37

viii



2.2, RESUIES 1.ttt s e sttt e st e e s ta e et b e e s ba e e s beesbaesateesbaeenes 38
2.2.1. S409 is a novel ULK1-mediated phosphorylation site in p62 UBA domain........ 38

2.2.2. S409 phosphorylation leads to enhanced association between p62 and Ub in vivo

2.2.3. ULK1-mediated pS409 and CK2-mediated pS405 impact p62-Ub interaction in
biochemically diStINCE WAYS ........cccevviieeciiieeee e 42

2.2.4. K422 in UBA domain is a potential novel post-translational modification site to

modulate P62-UD aSSOCIALION..........ccvevveieiriieiiieriereteeee e 50
2.2.5. Super UBA and its interaction With UD ..........ccooeiriiininineeceeeeeee 57
B TR T ol U LY (o] o O TSP PPPPP 58
2.4. Materials and Methods.........cciiiiiiiiiiiiieeee ettt ettt e s e e 61
2.4.1. Plasmid CONSIIUCTION .......eveieuieieeiinieeierie sttt 61
2.4.2. Protein Expression and PUrifiCation............ccccvvveeeenieeeceseeece e 73
2.4.3. Isothermal Titration Calorimetry (ITC) ..coovecvivieeeeceeeceee e 84
2.4.4. Size exclusion chromatography (SEC) ......cceeceveeeerireeeseeie e 84
2.4.5. Static light SCAttering (SLS) ..cviivieieieeeecte ettt st e 85
2.4.6. Differential Scanning Calorimetry (DSC) ....ccooveeeviieeeeseeeececeee e 85
2.8.7. NIMR (HSQC) cververeeereeereeeeeeeseeeeseeeseeeseesesessesseseseseseessssseseses s sssesessess s sesesesseseeene 86
2.4.8. UD DINAING @SSAY ..c.viiveeiiiiecieeieceeteste ettt sttt ettt beebesteeaaeaesreenes 86
2.4.9. Crystallization and structure determination ............cccceveeveieeceeneceeseseeeese s 87

Chapter 3. Potent Beclin1-UVRAG interaction via coiled coil region is critical to promote
Vps34-dependent endocytic trafficking and can be targeted for modulation.................... 89

K0 I [ 0 o Yo 1V [t o (oY o IR 89

3.1.1. Atgl4L and UVRAG are mutually exclusive binding partners of Beclinl
mediated by their respective coiled coil dOMAINS .........cccevvvieeireeiee e, 89

3.1.2. Beclinl coiled coil domain is a metastable homodimer with an imperfect
TNEEITACE. ...ttt 90

3.1.3. Beclinl coiled coil domain undergoes dimer-to-monomer transition upon
interaction with Atg14L and UVRAG to form heterodimeric coiled coil assembly......91

3.1.4. The Beclin1-UVRAG interaction is critical for autophagy and endocytic
EPATFICKING .. e sttt st s a e reeneens 92

3.1.5. UVRAG impacts endocytic trafficking via interaction with the HOPS complex 95
3.1.6. Functional roles of UVRAG beyond autophagy ........cccceveerveienieneeeseseeeenie e 96

0 (=T U] XU 97



3.2.1. The Beclin1-UVRAG complex structure reveals a parallel coiled coil assembly97

3.2.2. The Beclin1-UVRAG interface is significantly stabilized by hydrophobic
pairings and electrostatically complementary interactions ...........cccceeveeeeveveeeevesneennn. 98

3.2.3. Potent Beclin1l-UVRAG interaction via coiled coil domains is required to

promote lysosomal degradation of EGFR but not critical for autophagy .................... 104
3.2.4. Structure-based rational design of Beclinl-targeting stapled peptides.............. 110
3.2.5. Rationally designed stapled peptides promote autophagy and enhance EGFR
ABGIATALIION. ...ttt sttt 119
20 TR B T Yol U LY [0 o PSP RO PSPPOP 129
3.4. Materials and Methods.........c.ciiiiiiiiieiiieeee e s e 133
3.4.1. Cell Lines and Cell CUIUIE..........c.ooeriririeieeeee s 133
3.4.2. Reagents and ANTIDOTIES. ......c.cooveiriririnieieieeeeeee s 134
3.4.5. IMMUNODIOL ANAIYSIS ...c.viveeeeiitieeeie ettt et 135
3.4.6. EGFR degradation @SSAY ........cccccevereerierieeeenriseeresreeeesseseeesesteessessessnensesseenns 136
3.4.7. Autophagy assay DY LC3 ..ottt st 137
3.4.8. Autophagy assay by p62/SQSTMIL......c.ccceeveiieieiieeee e 141
3.4.9. Isothermal titration calorimetry (ITC) ...coocvecieieiicieeceeeee e 141
3.4.9. Static light SCAttering (SLC)..cvieueeiecieeeeeeeeteeeetese et st 142
3.4.10. Cell VIability 8SSAY ....ccvecveveiitieieiieiteee ettt sttt e b e s re e 143
Chapter 4. Concluding remarks and future perspectives ..............cccccceeciieeieciieeecciiieeeens 144
4.1. Further effort to determine the structure of the UBA-Ub compleX........ccccueeeecuiieeennns 144

4.2. Future effort to optimize the potency of the stapled peptides and to test in vivo

efficacy in EGFR-related cancer Models..........c..ooooviieiiciiii i 145
REFEIENCES ........ooeeieeeee ettt e et e st e e e be e s ateessteesaeeesnteeenseeenneeesreeenns 147
............................................................................................................................................. 149



List of Figures

Figure 1.1 Molecular machineries that execute the mammalian autophagy process
Figure 2.1 Schematic representation of p62 and its interacting partners

Figure 2.2 ULK1 phosphorylates p62 at Ser409

Figure 2.3 P-Ser409 is prerequisite for ULK1-mediated p-Ser405

Figure 2.4 S409 phosphorylation promotes p62-Ub association in vivo

Figure 2.5 Isothermal Titration Calorimetry (ITC) analysis of binding between UBA
S405 or S409 and mono-Ub

Figure 2.6 Crystal structure of UBA S405E

Figure 2.7 Modeling of UBA S405E-Ub interaction

Figure 2.8 S409E does not impact overall folding of UBA in binding to Ub

Figure 2.9 p62 UBA S409E destabilizes p62 UBA dimer thermostability

Figure 2.10 Crystal structure and schematic representation of p62 UBA domain
Figure 2.11 Crystal structure of UBA S409E revealed K422 is important for
intermolecular interaction

Figure 2.12 Isothermal Titration Calorimetry (ITC) analysis of binding between UBA
K422 mutant and Ub

Figure 2.13 UBA K422A is an Ub-binding monomer

Figure 2.14 K422 is a potential acetylation site in p62 UBA

Figure 2.15 Diagram of phosphodiester bond between nucleotides
Figure 2.16 Diagram of first round PCR in PCR-based cloning

Figure 3.1 Crystal structure of Beclin1-UVRAG coiled coil complex

Figure 3.2 Key residues for Beclin1-UVRAG interaction

Figure 3.3 UVRAG mutations with reduced Beclinl affinity

Figure 3.4 Co-immunoprecipitation results to characterize the association between
Beclinl and UVRAG Leu-to-Glu mutants in vivo

Figure 3.5 Competitive co-immunoprecipitation experiments to compare the in vivo

potency of Beclinl association between UVRAG mutants and Atgl4L

xi



Figure 3.6 The potent Beclin1-UVRAG interaction is not essential for autophagy
Figure 3.7 The potent Beclinl-UVRAG interaction is important for EGFR
degradation in HEK293T cells

Figure 3.8 The potent Beclinl-UVRAG interaction is important for EGFR
degradation in A549 non-small cell lung cancer cells

Figure 3.9 The design principle of Beclinl-specific a-helical stapled peptides
Figure 3.10 ITC profile show that Beclinl with mutation in the C-terminal region of
its CC domain (mBeclinl) binds to UVRAG stronger than wild-type

Figure 3.11 Structure-based rational design of stapled peptides to target the Beclinl
coiled coil domain

Figure 3.12 Stapled peptides bind to Beclinl and make Beclinl monomeric

Figure 3.13 Peptides on viability of HEK293T and A549

Figure 3.14 Stapled peptide co-localizes with Beclinl

Figure 3.15 Partial co-localization of peptide with LC3

Figure 3.16 Tat-stapled peptide induced GFP-LC3 puncta formation

Figure 3.17 Stapled peptide induced LC3 lipidation

Figure 3.18 Stapled peptide promotes EGFR degradation in HEK293T cell

Figure 3.19 Scheme analysis of autophagy assay by LC3 turnover

Figure 3.20 GFP-LC3 puncta formation under starvation

Figure 4.1 Crystals of UBA K422A- (GS)*6-Ub

xii



List of Tables

Table 2.1 Statistics of diffraction data and structure refinement

Table 2.2 Expression vectors in the lab for protein expression in E.coli
Table 2.3 Expression vectors for transient over expression

Table 2.4 PCR reaction composition

Table 2.5 PCR reaction condition

Table 2.6 Purified protein storage

Table 3.1 Computational modeling optimized staple peptides

Table 3.2 Peptide components and stapled peptide

xiii



Amp
ATG
ATGI14L
Bcl-2
BH3
B-ME
CCD
CD
CMA
CQ
DMEM
DSC
DTT
ECD
EBSS
EGF
EGFR
E.coli

FBS

List of Abbreviations

Ampicillin

Autophagy-related genes
Autophagy gene 14 like

B-cell lymphoma/leukemia-2
Bcl-2 homology 3
B-Mercaptoethanol

Coil-coiled domain

Circular Dichroism
Chaperone-mediated autophagy
Chloroquine

Dulbecco's Modified Eagle's Medium
Differential Scanning Calorimetry
Dithiotheretol
Evolutionarily-conserved domain
Earle's Balanced Salt Solution
Epidermal Growth Factor
Epidermal Growth Factor Receptor
Escherichia coli

Fetal Bovine Serum

Xiv



GFP

GST

HRV

HEK?293T

HEPES

hsc70

IPTG

ITC

LAMP-2A

LC3

LIR

MCS

MW

mTOR

MS

NMR

PAS

PBS

PB1

PCR

PEG

PMSF

Green fluorescence protein
Glutathione-S-Transferase

Human Rhinovirus

Human Embryonic Kidney 293 cell
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Heat shock cognate 70

Iso-propyl thio-galactoside

Isothermal Titration Calorimetry
Lysosome-associated membrane protein type 2A
Microtubule associated protein light chain 3
LC3 interaction region

Multiple Cloning Site

Molecular Weight
Mammalian Target of Rapamycin

Mass Spectrometry

Nuclear Magnetic Resonance
Pre-autophagosomal structure

Phosphate Buffered Saline

Phox and Bem 1p domain

Polymerase Chain Reaction

Polyethylene Glycol

Phenylmethanesulfonyl Fluoride

XV



PE

PI3KC3
PI3P

PS
p62/SQSTM1
RPMI11640
SAP
SDS-PAGE
SEC

SLS
SNARESs
Tris
TEMED
TRX

UBA
ULK1
UVRAG
VPS

WT

Phosphatidylethanolamine

Class I11 Phosphatidylinositol 3-Kinase

Phosphatidylinositol 3-phosphate

Penicillin-Streptomycin

Nucleoporin 62 / Sequestosome 1

Roswell Park Memorial Institute 1640 medium

Shrimp Alkaline Phosphatase

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
Size Exclusion Chromatography

Static Light Scattering

soluble N-ethylmaleimide-sensitive fusion protein attachment receptors
Tris(hydroxyethyl) Aminomethane

N,N,N',N' -Tetramethylethylenediamine

Thioredoxin

Ubiquitin-associated domain

Uncoordinated 51-like kinases

UV irradiation resistance-associated gene

Vacuolar Protein Sorting

Wild Type

XVi



Chapter 1. Background introduction

1.1. The cellular process of autophagy

To survive and maintain homeostasis, cells rely on two distinct cellular processes
to degrade and recycle dysfunctional or excessive cellular material, namely the
ubiquitin-proteasome pathway and lysosome-autophagy pathway (Korolchuk et al.,
2010; Lilienbaum, 2013). Ubiquitin-mediated proteasomal degradation is responsible
for breaking down and recycling majority of the short-lived or abnormally folded
proteins to maintain healthy protein turnover in cells (Ding et al., 2007; Glickman and
Ciechanover, 2002). Autophagy, on the other hand, is mainly responsible for the
lysosomal degradation of bulk and long-lived proteins, protein aggregates, damaged
organelles, and other cytoplasmic components (Mizushima, 2007). Autophagy is
evolutionarily conserved throughout all eukaryotes, including yeast, plants and
mammalian cells. In lower eukaryotes such as yeast, autophagy mainly serves as a
survival mechanism during starvation (Reggiori and Klionsky, 2013). However, in
higher eukaryotes such as mammals, the role of autophagy has extended beyond this
classical aspect. Autophagy helps cells to cope with harsh external environment
ranging from nutrition deprivation, temperature fluctuations, radiation and toxic
chemical reagents to invading pathogen, as well as internal stresses such as
accumulation of aggregated proteins and damaged organelles (Di Bartolomeo et al.,
2010). The process responsible for delivering and recycling those diverse cytoplasmic

cargos to lysosome for degradation is collectively defined as autophagy.



1.1.1. The initial discovery of autophagy

The word “autophagy” is derived from Greek words “auto” and “phagy”, which
means “self” and “to eat” respectively. Early studies on autophagy are mainly based
on morphological observations. Lysosome, the most important organelle in autophagy,
was discovered by Christian de Duve during the studies on mechanisms of protein
degradation (Duve et al., 1955), which uncovered the mystery of intracellular protein
degradation process. Soon later, mitochondrion in mouse kidney was found in
membrane compartments termed “dense bodies”, which were subsequently presented
to lysosome (Clark, 1957; Novikoff, 1959). Several years later, semi-digested
mitochondrial and endoplasmic reticulum were observed in membrane-bound
structures in hepatocytes of rats with glucagon administration(Ashford and Porter,
1962). Very soon, Christian de Duve at the Ciba Foundation Symposium on
Lysosomes used the term “autophagy” to describe the single-membrane or double-
membrane vesicles that containing cytoplasm or organelles, and speculated that the
smooth endoplasmic reticulum is the origin of membrane (de Duve and Wattiaux,
1966; Duve, 1963). Autophagy was later found to be enhanced in the liver of staved
animals (Novikoff AB, 1964) and autophagy-inducing effect of glucagon was also
confirmed (Deter et al., 1967; Novikoff AB, 1964). In contrast to glucagon as an
autophagy inducer, insulin was demonstrated as autophagy inhibitor(Pfeifer, 1977). 3-
methyladenine (3-MA) was also identified later to inhibit autophagy (Seglen and
Gordon, 1982). Later on, autophagy was for the first time proved to be regulated by

phosphatases and protein kinases (Holen et al., 1992). More discoveries on autophagy
2



as a versatile degradation pathway were made by studies in yeast and higher

eukaryotes onwards.

Although autophagy was initially identified in mammals and has been studied for
almost six decades, insights into the molecular mechanism of autophagy has only been
made in the past two decades, which was mainly carried out through mutagenesis-
based genetic screens in yeast Saccharomyces cerevisiae. Ohsumi’s group discovered
the similarity in morphologic change of yeast vacuoles during autophagy induction
induced by various nutritional constituent deprivation (Takeshige et al., 1992).
Autophagy-defective mutants in yeast were isolated and their functions in protein
degradation upon nitrogen starvation were characterized and confirmed. Atgl mutant
yeast was found to exhibit impaired protein degradation and loss of cell viability
(Tsukada and Ohsumi, 1993). Later, Atgl was identified as the first autophagy related
gene (ATG) in Saccharomyces cerevisiae and the encoded ATG1 protein as a novel

protein kinase involved in the regulation of autophagic process (Matsuura et al., 1997).

The discovery of ATG genes in yeast shed light on the identification and
characterization of their counterparts and functional role in higher eukaryotes. In
contrast to ATG proteins in yeast that is encoded by a single gene, ATG proteins in
higher eukaryotes are often with duplication, which confer increased regulatory
complexity of autophagy in mammals. In 1998, Mizushima in Ohsumi’s laboratory

identified ATG12-ATG5 as a protein conjugation system in human that is well



conserved throughout eukaryotes (Mizushima et al., 1998). Mizushima also found
hATG16L as the counterpart of yeast Atgl6, which is characterized by a long carboxyl
terminal WD repeats. Similar to the function in yeast, hATG16L targets autophagic
isolation membrane with ATG12-ATG5 conjugates by forming a dimer (Mizushima
etal., 2003). Meanwhile, ATG12-ATG5-ATG16L complex was found only resides on
the surface of autophagosome membrane during autophagosome formation and leaves
the membrane once the autophagosome formation is completed (Mizushima et al.,
2001; Mizushima et al., 2004). These work also suggested that GFP-ATG5 could be
served as a marker to track the process of autophagosome formation. In 2000,
Yoshimori and colleagues identified microtubule-associated protein 1A/1B-light
chain 3 (LC3), a mammalian homologue of the first identified ubiquitin like Atg
protein Atg8 that is essential for autophagy in yeast, as another conjugation system in
mammals. LC3 is post-translationally processed into cytosolic form LC3-l1 and
subsequently become membrane-bound form LC3-11 by hATG4; LC3-I1 is present in
both inside and outside membrane surface of autophagosome and its amount is
positively correlated with number of autophagosomes (Kabeya et al., 2000). Therefore,

LC3 is used as a marker in autophagy assay.

More Atg genes in mammals have been identified in addition to those belongs to
the aforementioned two conjugation systems. These include the discovery of two Atgl
homologues, ULK1 and ULK2 in complex with Atgl3 and FIP200 to mediate

autophagy initiation through mTOR signaling (Jung et al., 2009). Target of rapamycin



(Tor) is a serine/threonine kinase in yeast involved in cellular response to nutrition
deprivation. Tor phosphorylates protein Tap42 to reduce enzymatic activity of
phosphatase 2A (PP2A). Rapamycin inhibition of Tor result in dephosphorization of
Tap42 and render it dissociates form PP2A. The free PP2A then dephosphorylates its
targets and lead to autophagy induction (Beck and Hall, 1999). mTOR is the
mammalian orthologue of Tor, which regulates autophagy activity through similar

mechanism (Holen et al., 1992).

Genetic manipulation of Atg genes in animal provides a convenient way to study
autophagy in mammals. Shortly after the discovery of mice ATG5-ATG12
conjugation system, transgenic mouse expressing green fluorescent protein tagged
LC3 (GFP-LC3) was generated to monitor and track autophagosomes formation in
animals in response to nutrient starvation (Mizushima et al., 2004). The first Atg gene
knock-out mouse, the Atg5 knock-out mouse, was able to survive the embryonic stage
but the newborns died in 24 hours after birth (Kuma and Mizushima, 2010). On the
contrary, transgenic mouse with Atg5 overexpression showed enhanced autophagy
and extended lifespan (Pyo et al., 2013). Beth Levine identified Beclin 1 as a
mammalian homologue of Atg6. Studies on Atg6 suggested that autophagy is involved
in tumor progression (Liang et al., 1999). Up to now, at least 9 Atg genes have been
manipulated in genetically modified mice. The phenotypes of Atg7, Atg9, Atg3 and
Atg16L knock-out mice are similar to that of Atg5, with newborn died soon after birth.

Other genetically modified mice with homozygous knockouts like Beclin 1, FIP200



and Ambral were unable to have offspring as the embryo died during early embryonic

stage (Levine and Kroemer, 2008).

1.1.2. The cellular process of autophagy

The process of macroautophagy (autophagy) is known to be controlled by a series
of autophagy-related —genes (Atgs) encoded proteins in a coordinated manner. These
Atg proteins are involved in three conservative stages of autophagy process, namely
1) the early stage, where autophagy is initiated; 2) the middle stage, in which the
autophagosome with engulfed contents is formed through nucleation, expansion and
elongation steps; 3) the late stage, where autophagosomes are fuse with lysosomes and
4) the last stage, where contents are degraded for recycling. Nutrition starvation is the
most typical and strong trigger of autophagy, and any types of essential nutrient
starvation could induce autophagy. Nitrogen starvation is the most potent stimuli in
yeast. Depletion of total amino acids in mammals strongly induced autophagy. Central
to autophagy is the formation of double-membrane vesicles known as autophagosomes.
In yeast, autophagosomes is likely to be initiated at phagophore assembly site (PAS)
and controlled by the Atgl: Atgl13: Atgl7 complex (Cheong et al., 2008). In mammals,
there is no clear evidence for mammalian equivalent of PAS so far, but the autophagy
initiation process is under control of ULK1:Atg13:FIP200 complex (Ganley et al.,
2009; Jung et al., 2009). Macroautophagy and other types of autophagy will be

discussed in detail in the following section.



1.1.3. Classification of autophagy

Autophagy is a major cellular degradative process that delivers damaged
organelles, aggregated proteins, invading pathogens, nucleotides and other cytosolic
materials into lysosome for degradation. Autophagy serves as a housekeeper through
which cytosolic aged and aggregated proteins, or damaged intracellular organelles are
delivered to lysosome for degradation. Depending on the way the cytosolic materials
reached lysosome for degradation, autophagy can be classified into three types,
namely macroautophagy, microautophagy and chaperone-mediated autophagy (CMA)
(Mizushima, 2007). Macroautophagy is characterized by the formation of double-
membrane organelles that engulf cytosolic contents and passed to lysosome for
degradation. Unlike macroautophagy, microautophagy is an autophagic process
characterized by direct engulf and invagination of cytosolic materials into lumen by
lysosome/vacuole for degradation without the formation of autophagosome. In
contrast, CMA is collectively known as the degradative processes mediated by
chaperones and lysosomal-associated membrane protein type 2A (LAMP 2A) on
lysosome (Kaushik and Cuervo, 2012). The macroautophagy and other two types of

autophagy will be introduced in detail in this section.

1.1.3.1. Macroautophagy

Macroautophagy is a “self-eating” process that is characterized by the formation
of double-membrane autophagosome with engulfed cytosolic materials for lysosomal

degradation. It is the primary and most extensively studied autophagic pathway that is

7



evolutionally conserved from yeast to plants and animals (Mizushima and Komatsu,
2011; Reggiori and Klionsky, 2013; Suzuki and Ohsumi, 2007). The term “autophagy”
is used to describe macroautophagy unless otherwise noted. The balance between
biosynthesis and degradation of cellular components, as well as invading pathogens is
of great importance for cellular homeostasis and health (Mizushima and Komatsu,
2011). Under starvation conditions, autophagosomes enclose a portion of the
cytoplasm and subsequently fuse with lysosome to be degraded. Autophagy is widely
involved in diverse physiological processes including cell growth, differentiation and
development, and pathological conditions like neurodegeneration diseases,
myopathies, aging and cancer (Choi et al., 2013). Autophagy has a large number of
substrates ranging from aggregated proteins, lipid droplets and dysfunctional
organelles like damaged mitochondrial, to invading microbes. Autophagy
encompasses both nonselective bulk degradation of cytoplasmic contents as well as
selective degradation of specific cellular components (Suzuki, 2013; Weidberg et al.,
2011). The nonselective bulk degradation role of autophagy was indicated by the
observation that hepatocytic cytosol enzymes with different half-life were sequestered
for degradation at the same rate (PO et al., 1990). Growing body of evidence suggested
that autophagy specificity could be achieved by a variety of autophagy receptor
proteins. Depending on the specific cargos to be degraded, selective autophagy can be
sub-divided based on the type of the cargos. Mitophagy is used for the selective
degradation of damaged or stressed mitochondrial that was firstly described more than

10 years ago (Lemasters and J., 2005), and was recently reported to be linked to



PINK1-Parkin pathway (Vincow et al., 2013). Lipophagy is the specific lysosomal
clearance of lipid droplets by autophagy (Singh et al., 2009). Ribophagy is the
selective degradation of ribosomes that was firstly described in Saccharomyces
cerevisiae that requires catalytic activity of Ubp3p/Bre5p and ubiquitin protease for
fully functioning (Kraft et al., 2008). Many more selective autophagy has been
reported on clearance of protein aggregates (aggrephagy), peroxisomes (pexophagy),

bacterial (xenophagy), etc (Shaid et al., 2013).

1.1.3.2. Chaperone-mediated autophagy

Chaperone-mediated autophagy (CMA) is a lysosomal degradation pathway
through which soluble cytosolic proteins are specifically selected by chaperones and
targeted to lysosome membrane for direct translocation into the lysosomal lumen for
degradation (Kaushik and Cuervo, 2012). Unlike microautophagy, which pass proteins
by vesicles that formed through the invagination of lysosomal membrane, CMA
targets specific cytosolic proteins through a motif within their amino acid sequence
(Fred Dice, 1990) and pass the lysosomal membrane without vesicle formation. These
unique features of CMA allows selective removal of individual proteins, not only for
damaged proteins but also for physiologically active proteins such as enzymes and

transcription factors (Kaushik and Cuervo, 2012).

Discovery and steps of CMA

Selective degradation of cytosolic proteins in lysosome was initially observed



with different rates (Dice et al., 1978). This phenomenon was further confirmed by the
findings that starvation increased the lysosomal degradation of some proteins micro-
injected into the cytosol of human diploid fibroblasts, but not other proteins (Auteri et
al., 1983). Later, enzymatic fragmentation of a protein susceptible to starvation-
induced lysosomal degradation led to the finding of a penta-peptide within the protein
that is required for degradation (Agarraberes and Dice, 2001; Backer et al., 1983;
Backer and Dice, 1986). This penta-peptide was found as the binding site within the
protein for interaction with cytosolic chaperone hsc70 (Chiang and Dice, 1988), and
the binding was proved as required for the lysosomal degradation of the protein (HL
et al., 1989). What further make CMA distinct from other lysosomal degradation
pathways is the substrate of CMA could get across the lysosome membrane directly
without formation of autophagosomes (as in macroautophagy) and invagination of
lysosome membrane (as in microautophagy) (Cuervo et al., 1994; Terlecky et al.,
1992). These findings indicate that CMA might represent a new type of lysosomal
degradation pathway. Isolated lysosome is a useful tool for in vitro study of CMA and
identification of lysosomal proteins that mediated substrate binding and uptake.
Extensive studies by using isolated lysosome found that CMA can be saturated by
substrates and requires special proteins on lysosomal membrane (Cuervo et al., 1995;

Cuervo et al., 1994).

CMA is amulti-step process, including substrate recognition, lysosomal targeting,

substrate binding and unfolding, substrate translocation and substrate degradation in
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lysosome. Substrate recognition is carried out in cell cytosol with the help of
chaperone hsc70 (heat shock-cognate protein of 70KDa), which binds to the penta-
peptide motif within the substrate proteins (HL et al., 1989). The amino acid
constitutions of the pent-peptide motif possess some distinct features. Among the five
residues, the first or the last amino acid in the sequence should be glutamine (Q); The
motif should also contain one of two positively charged residues lysine (K) or arginine
(R); one of the two negatively charged residues aspartic acid (D) or glutamic acid (E),
one of the four hydrophobic residues leucine (L), isoleucine (I), phenylalanine (F) or
valine (V), and the last residues should be either positive or hydrophobic residues
listed above (Fred Dice, 1990). It is the amino acid charge that made the CMA penta-
peptide motif special. Based on that, it is possible to create a complete penta-peptide
motif out of incomplete four-amino acid peptide by posttranslational modifications
such as acetylation, phosphorylation or even mutation. The discovery of acetylation
modification of glycolytic enzymes promotes its lysosomal degradation via CMA

might support this speculation (Lv et al., 2011).

Once bound to chaperone hsc70, the substrate is targeted to the cytosolic tail of
lysosome-associated membrane protein type 2A (LAMP-2A) located on the surface of
the lysosome membrane (Cuervo and Dice, 1996). Substrate-binding drives LAMP-
2A undergoing oligomerization and also in association with other proteins to form a
complex for substrate translocation (Bandyopadhyay et al., 2008). Although how

multimerization of LAMP2A contributes to substrate internalization is not fully

11



understood, a GXXG motif in transmembrane region of LAMP-2A protein was
regarded as necessary for this process as mutations on this motif blocked
multimerization and CMA (Bandyopadhyay et al., 2008). The formation of the
complex is dynamic and the complex stability is maintained through its interaction
with hsp90 located inside lysosome (Bandyopadhyay et al., 2008). In order to get cross
the lysosomal membrane, CMA substrates needs to undergo unfolding, although it is
not required for substrate binding to LAMP-2A (Salvador et al., 2000). The substrate
unfolding is likely to be mediated by hsc70 and some co-chaperones located on the
lysosomal membrane, and the unfolding process is completed before the fully
formation of the LAMP-2A translation complex. Sooner after the substrates be
translocated into the lysosomal lumen, LAMP-2A disassembles from the translocation
complex as monomers. Lysosomal hsc70 (lys-hsc70), which functions inside
lysosome, was reported to be required for the substrate protein translocation
(Agarraberes and Dice, 2001). Lys-hsc70 itself is a CMA substrate but its presence in
the lysosome is not likely due to CMA, as CMA blockage does not affect the level of
hsc70 in lysosome. It is possible that hsc70 reaches lysosome by internalization as
multi-vesicular bodies from late endosomes through endosomal-lysosomal fusion.
After the substrate proteins been translocated into the lysosomal lumen, they are

subjected to proteolysis for degradation and recycling.

Physiological functions of CMA

The dependence of LAMP-2A for translocation of substrate proteins from cytosol
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to lysosomal lumen makes CMA special. The activity of CMA is directly relied on the
availability of LAMP-2A on the lysosomal membrane. CMA was firstly proposed to
be important for protein recycling during long term starvation(Cuervo et al., 1995).
CMA activation requires prolonged starvation (8-10h) and the elevated CMA activity
is last for up to three days after starvation withdraw (Cuervo et al., 1995; Massey et
al., 2006). CMA also functions in quality control for the cell. CMA activity is up
regulated under oxidative stress, through which the oxidatively damaged proteins are
degraded (Kiffin et al., 2004). Other conditions that lead to protein damage and cell
stress like toxic compounds exposure or hypoxia can also induce CMA (Cuervo et al.,
1995; Dohi et al., 2012). Chemical enhancer of CMA has also been reported, which
might serves as a potential therapy in cell dysfunction and disease result from reduced
CMA activity (Anguiano et al.,, 2013). Limited progress has been made in
identification of specific inhibitors of CMA. To date, in order to block CMA, the best
way is to down regulate LAMP-2A by knock-down or knock-out, as LAMP-2A is

currently found to be dedicated in CMA.

Pathology of CMA

Malfunction of CMA contributes to the progression of several human disorders.
Both reduced and enhanced CMA activities have been proved to cause diseases.
Neurodegenerative diseases are often related to diminished function of CMA. The
reduced activity of CMA fails to timely and efficiently elimination of pathogenic

proteins, thus lead to the precipitation of protein aggregates that easily cause neuronal
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demise.

Parkinson’s disease (PD) is closely related to malfunction of CMA. PD is
characterized by the selective loss of dopaminergic neurons and related motor deficits.
The mutation of a-synuclein genes in familial PD, together with the aggregation of a-
synuclein in Lewy bodies in sporadic PD, placed a-synuclein at the center of PD
pathogenesis. In familial PD, CMA-targeting motifs are mutated in a-synuclein (A30P
and AL3T mutants), which prevents its translocation into lysosomal lumen for
degradation (Cuervo et al., 2004; Orenstein et al., 2013). Although mutated a-
synuclein can be recognized by hsc70 and successfully delivered to the lysosomal
membrane for LAMP-2A binding, the abnormally high affinity of the pathogenic a-
synuclein and lysosomal surface LAMP-2A result in failed translocation of a-
synuclein across the lysosomal membrane (Cuervo et al., 2004). This abnormal high
affinity and failed translocation not only prevents its own degradation but also
occupied CMA transporter LAMP-2A, thus inhibits clearance of other proteins
through CMA.. Sporadic PD, which accounts for the majority of the PD cases, has also
been reported to link with alterations in CMA function. Unfavorable post-
modifications on a-synuclein by cellular stress and other environmental factors result
in reduced degradation of a-synuclein through CMA. Dopamine-modified a-synuclein
is also abnormal in degradation by CMA. The tight binding of dopamine-modified a-
synuclein with LAMP-2A and inefficient translocation of it across the lysosomal

membrane lead to accumulation of toxic a-synuclein on lysosome membrane and
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inhibited degradation of other CMA substrates. Some recent studies found that even
abnormal high level of a-synuclein without noticeable post-translational modifications
has inhibitory effect on CMA (Orenstein et al., 2013). Malfunction of CMA in the
pathogenesis of PD is further proved by studies on expression level of CMA
components. In advanced stage of PD, reduced level of LAMP-2A and hsc70 have
been observed in the dopaminergic neurons of human brain (Alvarez-Erviti et al.,
2010). Two novel sequence variants were identified on the promoter region of LAMP-
2A gene in sporadic PD patients, which might contribute to PD onset through reduced
LAMP-2A protein expression (Pang et al., 2012). It is also reported that the
deregulation of microRNA underlies the down regulation of CMA components,

including LAMP-2A (Alvarez-Erviti et al., 2013).

Alzheimer disease (AD) is another neuronal disease linked to CMA activity. It is
a chronic neurodegenerative disease that is characterized by symptoms like impaired
memory and disturbances in language, reasoning and perception. The disease is
closely associated with amyloid plaques and neurofibrillary tangles in the brain
(Ballard et al., 2011). AD pathogenesis is triggered by over production or failure of
clearance of amyloid-p peptide, which self-aggregates into oligomers that cause
modification of Tau proteins and dysregulation of other neuronal related signaling
pathways. Tau protein aggregation and cleavage are two hallmarks for AD. CMA
plays a role in delivery of normal Tau protein across lysosomal membrane for

degradation. However, mutated Tau protein bound to the LAMP-2A is cleaved but
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only partially translocated into lysosomal lumen, leaving smaller Tau fragments
oligomerized directly on the lysosomal membrane, which lead to disruption of
lysosomal membrane integrity and blocks CMA degradation of other proteins (Ballard
etal., 2011). Released mutant toxic Tau fragments oligomers could serve as nucleation

center to induce further Tau aggregation in cytosol.

While CMA deficiency and malfunction underlie many neurodegenerative
diseases, up regulation of CMA has been implicated in the progression of cancer (Kon
et al., 2011; Lv et al., 2011; Saha, 2012). Basal CMA activity in different types of
breast cancer cells was consistently up-regulated, regardless the status of
macroautophagy (Kon et al., 2011). The increased CMA activity is mostly due to
aberrant up-regulation of LAMP-2A expression in these cancer cells. For cancer cells,
the up-regulated LAMP-2A expression and CMA activity is able to sustain glycolysis
to provide energy for rapid cancer cell proliferation. Although the mechanism for
CMA up-regulation in cancer development is not clear, microRNA deregulation of
CMA components in neurodegeneration may underlie LAMP-2A over-expression in
cancer (Alvarez-Erviti et al., 2013). Breast cancer cells with LAMP-2A deficiency
exhibit increased sensitivity to drug treatment. Knockdown of LAMP-2A in cancer
cells reduced cancer cell proliferation and metastasis (Kon et al., 2011). Blockage of
CMA can either reduces at the transcriptional level of some rate-limiting glycolytic
enzymes, or decreases those enzymes at protein level directly, thus suppress cancer

cell growth. In breast cancer, CMA blockage promotes generation of ROS, which
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subsequently induced apoptosis in cancer cells. Blockage of CMA in mice implanted
with human lung cancer xenograft not only delayed xenograft growth and reduced
cancer metastasis, but also induced regression of existing xenografts (Kon et al., 2011).
At the same time, there are side effects of CMA blockage in cancer treatment, part of
the negative effects is reduced cytosol quality control, which might lead to
accumulation of oxidized and aggregated proteins normally degraded by CMA (Ali et
al., 2011; Saha, 2012). In summary, the relationship between CMA and cancer
development is complicated. The dependence of CMA in cancer development
suggests a pro-oncogenic role of CMA, while effective CMA ability is beneficial in

normal cells and patient with neurodegenerative diseases.

1.1.3.3. Microautophagy

The term microautophagy was proposed by Christian de Duve and Wattiaux in
1960s (Duve and Wattiaux, 1966). It was firstly used to describe the hypothetical
notion back then that tiny part of the mammalian cell cytoplasm could be directly
engulfed by lysosomes membrane and digested in lysosome. Later, researchers used
microautophagy to describe non-selective lysosomal/vacuolar uptake and degradation
of cytosolic components. In the past two decades, much understanding on
microautophagy has been gained through the studies of yeast mutants, including
proteins involved in the micro-autophagic formation and subsequent events.
Microautophagy is usually described in four sequential stages and they are

summarized as follow.

17



Microautophagic invagination and autophagic tubes formation

Microautophagic invagination process is started with bulge of membrane on the
surface of lysosome/vacuole that initiates by lateral segregation of lipids or exclusion
of large transmembrane protein. Although invagination is a constitutive process, its
activity is greatly enhanced by starvation. The highly extension of membrane
invagination exhibit a characteristic tubular shape that termed as “autophagic tube”,
from which vesicles bud off into the lumen of lysosome/vacuole (MUler et al., 2000).
The composition of the lysosomal/vacuolar membrane changes as the vesicles
consumes portion of the lysosomal/vacuolar membrane (Li et al., 2012a). Atg7-
dependent ubiquitin-like conjugation (Ublc) pathways are involved in the formation
of autophagic tubes (Doelling et al., 2002). In addition, the vacuolar transporter
chaperone (VTC) complex plays an important role in autophagic tube formation in
yeast (Uttenweiler et al., 2005). However, the driving force behind the vacuolar

membrane invagination is still unclear.

Vesicle formation

High density of lipids and low density of proteins induced the invagination of
autophagic tubes through the lateral sorting mechanism (Muler et al., 2000), which
facilitates vesicle formation (MUler et al., 2000). Vesicle in microautophagy is the
functional equivalent of autophagosome in macroautophagy. Unlike other

conventional SNARE-mediated fusion, which requires the involvement of SNARE
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proteins, vesicle formation in microautophagy is generally independent of those

proteins.

Vesicle expansion and scission

After the vesicles are formed on the top of the autophagic tubes, they further grow
to form pre-vesicular structure that is highly dynamic. The vesicle expansion is
mediated by binding to enzymes located at the inner surface of unsealed vesicle
without the involvement of SNARE proteins (Tian et al., 2010). The subsequent
scission and release of vesicle from the tube into the vascular lumen is driven by the
GTPase activity and membrane potential (MUler et al., 2003). V-ATPase pumps H*
into the lumen to acidify the vacuolar lumen and establishes membrane potential

across the vacuolar membrane, which is indispensable for membrane fusion.

Vesicle degradation and recycling
The released vesicles into the lumen are degraded by Atgl5p and other
hydrolyses (Epple et al., 2001) and the nutrients and energy are recycled by permease

Atg22p (Yang and Klionsky, 2007).

1.1.4. Autophagy in other eukaryotic systems

1.1.4.1. Autophagy in yeast

Yeast is one of the simplest eukaryotic organisms but possess many essential
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cellular processes similar to human. Yeast is the first eukaryotic organism to have its
genome sequenced, which paved the way to study all the information encoded in the
organism’s genetic blueprint. Therefore it is an important organism to study the basic
molecular processes in humans, including autophagy. Autophagy in yeast involves the
delivery of cytoplasmic components into vacuole for degradation and recycling of the
resulting degradation products. While nitrogen starvation is the strongest stimuli to
induce rapid and robust autophagy in yeast, deprivation of carbon source, auxotrophic
amino acids or nucleic acids can also induce autophagy, albeit in a much lower
extent.(Takeshige; etal., 1992). Upon autophagy induction, portion of the cytoplasm
is sequestered into double-membrane vesicles called autophagosomes that is
synthesized from de novo synthesis (Baba et al., 1994). The completed
autophagosomes are subsequently docked and fused with vacuoles to release the
single-membrane vesicles or autophagic bodies for hydrolase degradation. Finally, the
content is degraded and recycled. While the morphology of autophagy was first
characterized in mammals, almost all the ATG genes were initially isolated in yeast,
such as Saccharomyces cerevisiae, Hansenula polymorpha, and Pichia pastoris. The
relative simplicity of genetic manipulation on them (Fry et al., 2006), shed light to the
identification of their mammals orthologues later on (Levine and Klionsky, 2004).
Analyses of yeast atg mutants lead to characterization atg involving in different
autophagic process, such as Atgl in regulation of autophagy induction, Atgl9,
Atgll and Atg8 in cargo packaging, Vps34 in vesicle nucleation, Atg8 and Argl2-

Atg5 conjugation systems in vesicle expansion, Atg9, Atg 2 and Atgl8 in components
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retrieval and Atgl5 in vesicle breakdown (Levine and Klionsky, 2004; Wang and

Klionsky, 2003).

1.1.4.2. Autophagy in plants

Autophagy is a highly evolutionarily conserved cellular degradation mechanism
in eukaryotes, including mammals, yeast, drosophila and plants, whereby cytoplasmic
components are engulfed in double-membraned autophagosome and are delivered to
lysosome (mammals) and vacuoles (yeast and plants) for degradation and recycling
(Kwon and Park, 2008). Recently, studies uncovered the involvement of autophagy in
multiple aspects of plant life, including seeding establishment, plant development,
stress resistance, metabolism and reproduction (Michaeli et al., 2015). The flowering
plant Arabidopsis thaliana is an important model system for identifying genes and
determining their functions in plants due to the unique feature of genome, such as a
short generation time, small size, large number of offspring, and a relatively small
nuclear genome (initiative, 2000). Arabidopsis thaliana is the first plant to have its
genome sequenced and is widely used as a model system for autophagy study. The
model plant used in autophagy study has expanded from Arabidopsis thaliana to more
photosynthetic organisms, such as aquatic photosynthetic eukaryotes (P&ez-Pé&ez et
al., 2010; Ramundo et al., 2014; Shemi et al., 2015), gymnosperms (Minina et al.,
2013) and angiosperms (Yue et al., 2015). There are also new evidence regarding the
role of autophagy in plant cell survival (Avin-Wittenberg et al., 2015) and cell death

(Minina et al., 2014). In plants, ATG1/13 complex was shown to be important for the
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existence of autophagic bodies in the vacuole, but not for ATG5 and ATGS8
modification, suggesting the complex is involved solely in autophagosome enclosure,
the advanced steps of autophagy (Li et al., 2014). Crosstalk has been found between
metabolic enzymes and autophagy in plants, as glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was shown to play a role in restraining autophagy in
addition to glycolysis (Henry et al., 2015). Most selective autophagy processes in
metazoans act in plants as well. Nevertheless, autophagy in plant is also involved the
clearance of plant-specific compartments, such as chloroplasts (Xie et al., 2015).
While NBR1 and p62 function independently as cargo receptor for selective
autophagy in mammals, Arabidopsis cargo receptor AtNBR1 is a functional hybrid of
NBR1 and p62. Effort to discover additional plant cargo receptors led to the
characterization of TSPO pathway, plastid ATI1 pathway and RPN10 pathway and

their role as new plant cargo receptors (Michaeli et al., 2015).

1.2. Molecular machineries that execute the mammalian autophagy

process

The molecular machineries of autophagy in mammalian cells are under the
control of three systems. The first system is centered upon the mammalian homologue
of Atgl, the ULK1/ULK2, which is under the control of the upstream nutritional
regulator mTOR and cellular energy sensor/regulator AMPK (Egan et al., 2011) The
second system is represents by two important ubiquitin-like conjugation systems, the
Atgl2 conjugation system and LC3/GABARAP conjugation system, through which
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Atgl2 and LC3 are conjugated to targets via several sequential enzymatic processes
similar to protein ubiquitination (Mizushima et al., 2011). The third system is centered
on Beclinl, which functions as a scaffold protein to interact with many proteins such

Vps34, Atgl4L, UVRAG, et al (He and Levine, 2010).
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Figure 1.1 Molecular machineries that execute the mammalian autophagy process
1.2.1. The mTOR complex as a master regulator of autophagy

mTOR or mammalian target of rapamycin, a evolutionarily-conserved
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serine/threonine protein kinase with molecular size near 300kDa, is a master regulator
of cellular metabolism and promotes cell growth in response to environmental cues.
The activity of mTOR is inhibited under nutrient starvation, which is crucial for
autophagy induction in eukaryotes (Noda and Ohsumi, 1998; Scott et al., 2004).
mTOR forms two distinct signaling complexes, mMTOR complex 1 (mTORC1) and
mTORC2, by binding with multiple companion proteins. RAPTOR and PRAS40 are
specific to mTORCL1 (Haar et al., 2007; Hara et al., 2002; Sancak et al., 2007; Thedieck
et al., 2007; Wang et al., 2007) whereas RICTOR, mSinl, and PROCTOR1/2 are
specific to mTORC2 (Dos et al., 2004; Frias et al., 2006; Jacinto et al., 2006; Pearce
et al., 2007). Both complexes have distinct substrate preference and therefore carry
out specific downstream signaling events to modulate cellular function. Most of the
autophagy induction conditions, such as nutrition deprivation or low cellular energy
levels have been shown to inhibit mMTORC1 activity (Kim and Guan, 2015). Amino
acids are crucial regulator of MTORC1. Rag proteins (RagA/B/C/D) are key mediators
of amino acid-induced mTORC1 activation by interacting with key component
RAPTOR of mTORC1 (Kim et al., 2008; Sancak et al., 2008). The mammalian
ULKZ1/2 complex are the major autophagy initiator. The complex contains ULK1/2
(mammalian homologs of Atgl ), ATG13 (a mammalian homolog of Atgl3),
RBC1CC1/FIP200 (focal adhesion kinase family interacting protein of 200 kDa, a
putative mammalian homolog of Atg17) and ATG101 (not conserved in S.cerevisiae)
(Hara et al., 2008; Hosokawa et al., 2009a; Hosokawa et al., 2009b; Mercer et al., 2009;

Mizushima, 2010). Among them, ULK1/2 and ATG13 are regarded as direct effectors
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of mTORCL.

1.2.2. The ULK1 complex to initiate the autophagy process

MTORC1 phosphorylates both ULK1/2 and ATG13 under nutrient-enriched
conditions to inhibit autophagy initiation. On the contrary, upon amino acid starvation
mTORCL1 is released from ULK1/2 complex, leading to dephosphorylation of ULK1/2
and ATG13, which in turn initiates autophagy. The dephosphorylation of ULK1/2 by
phosphatase, such as PP2A-B55a complex upon starvation condition (Wong et al.,
2015), activates ULK1/2, which subsequently phosphorylates RBC1CC1/ATG13, and
presumably AMBRAL and Beclinl to promote autophagy (Alers et al., 2012).
Moreover, activated ULK1/2 phosphorylates FIP200, which is required for
autophagosome formation in mammalian cells (Hara et al., 2008) (Jung et al., 2009).
Under glucose starvation conditions, AMPK induced autophagy by direct
phosphorylation on ULKZ1. In glucose-rich conditions, mTORCL inhibits ULK1 and
ATG13 through phosphorylation, which disrupts interaction between ULK1 and

AMPK, so as to inhibit autophagy (Kim et al., 2011a).

1.2.3. The Atgl2-Atg5-Atgl6é conjugation system for autophagosome

formation

The ubiquitin-like (Ubl) protein conjugation systems are conserved from yeast to

mammals. There are two Ubl conjugation systems, namely Atgl2-Atg5 conjugation
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system and Atg8 lipidation system. Atgl2 is the first identified ubiquitin-like protein
and synthesized as active (Mizushima et al., 1998). E1 enzyme Atg7 activates Atgl2
and transfer it to E2 enzyme Atg10 before conjugated with Atg5 to form Atgl2-Atg5
conjugate. Atgl6é forms a dimer and is essential for dimerization of Atgl2-Atg5
conjugates through interaction with Atg5 (Kuma et al., 2002; Shintani et al., 1999).
Unlike Atgl12, Atg8 is synthesized as a precursor, which is processed by protease Atg4
to expose carboxyl terminal glycine. To carry out lipidation function, the processed
Atg8 is firstly activated by E1 enzyme Atg7, and then transferred to E2 enzyme Atg3
before conjugated with membrane lipid phosphatidylethanolamine (PE) to form Atg8-
PE (Kirisako et al., 2000). The Atgl2-Atg5-Athl6 conjugate is reported to possess
E3- activity and functions as an E3 enzyme to mediate Atg8 conjugation reaction with
lipid PE (phosphatidylethanolamine) (Hanada et al., 2007). In addition, the Atgl2-
Atg5-Atgl6 conjugate is also reported to enhance the E2 activity of Atg3 and specifies
the site of Atg8-PE production to the autophagy-related membranes.(Nakatogawa,

2013; Sakoh-Nakatogawa et al., 2013).

1.2.4. Lipidated LC3 as an important marker for autophagosomes

Microtubule-associated light chain 3 (LC3), amammalian homolog of yeast Atg8
that ubiquitously distributed in mammalian tissues and cultured cells, is the most
commonly used autophagy marker. The cytosolic unconjugated form of LC3 proteins
are specifically cleaved at the carboxyl terminal by Atg4 to form LC3-1, which has an

exposed carboxyl terminal that conjugates to phosphatidylethanolamine (PE) to form
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LC3-1l. Autophagy is accompanied with the redistribution of LC3-11 to
autophagosome to form cytoplasmic puncta, which is finally degraded in

autolysosomes.

Autophagy is a dynamic process. Autophagy flux is the flow of autophagosome
formation, maturation, and the subsequently fusion with lysosome to breakdown
cytoplasmic material and organelles and release of macromolecules. There are
basically two means to monitor autophagy flux by LC3, one is to measure LC3-II
protein level by Western blot, as induced autophagy is accompanied with rapid
transition of LC3-1to LC3-1I; the other way is to count the number of GFP-LC3 puncta,
which denotes the formation of autophagosome during autophagy induction. What is
important in autophagy flux assay is that the lysosome inhibitor has to be added in
order to rule out the false positive caused by failure of autophagosome-lysosome
fusion or lysosome malfunction (Mizushima et al., 2010). Bafilomycin Al (Baf)
blocks autophagosome-lysosome fusion by inhibiting vacuolar H* ATPase.
Chloroquine (CQ) accumulation prevents acidification of lysosome that fuse with

autophagosome, thereby preventing autolysosome formation and degradation.

1.3. Function of autophagy and its implication in human diseases

Given the facts that autophagy is an essential mechanism for survival through
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recycling of a variety of cellular components including but not limited to proteins,
organelles, lipids, carbohydrates, nucleic acids and infecting microbe, the
dysregulated autophagy can be easily linked to diseases. Increasing reports have
emerged regarding autophagy dysfunction in diseases, such as cancer,
neurodegenerative diseases, infectious diseases, aging and metabolic disease (Levine
et al., 2011; Mizushima and Komatsu, 2011; Nixon, 2013; Rubinsztein et al., 2011;
White, 2012). Autophagy in cancer, neurodegenerative disease, innate immunity and

development will be briefly discussed in the following paragraphs.

1.3.1. Autophagy’s dual-natured role in cancer

Cancer is caused by the successive acquisition of mutations and epigenetic
changes that override cell failsafe mechanisms such as cell death and cell cycle arrest
(Hanahan and Weinberg, 2000; Rosenfeldt and Ryan, 2011). Autophagy has an
evolutionarily conserved role in coping with metabolic stress caused by limited
nutrients or oxygen. The role of autophagy in various stages of cancer development is
different. Studies suggest that autophagy mainly functions as a tumor suppressor in
the early stage of tumorigenesis, but once tumor has been developed, solid tumor can
utilize autophagy for energy production and survival (Janku et al., 2011; Levine et al.,
2011). The mostly studied autophagy related protein in cancer is Beclinl. Beclinl is
the mammalian homologue of yeast Atg6/Vps30 that interacts with class 111 PI3K. It
functions as scaffold protein to recruit downstream autophagic proteins for

autophagosomes formation (He and Levine, 2010; Liang et al., 1999). Studies using
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genetically engineered mice established a link between autophagy and cancer
development. For example, BECN1 has been reported to be monoallelically deleted in
several types of human cancers, such as breast cancer, ovarian cancer and prostate
cancer (Aita et al., 1999; Gao et al., 1995; Liang et al., 1999; Qu et al.; Saito et al.,
1993). In contrast, abnormal high level of Beclinl expression in tumor tissues is an
indication of poor prognosis (Giatromanolaki et al., 2011; Koukourakis et al., 2010;
XB et al., 2010; Xia et al., 2013; YH et al., 2009). In addition, the Beclinl-binding
protein UVRAG is often monoallelically mutated in human colon cancer (Liang et al.,
2006a). Moreover, autophagy protein ATG5 has been reported as over-expressed in
prostate cancer but down regulated in the development of early-stage cutaneous

melanoma (Kim et al., 2011b; Liu et al., 2013).

1.3.2. Autophagy in neurodegenerative diseases

Neurons in brain are heavily rely on autophagy for clearance of cellular waste
and stress. Some unique features of neuron make it susceptible to autophagy function
disturbance. Neuron cell are usually big in size compared with other cells and with
huge expansion of dendritic and axonal cytoplasm, which make the long distance
transportation of autophagosomes to lysosome that mainly concentrated in cell body
a burden (Lee et al., 2011b). Unlike mitotic cells that divide and renew by itself,
neurons seldom divide. This made neurons more susceptible to the toxicity of waste
accumulation caused by slowdowns in proteolytic clearance (Lee et al., 2011b).

Parkinson's disease (PD) is a progressive neurodegenerative disorder caused by
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reduced dopaminergic transmission in the basal ganglia (Fahn, 2003; Trinh and Farrer,
2013). PARK2/Parkin and PARK6/PINK1 are reported to be involved in Parkinson's
disease. PTEN-induced putative kinase protein 1 (PINK1) is encoded by
PARKG6/PINK1 and functions at the upstream of Parkin that encoded by
PARK2/Parkin. Parkin is an E3 ubiquitin ligase that functions in mitophagy (Narendra
et al., 2008; Valente et al., 2004; Valente et al., 2001). The accumulation of excessive
damaged mitochondrial has been linked to Parkinson's disease(Schapira, 2008).
PINK1 recruits Parkin to damaged mitochondrial to ubiquitinate mitochondrial
membrane proteins in selective autophagy. Autophagy defect is likely to cause
accumulation of damaged mitochondrial and lead to pathogenesis of PINK1/Parkin-
related Parkinson's disease. Alzheimer's disease (AD) is another prevalent
neurodegenerative disease that characterized by aggregation of amyloid beta (A)
inside neurons and extracellular AP plague accumulation. The mechanisms of
autophagy related Alzheimer's disease include the failure of autophagosomes

formation and lysosomal degradation

1.3.3. Autophagy in innate immunity

Autophagy has been recognized to play a wide array of roles in immunological
processes. Autophagy acts as an evolutionarily conserved microbial clearance
mechanism to protect the eukaryotic cells from invading pathogens and is intimately
intertwined with nearly all aspects of innate immunity. The link between autophagy

and innate immunity includes the responses of autophagy to microorganisms, damage
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associated molecular patterns (DAMPs) such as HMGB1,IL-1p, pattern recognition
receptors (PRR) including Toll-like receptors (TLRs), Nod-like receptors (NLRs) and
RIG-I-like receptors (RLRs), sequestosome 1 (p62)-like receptors (SLRs) and
immunity related GTPase IRGM, et al (Deretic, 2011). The impact of autophagy on
the function of immune system can be categorized into three principal types. The first
type mainly functions at the cellular level by recognition, capture and degradation of
intracellular pathogens through xenophgy. The recognition of microbial is enhanced
by stimulation of innate immunity receptors, such as TLRs, NLRs and RLRs or
DAMPs such as HMGB1, as autophagy is a downstream specialized effector
mechanism to them (Lee et al., 2010). The second type is actually the generic role of
autophagy in cellular homeostasis. Autophagy helps to maintain immune cell’s
cellular viability, fitness and functionality. Some immune cells, such as T cells, are
more dependent on autophagy to survive when growth factors are limited (Li et al.,
2006; Pua et al., 2007). The third type includes the non-autophagy role of Atg factors
as they function as coordinator between different functional systems that independent

of their roles in canonical autophagy (Virgin and Levine, 2009).

1.3.4. Autophagy in development

Essential role of autophagy in development was initially revealed through genetic
knock-out studies of ATG genes in lower eukaryotes. The systematic and tissue-
specific knock-out of ATG genes in mice has led to greatly increased understanding

the role of autophagy in mammalian development (Mizushima and Levine, 2010).
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Autophagy pathway is a dynamic and highly inducible catabolic process that
responses to environmental and chemical cues. It drives the rapid, precise and in
time changes necessary for proper development(Mizushima and Levine, 2010). The
deficiency in autophagy might result in inefficient lysosomal degradation or
inadequate or failure of energy production (Zhang et al., 2009). Autophagy in
mammal development was initially characterized in fertilized oocytes, which
discovered ATG5 as essential in the onset of preimplantation development
(Tsukamoto et al., 2008). Autophagy activity is at low level in unfertilized oocytes,
but can be massively accelerated within 4 hours after fertilization (Tsukamoto et al.,
2008). The “reprogramming” after fertilization utilizes autophagy to rapidly degrade
maternal mMRNA and proteins, which in turn prepared for synthesis of new mRNA
and proteins encoded by the zygotic genome (Merz et al., 1981; Stitzel and Seydoux,
2007). The next massive wave of autophagy in mice development was observed at
the early neonatal stage (Kuma et al., 2004). After birth, the supply of nutrients
through placenta is terminated, which demand increased autophagy activity to
provide enough energy (Komatsu et al., 2005). Different ATG-gene knockout mouse
models are vary in phenotypes. Conventional Atg3”, Atg5”, Atg7”", Atg9”-and
Atg16L17-embryos survived the whole embryonic period, which suggest that those
genes are not essential for embryogenesis. Beclin1”- mice shown early embryonic
lethality and abnormally small embryos. In contrast, Beclin1l”-embryonic stem cells
are viable, suggesting that Beclinl is important for development in vivo but

dispensable in vitro (Qu et al., 2003; Yue et al., 2003). Further studies are required to
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investigate whether the autophagy pathway itself or merely several autophagy-
involving components with autophagy-independent functions are essential for

embryonic development (Mizushima and Levine, 2010).
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Chapter 2. Biochemical and structural studies of

p62/SQSTM1 UBA-Ub interaction

2.1. Introduction

2.1.1. Selective vs. non-selective autophagy

Autophagy is initially discovered as a bulk non-specific degradation process, by
which a portion of the cytoplasm is indiscriminately sequestrated by a membranous
organelle called phagophore. The resulting autophagosome is subsequently fused with
lysosome for degradation. Growing body of evidence suggested that autophagy is a
more selective process than originally anticipated. Autophagy specificity is achieved
through a variety of autophagy receptor proteins, such as p62/SQSTM1, NBR1, OPTN

and NDP52, for the degradation of ubiquitinated proteins.
2.1.2. The molecular events of selective autophagy

Autophagy receptor proteins are key players in selective autophagy, which
always harbor both the Ub-association domain (UBA domain) and the LC3-
interacting region (LIR). Selective autophagy is achieved through the domain
coordination of autophagy receptors, which recognize cargos labeled with
degradation signals, usually cargos with ubiquitination, by UBA domain, and LC3
on autophagosomal membrane through their LIR, leading to the engulfment of cargo
by autophagic membrane (Kirkin et al., 2009; Stolz et al., 2014). The resulting

autophagosomes formed are further fused with lysosome and followed by
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degradation of both the cargos and the autophagy receptors.

2.1.3. p62/SQSTML1 is a crucial receptor for selective autophagy

p62/SQSTM1 is a multifaceted protein implicated in diverse cellular events
(Moscat et al., 2007). In mammals, p62/SQSTML1 is one of the most important cargo
receptors in selective autophagy to bridge the ubiquitinated proteins and autophagy
marker LC3 for lysosomal degradation. p62/SQSTM1 has multiple domains such as a
PhoxI and Bem1p (PB1) domain, a zinc finger (ZZ) domain, two nuclear localization
signals (NLS1 and NLS2), a tumor necrosis factor receptor-associated factor 6
(TRAF-6) binding domain, a nuclear export signal (NES), a LC3-intaracting region
(LIR), a Keap-interacting region (KIR), and a ubiquitin-associated (UBA) domain at
the very carboxyl terminal (Katsuragi et al., 2015) (Figure 2.1 ). Among those domains,
the N-terminal PB1 domain, the middle LIR domain and the C-terminal UBA domain

are critical for selective autophagy.
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Figure 2.1 Schematic representation of p62 and its interacting partners
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The N-terminus PB1 domain contains a basic cluster formed by conserved lysine
residues and acidic OPCA motif made up of a loop and a helix. The OPCA motif was
reported to interact with the basic cluster of other p62 PB1 domain to form oligomers
(Lamark et al., 2003), which is important in p62 mediated selective autophagy. On the
other hand, LIR consists of an acidic cluster and hydrophobic residues (Ichimuraet al.,
2008; Pankiv et al., 2007), which is responsible for LC3 interaction. LC3 localizes to
the isolation membrane/phagophore and the interaction of LIR and LC3 incorporated
ubiquitinated proteins to autophagosome-lysosome pathway. Knockdown of LC3 can
lead to accumulation of p62 positive inclusion bodies made up of ubiquitinated protein
aggregates (Kirkin et al., 2009; Shvets et al., 2008). The C-terminal of p62 ubiquitin
associated (UBA) domain plays a pivotal role in selective autophagy by interacting

with ubiquitinated proteins.

2.1.4. The p62/SQSTM1-Ub interaction is mediated by its UBA domain with

dimer-to-monomer transition

The direct p62-Ub interaction is mediated through the p62 C-terminal UBA
domain, which adopts a dimeric form (Shin Isogai, 2011). UBA interacts with Ub as
monomer with relatively low affinity in part due to UBA homo-dimerization, which
was reported as mutually exclusive and incompatible with mono-Ub binding (Long et
al., 2010b; Shin Isogai, 2011) . p62 self-oligomerization through its PB1 domain
confers high avidity to Ub by forming clustered p62, which counteracts the self-

association of UBA domain, so as to stabilize the otherwise weak individual p62-Ub
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interaction (Wurzer et al., 2015). Although p62 is important for ubiquitinated proteins
degradation, loss of p62 seems does not impair selective autophagy (Komatsu and

Ichimura, 2010), suggesting that other receptor proteins might also play the role.

2.1.5. Casein Kinase 2 phosphorylates p62/SQSTM1 UBA domain on S405

The UBA domain is conserved among Ub-binding proteins. Casein kinase 2
(CK2) was reported to phosphorylate p62 UBA at serine 405 (S405), which greatly
increased the binding affinity between UBA and Ub (Lim et al., 2015; Matsumoto et
al., 2011b). This report demonstrates that p62 can be post-translational modified to

regulate autophagic clearance of ubiquitinated proteins.
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2.2. Results

2.2.1. S409 is a novel ULK1-mediated phosphorylation site in p62 UBA domain

Cell biology studies by our collaborator (Prof. Zhenyu Yue, Icahn School of
Medicine at Mount Sinai, New York, NY, USA) discovered the interaction between
ULK1 and p62 through their kinase domain and UBA domain respectively (Lim et al.,
2015). In vitro phosphorylation assay with 3?P-ATP revealed that ULK1 WT but not
ULK1 kinase inactive (KI) mutant generate radioactivity labeling on p62. Further
studies by mass spectrometry analysis identified serine 409 in p62 UBA domain as a
potential phosphorylation site by ULK1. To confirm the phosphorylation, serine 409
was substituted with alanine (S409A), which serves as a phosphorylation-null mutant.
Purified MBP-p62 S409A and Myc-ULK1 were subjected to in vitro phosphorylation
assay. The 32P-radioactivity labeling of S409A mutant by ULK1 is markedly reduced
compared to that of the p62 WT (Figure 2.2 a), suggesting that S409 is one of the
ULKT1 targeting sites. To further confirm the site specificity of S409 phosphorylation,
antibody against the phosphorylated S409 of p62 (p-S409) was raised and used to
detect S409 phosphorylation of purified p62 by ULK1. The results show that,
incubation of p62 with ULK1 (but not ULK1 kinase inactive mutant, KI) results in the
detection of a strong band with right molecular weight by anti-p-S409 antibody
(Figure 2.2 b) and this band is abolished in the presence of alkaline phosphatase (AP).

These data demonstrate that p62 S409 is a novel phosphorylation target site of ULK1.
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Figure 2.2 ULKL1 phosphorylates p62 at Ser409

(@) ULK1 phosphorylates p62 at Ser409 in vitro. Purified MBP-p62 WT or S409A
proteins were subjected to in vitro ULK1 kinase assay in the presence of 32P-ATP.
(b) ULK1 phosphorylates p62 at Ser405 and Ser409. Purified MBP-62 WT protein
was subjected to in vitro ULK1 kinase assay and dephosphorylation by alkaline
phosphatase (AP). Asterisk indicates nonspecific bands. p-S405 and p-S409 were
detected with each phospho-specific antibody, respectively.

Previous report showed that p62 S405 (human p62 S403 equivalent) can be
phosphorylated by Casein kinase (CK2) (Matsumoto et al., 2011). Prof. Zhenyu Yue’
lab found that p62 S405 can also be phosphorylated by ULK1. Purified p62 protein
was incubated with co-immunoprecipitated Myc-ULK1, p-S405 was detected by anti-
p62 pS405 antibody via immunoblot analysis and phosphatase treatment abolished the
signal (Figure 2.2 b). Next, to understand the relationship of ULK1-mediated p62
phosphorylation at S405 and S409, FLAG-p62 WT, S405A, or S409A along with
empty vector, Myc-ULK1 or Myc-ULK1 KI mutant were co-expressed into HEK293T

cells and performed immunoprecipitation with FLAG antibody. The result shows that,

39



Myc-ULK1, but not KI mutant, induces the phosphorylation at p62 S405 as well as
S409, suggesting that ULK1 phosphorylates both S409 and S405 of UBA (Figure 2.3).
Interestingly, while p62 S405A retains p-S409, p62 S409A completely abolished p-
S405, suggesting that p-S409 is a pre-requisite for p-S405, while p-405 has no impact
in p-S409. Thus it is likely that p-S409 may precede p-S405 or p-S409 is required for

the stability of p-S405.
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Figure 2.3 P-Ser409 is prerequisite for ULK1-mediated p-Ser405

HEK293T cells were transfected with indicated plasmids. Immunoprecipitation with
anti-FLAG antibody was performed and Western blot assay with indicated antibodies
was followed.
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2.2.2. S409 phosphorylation leads to enhanced association between p62 and Ub

in vivo

S409 resides in p62 UBA domain near S405 and phosphorylation of S405 has
been reported to enhance the p62-Ub interaction (Matsumoto et al., 2011a). We tested
if p-S409 shown the similar effect. We used p62 KO MEF cell lines stably expressing
FLAG-p62 WT, S409A and phosphorylation-mimicking mutant S409E. To minimize
the interference of p62 self-ubiquitination, we incubated cell lysates from p62 KO
MEF treated with MG132 (providing enriched poly-ubiquitinated proteins) with MEF
lysates stably expressing FLAG-p62 variants (providing bait), followed by
immunoprecipitation with FLAG antibody. The result shows that, S409E pulled down
significantly higher levels of poly-ubiquitinated (poly-Ub) proteins compared with
p62 WT; in contrast, S409A pulled down less amount of poly-Ub proteins than p62
WT (Figure 2.4 a and b). These data collectively demonstrate that phosphorylation of

p62 S409 promotes p62-Ub association.
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Figure 2.4 S409 phosphorylation promotes p62-Ub association in vivo

(@) P-Ser409 (S409E) enhances binding between p62 and poly-Ub proteins. Cellular
lysates of p62 KO MEFs stably expressing empty vector, FLAG-p62 WT, S409A, or
S409E were incubated with p62 KO MEFs lysates treated with MG132 and
subsequently subjected to immunoprecipitation using anti-FLAG antibody.
Immunoblot assay with indicated antibodies were followed.

(b) Quantification of the results from Figure 2.3 a were obtained by normalizing levels
of co-immunoprecipitated Ub to FLAG blots; then S409A and S409E were normalized
to WT. One sample t-test was used and data are represented as mean =SEM (n=3). *
p < 0.05, ns, not significant

2.2.3. ULK1-mediated pS409 and CK2-mediated pS405 impact p62-Ub

interaction in biochemically distinct ways

2.2.3.1. Phosphomimetic mutants S409E and S405E show higher binding

to monomeric ubiquitin in vitro

We next investigated the binding affinity of p62 UBA to mono-Ub by
Isothermal Titration Calorimetry (ITC) assay. Mono-Ub was titrated into UBA WT
and different mutants. ITC results showed that the Kq for purified p62 UBA WT is ~
51.5 uM (Figure 2.4 5), confirming a weak interaction between p62 UBA domain and
mono-Ub (Long et al., 2008a). The Kq for S409E mutant, however, is ~ 33.1 uM,
suggesting a moderate effect of Ser409 to Glu mutation in enhancing Ub binding
(Figure 2.5 C). In contrast, Kg for S405E mutant is ~ 2.8 uM, indicating a much
stronger binding compared to both WT and S409E (Figure 2.5 B). To our expectation,
the Kq for phosphorylation-null mutant S409A and S405A (~62.3 uM and ~58.6 uM

respectively) (Figure 2.5 E and D) are similar to UBA WT (~51.5 uM), further
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suggesting the promoting effect of S409 and S405 phosphorylation in Ub binding.
These data collectively demonstrate that phosphorylation at S405 or S409 increased

UBA-UDb binding.
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Figure 2.5 Isothermal Titration Calorimetry (ITC) analysis of binding between
UBA S405 or S409 mutants and mono-Ub

Top parts of A to E are ITC thermograms for mono-Ub binding of both UBA wild
type and mutants (S405E, S409E, S405A, S409A). ITC experiments were performed
by titration of concentrated mono-Ub from syringe into cell with UBA. Bottom parts
of A to E are plots of corresponding integrated heat values. Each measurement was
repeated at least three times. Typical titration profile is shown. Kd, dissociation
constant.

43



2.2.3.2. Crystal structure of phosphomimetic mutant UBA S405E

resembles the structure to UBAWT

To better explain how p62 S405 phosphorylation-mimicking mutant S405E
enhance binding to mono-Ub, we solved the crystal structure of UBA S405E by
molecular replacement. The crystal structure reveals that UBA S405E is a dimer, with
S405E residue located far away from the dimer interface (Figure 2.6 a). Superimpose
of the crystal structure of UBA S405E with the reported UBA WT structure (Shin
Isogai, 2011) demonstrated that two structures resembled each other (Figure 2.6 b),

which suggest that pSer405 mutation might not interfere with UBA dimerization.

Figure 2.6 Crystal structure of UBA S405E

(a) UBA S405E crystal structure (green). Purple color denotes residue S405E.
Only one residue S405E is shown (purple).
(b) UBA S405E (green) superimposed with UBA wild-type (yellow).

Although the crystal structure of p62 UBA-Ub complex is not available, other
UBA-Ub complex has been reported (Chang et al., 2006). The structure of the p62
UBA-Ub complex model reveals that, residue S405 is located at the end of a o-

helix (Figure 2.7 and Figure 2.10 of Section 2.2.3.3) that is required for Ub binding,
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which excludes the possibility that the strong S405E-Ub binding is due to UBA
dimer dissociation. Closely analysis of the modeling complex structure of p62
UBA (green) and Ub (brown) shows that, the negatively charged S405E of p62
UBA interacts with positively charged lysine 6 (K6) and histidine (H68) of Ub

(Figure 2.7). Those charged residue interaction might contribute to the strong

S405E-Ub interaction.

UBA S405E

Figure 2.7 Modeling of UBA S405E-Ub interaction

Charged residue interactions exist between negatively charged residue S405E of
UBA and positively charged residues K6 and H68 of Ub.

Statistics of diffraction data and structure refinement for UBA S405E are
summarized in Table 2.1 (section 2.2.4.1). The coordinates of UBA S405E has been

deposited to Protein Data Bank (PDB 5HH2).
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2.2.3.3. NMR studies reveal that S409E induce no overall structural changes

in p62 UBA-Ub binding

Previous structural studies revealed that while there is a dimer-monomer
equilibrium of UBA dimer in solution, there is a dimer to monomer shift of UBA
domain upon binding to Ub (Isogai et al., 2011; Long et al., 2010a). To study the
structural basis for how p-S409 influences Ub binding, we performed NMR spectrum
analysis (HSQC). Firstly, the *H-*N correlation spectra of the 1®N-labeled p62 UBA
WT and S409E mutant were collected in the absence of mono-Ub (Figure 2.8 a). The
results show that the overall disperse pattern of cross peaks for S409E mutant and WT
are similar. However, a few residues are with significant chemical shift. For example,
residues D410, G412, W414 and L418 are evidently altered in position using the
published WT spectra as reference (Isogai et al., 2011). The shifted residues are
located in the vicinity of S409. Thus the S409E mutation might alter these residue’s
local environment and lead to chemical shift in the HSQC spectra. Noticeably,
residues W414 and L418 are both important residues located at the UBA dimer
interface in the WT structure. The result suggests that the chemical perturbation by

S409E mutation might lead to local destabilization of the UBA dimer interface.

Next, we carried out HSQC by adding six-fold molar ratio excess of unlabeled
mono-Ub to the N-labeled p62 UBA WT and S409E. The addition of mono-Ub
induced a large set of chemical shifts in the spectra of S409E, consistent with the idea

that S409E undergoes dimer-monomer transition upon Ub binding as reported in the
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previous studies for WT p62 UBA domain (Isogai et al., 2011). The analysis, however,
revealed that the disperse pattern of S409E UBA in the presence of Ub is similar to
that of WT, with only a few noticeable chemical shifts involving residues such as
S409E and W414. (Figure 2.8 b). The data suggest that S409E mutant follows the
similar pattern as the WT in the overall folding of UBA structures in the absence or
presence of Ub. Collectively, our data suggest that S409E might destabilizes the UBA

dimeric structure without impact overall folding of UBA bound to Ub.
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Figure 2.8 S409E does not impact the overall folding of UBA in binding to Ub

(a) S409E does not influence overall folding of UBA. Overlay of H-1°N HSQC

spectra of 1°N-labeled p62 UBA WT (red) and S409E (blue) in the absence mono-

ubiquitin (Ub). Arrows indicate the significant chemical shifts with the

corresponding residues labeled.

(b) Overlay of 1H-15N HSQC spectra of 15N-labeled p62 UBA WT (blue) and

S409E (red) in the presence of 6-fold excess unlabeled mono-Ub.

2.2.3.3. S409E weakens the UBA dimer structure as suggested by DSC

measurements

We hypothesize that the chemical perturbation by S409E may lead to local
destabilization of the dimer interface and overall thermal stability of the dimer
conformation. To test this hypothesis, we measured melting temperature (Tm) of p62
UBA WT and S409E by Differential Scanning Calorimetry (DSC). The result shows

that, UBA S409E exhibits much lower Tr, (61.5 °C) than WT (68.5 °C) (Figure 2.9),
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supporting our hypothesis of a less stable dimeric structure for UBA S409E.
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Figure 2.9 p62 UBA S409E destabilizes p62 UBA dimer thermostability

Differential Scanning Calorimetry (DSC) was performed on p62 UBA WT and S409E
to measure the melting temperature (Tm) of p62 UBA dimer.

The WT UBA crystal structure revealed a dimerized UBA(Shin Isogai, 2011).

Closely looking into the crystal structure of UBA dimer and specially its dimer

interface shows that, S409 is outside but near the dimer interface that is mainly formed

by a2 helix (Figure 2.10 a and b). It is possible that S409E mutation disturbed the local

environment and render dimer unstable, which is favorable for Ub-binding. In living

cells, on the other hand, the disturbed local environment by S409E might promote p62

phosphorylation at residue S405, which is located in a1 helix that responsible for direct

Ub binding (Figure 2.10 a and b).
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Figure 2.10 Crystal structure and schematic representation of p62 UBA domain

(@) Ribbon representation of crystal structure of p62 UBA domain. The figure is
adapted from (Shin Isogai, 2011).

(b) The sequence and schematic representation of p62 UBA domain. N terminal al
helix is not involved in UBA dimer interface formation. The central a2 helix and C
terminal a3 helix are mainly responsible for the dimer interface formation. Location
of residues S405 and S409 are marked in red with residues numbered under the
sequence. Location of residue K422 is mark in blue.

2.2.4. K422 in UBA domain is a potential novel post-translational modification

site to modulate p62-Ub association

2.2.4.1. Crystal structure of UBA S409E mutant reveals K422 as a key

residue to mediate inter-molecular association

Dr. Liu Wenchao, who used to work in the lab, solved Crystal structure of
S409E. The S409E crystal structure demonstrated a trimer that three copies of S409E
interact with each other (Figure 2.11). Close inspection of the modeling structure of
UBA S409E-Ub revealed that UBA-A S409E (cyan) and UBA-B K422 (green)

forms electrical interaction. At the same time, UBA-C K422 (brown) forms strong
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electrical interaction with S409-E411 patch in UBA-B (green). Those interactions
mediated by K422 bring three copies of UBA together to form a new trimetric UBA

complex.

Figure 2.11 Crystal structure of UBA S409E revealed K422 is important for
intermolecular interaction

The three UBA molecules in the asymmetric unit are drawn in ribbons style and
labeled UBA-A (cyan), UBA-B (green) and UBA-C (brown) respectively. The spheres
on these three molecules represent residues S409E, E411 and K422. The two modeled
ubiquitin molecules, labeled Ub-B and Ub-C respectively to represent their associate
to UBA-B and UBA-C molecules, are drawn in ribbons style with space-filling
envelope. The zoom-in picture represents the S409E-E411-K422 electrostatic
interaction. The residues are drawn in bond-and-stick model. The distances between
the side chain groups are marked with the dashed lines.

The coordinates of UBA S409E has been deposited to Protein Data Bank (PDB
5HGY). Statistics of diffraction data and structure refinement for UBA S409E are

summarized in Table 2.1.
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Table 2.1 Statistics of diffraction data and structure refinement

UBA S409E

UBA S405E

Data collection
Space group

Unit cell parameters

€222,

P6522

a,b,c(Ad) 33.62, 61.37,129.10 67.95, 67.95, 111.58
a, B,y(° ) 90.00, 90.00, 90.00 90.00, 90.00, 120.00
Resolution (A)? 32.28-1.77 (1.87-1.77) 33.98-2.40(2.53-2.40)
Rperge(%0)° 5.7(11.4) 7.4(30.8)
Igl® 21.5 (11.0) 37.3(14.2)
Completeness(%)P 96.8 (94.0) 100(100)
Redundancy ? 7.2 (7.1) 38.9 (40.3)
Structure refinement
Resolution(A) 32.27-1.77 33.97-2.40
Reryst/Rivee(%0) 17.86/22.39 23.61/28.24
No. of reflections
Working set 12271 6036
Test set 637 329
No. of atoms
Protein atoms 1133 755
Water molecules 59 4
Average B-factor(A2)
Main chain 11.314 37.227
Side chain 15.590 41.949
R.m.s deviations
Bond lengths (&) 0.022 0.015
Bond angles (°) 2.098 1.698
PDB ID SHGY SHH2

& Numbers in parenthesis define the highest resolution shell of data.
b Numbers in parenthesis are the statistics for the highest resolution shell of data
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2.2.4.2. K422A mutation leads to significantly enhanced interaction with

ubiquitin in vitro and in vivo

The crystal structure of UBA S409E revealed that residue K422 is important
for UBA self-association. We hypothesize that this self-association might play a
role in UBA-Ub interaction. To test this hypothesis, positive charged UBA K422
was mutated into more neutral alanine (K422A) or negative charged glutamic
acid (K422E). The interactions of UBA K422A and UBA K422E with Ub were
determined by ITC. Interestingly, the result shows that the Kd for UBA K422A
mutant is ~9.2 uM (Figure 2.12 A-1 and A-2), indicating stronger binding
compared to WT (~51.5 uM). To our surprise, the Kd for UBA K422E mutant is
~4.0 uM (Figure 2.12 B-1 and B-2), suggesting a much stronger binding that is
comparable to UBA S405E (Kd ~2.8 uM). These ITC data together demonstrate

that UBA K422 is crucial for UBA-Ub binding.
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Figure 2.12 Isothermal Titration Calorimetry (ITC) analysis of binding
between K422 mutant and Ub

The experiment was performed by titrating concentrated Ub in a syringe to the
cell with UBA proteins. ITC thermograms of Ub binding with both K422A (A-1
and A-2) and UBA K422E (B-1and B-2) (top) and the plots of corrected heat

values (bottom) are shown. Each measurement was repeated at least twice. Kd,
dissociation constant.

Residue K422 is located at the UBA dimer interface. Break of the UBA
intermolecular interaction may be the reason for increased K422A/E-Ub binding.

To test this hypothesis, we performed size exclusion chromatography (SEC) for
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UBA K422A and UBA WT, and compared their retention volume. To our
expectation, the retention volume of UBA K422A (84.60 mL) is much larger
compared to that of UBA WT (76.05 mL), suggesting smaller size of the UBA
K422A due to a single site mutation (Figure 2.13 a). Static Light Scattering show
that the observed molecular weight for the purified UBA K422A is ~6000
Dolton, which is quite close to its theoretical molecular weight (~5836 Dolton),
supporting the monomeric state UBA K422A mutant (Figure 2.13b). Next, we
tested if K422A has the similar effect as S409E to enhance the interaction
between p62 poly-ubiquitinated (poly-Ub) proteins. We overexpressed FLAG-
p62 WT, S409E, S409A and K422A into the MEF cells. Cells treated with
proteasome inhibitor MG132 were lysated and followed by immunoprecipitation
with FLAG antibody. As expected, S409E pulled down significantly higher
levels of poly-Ub proteins than p62 WT; in contrast, S409A pulled down similar
but less amount of poly-Ub protein than WT. To our surprise, K422A pulled
down the most amount of poly-Ub proteins, much more than both WT and
S409E (Figure 2.13 ¢), indicating K422 is of great importance for p62-Ub
interaction. However, it seems that there is no synergistic effect of S409E and
K422A, as double mutation S409E/K422A does not enhance binding compared
with K422A alone. One possibility is that the promoting effect of S409E is over
saturated by much stronger K422A.. Those data together suggest that residue

K422 of UBA is important for UBA-Ub binding.
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Figure 2.13 K422A is an Ub-binding monomer

(@) K422A has large retention volume than UBA WT. The same amount and volume
of UBA WT and K422A were run size exclusion chromatography separately, and
their UV absorbance curves were intergraded and compared. The retention time for
UBA WT and K422A are 76.05 mL and 86.40 mL, respectively.

(b) Static Light Scattering shows monomeric state of UBA K422A. Static Light
Scattering was performed with purified UBA K422A protein to measure the
molecular weight. The observed molecular weight is ~6000 Dolton.

(c) K422A enhances binding between p62 and poly-Ub proteins. Cellular lysates of
MEFs transiently expressing empty vector, FLAG-p62 WT, S409A, S409E, K422A
and S409E/K422A were incubated with p62 KO MEFs lysates treated with MG132
and subsequently subjected to immunoprecipitation using anti-FLAG antibody.
Immunoblot assay with indicated antibodies were followed.

2.2.4.3. Preliminary data suggests that K422 can be acetylated in vivo

Based on the above results of UBA K422A, we assume K422 could be a target
site for posttranslational modification. To check if there is any modification on
K422, we performed mass spectrometry analysis of antibody purified GFP-p62 from

HEK293T cells. The result suggests that K422 as a potential target site for
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acetylation (Figure 2.14). To confirm the K422 acetylation, we plan to inhibit
acetylation by treating cells with acetyltransferases inhibitor, and perform mass
spectrometry analysis for antibody-purified p62 protein. Ongoing studies are now in
this direction.
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Figure 2.14 K422 is a potential acetylation site in p62 UBA

GFP-tagged mouse p62 full length was transiently over expressed in HEK293T cell
and purified by GFP antibody. The purified GFP-p62 sample was resolved by SDS-
PAGE and stained with Coomassie brilliant blue. The GFP-p62 band (red box) was
excised and prepared for mass analysis.

2.2.5. Super UBA and its interaction with Ub

This section would be discussed in Chapter 4.
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2.3. Discussion

Our studies reveal that phosphorylation of autophagy receptor p62/SQSTM1 by
ULKZ1 under proteasome inhibition condition plays an important role in the regulation
of selective autophagy. Phosphorylation of p62 UBA S409 leads to enhanced
association of p62 and poly-Ub proteins in vivo. The enhanced UBA S409E-Ub

binding by ITC also supports the stronger association.

Our studies also provide novel structural and functional insights into the role of
the novel p62 S409 and the previously identified S405 phosphorylation in regulating
ubiquitinated protein binding (Lim et al., 2015; Shin Isogai, 2011). Previous findings
showed relatively weak interaction between dimeric UBA WT and mono-Ub (Long et
al., 2008b; Shin Isogai, 2011). Modulation of UBA domain dimer-monomer transition
is likely to play a role in regulating p62-Ub interaction (Shin Isogai, 2011). S409E
mutation alters residues in the local environment around S409, including W414 and
L418 at the p62 UBA-UBA dimer interface. HSQC studies further show that S409E
mutant follows the similar pattern as the WT in terms of binding to Ub. Moreover, the
overall thermal stability of the UBA domain is significantly reduced in the S409E
mutant, suggesting a reduced self-association of UBA S409E. Thus we conclude that
phosphorylation at S409 destabilizes UBA dimer interface and facilitates dimer—
monomer transition in favor of binding to ubiquitinated proteins.
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At the same time, UBA S405 phosphorylation greatly increased p62 UBA-Ub
binding, consistent with a previous report that Casein Kinase 2 (CK2) directly
phosphorylates UBA S405 and increased its binding affinity to polyubiquitin chain
(Matsumoto et al., 2011b). S405 resides at a a-helix required for Ub binding but not
for dimer interface formation (Figure 2.9 b). Dimeric UBA is reported as incompatible
with ubiquitin binding due to C-terminal sterically interfere (Shin Isogai, 2011). Our
crystal structure of UBA S405E show a dimeric structure resembling the previously
reported structure of UBA WT. So it is not likely that the increased S405E-Ub binding
is due to UBA dimer dissociation by S405E mutation. Our modeling of UBA S405E-
Ub interaction reveals electrical interactions between residue S405E and Ub residues
K6 and H68. Based on the above findings, we conclude that phosphorylation of S405
does not compromise UBA dimer interface, but increase direct S405E-Ub binding
through charged residues interaction. What’s more, phosphorylation of S409 might be
a pre-requisite for S405 phosphorylation, as p62 S409 phosphorylation null mutant
S409A completely abolished S405 phosphorylation by ULK1. We thus propose a
model in which S409 is phosphorylated first by ULK1 to promote UBA dimer
dissociation, followed by the exposure of S405 to ULK1 (or CK2) for further

phosphorylation.

Crystal structure of UBA S409E reveals a UBA trimer with intermolecular

interactions involving S409E and a new residue K422. Mutation of K422 into alanine
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(K422A) or glutamic acid (K422E) greatly increased Ub-binding in both ITC studies
and poly-Ub binding assay. Furthermore, size exclusion chromatography and static
light scattering suggest monomeric state of UBA K422A. Our finding suggest that
K422 is important for maintaining the dimeric structure of p62 UBA WT and is a
potential target for modification to regulate p62-Ub interaction. Interestingly, mass
spectrometry suggests K422 is a potential target site for acetylation. Our findings
provides new insights and possibilities into the mechanism of ULK1-p62 coordinated

action in selective autophagy pathway.

In summary, our study reveals a molecular and structural mechanism underlying

the autophagy receptor p62-mediated degradation of poly-ubiquitinated proteins

through selective autophagy.
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2.4. Materials and Methods

2.4.1. Plasmid construction

FLAG-p62 WT, S409A, S409E and K422A were cloned into HindlIl and Xhol
restriction site of LPC retroviral vector. The UBA domain of mouse WT, S405E,
S405A, S409E, S409A, K422A and K422E were cloned into a modified pET32M
vector between the restriction sites BamHI and EcoRI with Trx-His>6 tag fused at N
terminal. The full length of human ubiquitin was cloned into a modified pETM
vector between the restriction sites BamHI and Not | with His>6 tag fused at N
terminal. Both pETM and pET32M vectors contain a human rhinovirus (HRV) 3C
protease cleavage site between tag and protein. The detailed background, methods

and procedures for plasmid construction are as follow.

Prokaryotes and eukaryotes expression vectors

Target gene transcription is always under control of a specific promoter that
preferably and tightly controls target gene expression. There are differences on
regulation of target gene translation and protein expression between prokaryotes and
eukaryotes expression vectors. The characteristics of prokaryotes and eukaryotes
expression vectors in the lab will be discussed in details as follow. The eukaryotes
expression vectors would contain the Kozak consensus sequence that plays a major

role in the initiation of the translation process.
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Prokaryotes expression vectors

Different expression vectors have different transcriptional machinery and

elements for protein expression. Prokaryotes expression vectors have a Shine-

Dalgarno sequence at the translation initiation site for ribosomes binding. The

expression vectors used in the lab for prokaryotes expression in E.coli and eukaryotes

expression in mammalian cell are list in Table 2.2.

Table 2.2 Expression vectors in the lab for protein expression in E.coli

Vector Tag Fusion protein | Cleavage site | Selection marker
pET-M N terminal His X 6 None HRV 3C Ampicillin
pET-32M N terminal His X 6 TRX HRV 3C Ampicillin
pET-49M N terminal His X 6 GST HRV 3C Kanamycin
pGEX-4T-2 None GST Thrombin Kanamycin

Eukaryotes expression vectors

Eukaryotes expression vectors in the lab are listed in Table 2.3.Among them,

pcDNA 3.1-Flag, pEGFP-N3 and pmCherry-N1 were used in experiments.

Table 2.3 Expression vectors for transient over expression

Vector Tag Selection marker
pcDNA 3.1-Flag N terminal Flag Ampicillin
pcDNA 3.1-HA N terminal HA Ampicillin
pcDNA 3.1-Myc N terminal Myc Ampicillin
pCMV-Flag N terminal Flag Ampicillin
pCMV-Myc N terminal Myc Ampicillin
pEGFP-N3 C terminal EGFP Kanamycin
pEGFP-C3 N terminal EGFP Kanamycin
pmCherry-N1 C terminal mCherry Kanamycin
pDsRed-Express-N1 C terminal DsRed Kanamycin

62



Basically, two methods were used for sub-cloning the gene of target into
expression vectors, namely polymerase chain reaction (PCR) method and ligation
method. The gene of target can be obtained from commercialized plasmids or reverse
transcription PCR for the cDNA of the target gene. If both sources of target gene are
not available, whole gene synthesis service is a good option as the gene sequence can

be codon optimized for host expression.

2.4.1.1. Ligation method

Ligation is the most straightforward method for expression plasmid
construction. A phosphodiester bond is formed between 5’ phosphate and 3’
hydroxyl of two adjacent DNA fragments with the catalyzation of DNA ligase

(Figure 2.15).
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Figure 2.15 Diagram of phosphodiester bond between nucleotides

In nucleic acid, two hydroxyl groups on the phosphoric acid react with hydroxyl
group of other two sugar molecules to form a phosphodiester bond. The
phosphodiester bond is formed between the 3’ carbon atom of one sugar and 5’
carbon atom of another sugar. Base A represents two molecules of adenine. The 3’

end and 5’ end is also shown. DNA ligase is a type of enzyme that catalyze the
formation of phosphodiester bond between nucleic acid fragments in ligation.

DNA digestion

If the target gene is already in a plasmid with the right restriction sites, the
plasmid can be directly restriction enzyme digested. Usually digestion of 5-8 pg of
donor plasmid and 1ug of recipient plasmid will be enough for one ligation. Otherwise,
gene of target is generated by PCR with primers specially designed for ligation. Each
end of the PCR product is designed with a suitable restriction site that comes along

with the primers. Both the aim vector and target gene were digested with a pair of
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restriction enzymes to generate sticky ends. Before gel purification, the digested aim
vector with sticky 3’ ends and 5’ ends were treated with shrimp alkaline phosphatase
(SAP) (Thermo Scientific), which catalyzed the dephosphorylation of 3’ ends and 5’
ends DNA phosphomonoester. The dephosphorylation by SAP prevents self-ligation

of the aim vector.

Insert and aim vector gel purification

The DNA samples were ran on an agarose gel with ladder as standard, and
preferably DNA without digestion as control in case of trouble shooting. The gel was
illuminated with a UV box (Major Science), and the gel band corresponding to the
digested insert and aim vector were cut out. The gel was purified with a gel purification
kit and DNA eluted out with 20 pL of elution buffer. The concentration of the purified

insert and aim vector were determined.

Ligation

Ligation was conducted by firstly adding insert into recipient vector at a molar
ratio of 10:1, then ligase buffer and T4 ligase (Thermo Scientific) in an Eppendorf
tube and gently mixed well. The ligation mixture were placed at 16 <C overnight or
room temperature 2 hour for the ligation process to complete. Same amount of

digested recipient vector was used as negative control.
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Transformation

In molecular biology, transformation is a way to introduce foreign genetic
materials into cell through cell membrane. The prerequisite of transformation is the
bacterial cell undergo the process should be competent in a way that it is able to uptake
the exogenous genetic materials. The bacterial used for transformation are therefore
named as competent cell, which acquires competence by chemical induction. To
perform transformation, add 12 pL of the ligation product or digested recipient vector
(negative control) into 200 uL. DH5a competent cell each; place the mixture on ice for
30 minutes, heat shock the mixture for 90 seconds at 42<C in a water bath or with a
heat block; then immediately cool down on ice for 2 minutes, add 600 pL of fresh LB
broth without antibiotics and let the bacterial recover and express antibiotic resistance
protein on a shaker of 150 rpm for 45 minutes at 37 <C. At the same time, pre-warm
10 cm LB agar plate with suitable selection antibiotics at 37 <C. After recover, pellet
the cell at 3000 rpm for 5 minutes with a centrifuge. Re-suspend the pellet with 100
uL LB broth and spread it onto the plate. Incubate the plate with plate bottom side up
at 37<C for 12 to 16 hours. Agar plate with single colony should be stored at cold room

or 4<C refrigerator before picking bacterial colony for screening.

Colony verification
Colonies should grow on the agar surface if the transformation worked out. The
colonies grow on the plate transformed with recipient vector should serve as

background control. The difference in the number of colonies between the control
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plate and the ligation plate is proportional to the chance for successful screen. A large
number of colonies on control plate indicates that the vector digestion is incomplete
or self-ligation of recipient plasmid. Small number of or no control plate colonies,
together with a few or a lot of colonies in ligation plate suggesting high chance to get
the positive colony. Pick at least two single colonies and inoculate them in LB for
bacterial culture, then aliquot 500 uL of bacterial culture each for sequencing (BGI).
Successful colony PCR with the bacterial culture suggest right ligation if the insert is
PCR synthesized at the first place, although sequencing is required to confirm the
successful ligation. Extract plasmid with the bacterial culture and wait for the

sequencing results to confirm the right ligations.

Ligation is easy to perform, usually with no length limitation of the target gene
and relatively high efficiency. Special attention should be paid to the following two
points. The first point is, for expression vector with tag expressed in front of target
gene, the target gene should be in frame with the tag and stop codon should be added
at the end of the target gene. The second point is, for expression vector with tag
expressed at the end of the target gene, a start codon is need in front of the target gene,
while there should be no stop codon at the end of the sequence and the tag should be
in frame with the target sequence. Sometimes, the target gene contains the same
restriction enzyme sites as those in the multiple cloning site of expression vector. In
this circumstance, ligation method might not applicable, and method like PCR would

be a nice option.
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2.4.1.2. PCR method

PCR method is the most popular method in our lab to make constructs. PCR
method is so versatile a method that it is not only convenient in making new constructs
but also powerful in making point mutations, deletion mutations or insertion mutations.
PCR method begin with primer design, followed by two rounds of PCR, DPNI

digestion, transformation and sequencing.

Designing primer

The primers for PCR based cloning consist of the following two parts:

Target gene hybridization sequence: about 18-20 base-pairs long that binds to

the ends of the target gene.

Target vector hybridization sequence: about 20 to 25 base-pairs long that binds

to or around the multiple cloning site of the target vector.

The general designing principle of the target gene hybridization sequence is the
same as designing primers to amplify a gene. This part of primer is mainly working in
the first round PCR to amplify the target sequence. The target vector hybridization
sequence, which is a part of target vector around MCS, will bind to target vector as
primers to initiate second round PCR that amplify the full length of target vector

(Figure 2.14).
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Figure 2.16 Diagram of first round PCR in PCR-based cloning

Run first round PCR

Run first round PCR to amplify the target gene. High fidelity polymerase should
be used to minimize the chance of mutation. The general composition and condition
for the PCR with Phusion High-fidelity DNA polymerase (Phu) (Thermo Scientific)
are listed in Table 2.4 and Table 2.5, respectively. The amount of DNA doubles in
each cycle. Template DNA added is the initial source of template for the PCR, as the
amplification goes on, the PCR product will be the predominant source of template.

The denature step is critical for the successful PCR, as too long the period of

Table 2.4 PCR reaction composition

Components 20pL Reaction  SOpL Reaction  Final

H,O 14.7uL 36.8uL

5 X Phu buffer 4.0uL 10.0uL 1 X
Template (200 ng/uL) 0.3uL 0.75uL 3.0 pg/ul
Forward primer (100uM) 0.2uL 0.5uL 1.0 uyM
Reverse primer (100uM) 0.2uL 0.5uL 1.0 uyM
dNTPs (10 mM) 0.4uL 1.0uL 200.0 uM
Phu polymerase 0.2uL 0.5uL 0.1 U/20uL
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denaturation at high temperature will compromise the performance of polymerase
while inadequate denaturation cannot provide enough template for primer annealing.
Both will lead to little PCR product or PCR failure, and this is particular important in
genomic DNA, which generally requires much more severe conditions for
denaturation. The annealing temperature can be calculated based on the target gene

hybridization sequence. The extension time is depending on the polymerase.

Table 2.5 PCR reaction condition

Components Step Temperature Time
Initial denature | 98 ° C 180 S
Denature DNA 2 98 ° C 308
Primer annealing 3 52to 64 ° C 40 S
Extension 4 72° C 20t0 120 S
Repeat cycle Go to step 2 30 cycles
Extension complete 5 72° C 10 min
PCR complete 6 4° C

Gel purification of PCR product

Run PCR product on agarose and cut gel piece with the target band under a UV
illuminator. Purification the gel piece with gel purification kit (Biotek) and elute the
DNA with 20 pL of elution buffer. The eluted DNA will be used as primers for the

second round PCR to incorporate the target gene into the aim vector.

Run second round PCR

The second round PCR are generally conduct at lower temperature regardless the
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annealing temperature calculated based on target gene hybridization sequence. Lower
the annealing temperature will increase the binding of the hybridization sequence at
both ends of first round PCR product to the target vector, instead of self-binding. In
the second round PCR, 2 pL of first round PCR product was used as primers for a 20
uL second round PCR reaction, and 2.5 minutes extension time is generally longer
enough for the whole plasmid extension. The annealing temperature used was between

48 T to 54 C.

DPNI digestion

DPNI is a methylation dependent restriction enzyme, which recognizes and
cleaves the methylated adenine in GATC recognition sequence of DNA grow from
E.coli dam* strain. However, DNA amplified by PCR is not methylated, so it cannot
be cleaved. The 20 puL secondary PCR product were digested with IuLDPN1 (Thermo
Scientific) at 37 <C for 6 hour to remove template DNA and subsequently transformed

into DH5a competent cell for positive colony screening.

Transformation

After digestion, 12 pL of PCR product were transformed into 200 uL of DH5a
competent cell for single colonies and subsequently picked for sequencing. The super
competence of the competent cell is critical for the successful transformation, as the

efficiency of the PCR method is lower compared with ligation method.

71



Colony verification

PCR method is as easy to perform as ligation method, only without a concern that
restriction enzyme sites in the target gene that conflict with the restriction enzyme sites
in the MCS of target expression vector. The length of the target gene by PCR method
should better less than 1500 base pairs, as longer than that will dramatically
compromise the efficiency. Although it is rare to see, mutations do happen on the
target gene or the express vector during the PCR, which might lead to no or wrong
expression. Mutations by PCR was made on the wild type expression constructs with
the similar procedures, except the common primers (like T7 promoter or T7 terminator
in the pET series vector) was used as one of the primers for the first round PCR. In
some circumstances, the second round PCR for constructs of single site mutation or
multiple sites mutation can be done in just one PCR reaction, as the first round PCR
product of different constructs can be mixed together and used as primers for the
second round PCR. After DPNI digestion and transformation, single colonies can be

picked and sent for sequencing to screen for constructs with right mutations.

For the p62 project, the ubiquitin binding associate (UBA) domain (residues 389-
438) of mouse p62/SQSTML1 was cloned into a modified pET32M vector (Novagen)
between restriction sites BamH1 and EcoR1 to make pET32M UBAYT. Mutations
S405E, W414F, K422, K422E, WA14F&KA422A, S405E&KA414F&WA22A were

made based on the wild type pET32M UBAWT by PCR method (not all constructs are
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used in the thesis). The pET32M vector is thioredoxin fusion and His>6 tagged with
a protease 3C cleavage site right before the target gene (Thioredoxin-His>6-3C
cleavage site-target gene). The full length of human ubiquitin was cloned into
modified pETM vector (Novagen) between restriction sites BamH1 and EcoRL1.
Mouse UVRAG and its mutants were cloned into a modified pcDNA 3.1 vector

(Invitrogen) with an N-terminal Flag epitope tag.

2.4.2. Protein Expression and Purification

Expression of ubiquitin, p62 UBA WT and mutants (S405E, S409E, S405A,
S409A, K422A and K422E) were induced in E.coli BL21 (DE3) cells by growing at
30 <C for 5-hour with 0.25 mM of isopropyl-p-D-thiogalactopyranoside (IPTG).
Bacterial cells suspended in His-binding buffer (20 mM sodium phosphate, PH 7.4,
500mM NaCl, 40mM imidazole, 10% glycerol) were lysed by sonication and
centrifuged for 2hr at 20,000 g at 4 <C. Supernatants were loaded onto the His-
binding buffer equilibrated affinity column (His Trap HP, GE Healthcare) and
washed with 15 column-volume of His-binding buffer. The Trx-His>6 tag in front of
UBA and mutants or His>6 tag in front of Ubiquitin were removed by 3C protease
cleavage and the untagged proteins were further purified by size-exclusion
chromatography (Superdex 75, GE healthcare). The detailed background, methods

and procedures for protein expression and purification are as follow.
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2.4.2.1. Protein expression

Transformation for single colony

Expression constructs pET32M UBAWT, pET32M UBAS®E  pET32M
UBAK422A pET32M UBAK422E, pET32M UBAS4OSE&W414F&K422A, pET32M
UBASAOSE&WALAFEKA22E ,ETM Ubiquitin were transformed into BL21 (DE3) (Novagen)
and grown on LB agar plate with ampicillin for 12 to 16 hours at 37 <C. The detailed
protocol for the BL21 (DE3) transformation is as follows. Mix 250 ng of plasmid with
50 uL of competent cells in an EP tube and place the tube on ice for 30 minutes. Heat
shocks the mixture for 90 seconds at 42<C in a water bath or with a heat block, then
immediately place the tube on ice for 2 minutes. After that, adding 600 uL of fresh LB
medium without antibiotics and let the bacterial recover and express antibiotic
resistance protein on a 150 rpm, 37 <C shaker for 45 minutes. At the same time, pre-
warm the 10 cm LB agar plate with ampicillin antibiotics at 37 <C. Spread 100 uL of
the transformation onto the plate and incubate with plate bottom up overnight at 37 <C.
Plate grow with single colony should be stored at cold room or 4 <C refrigerator before

pick for inoculation.

Inoculation for start culture
Single colony was picked and inoculated in a 100 mL glass flask with LB medium
containing 100 pg/mL of ampicillin (100 mg/mL stock) on a 250 rpm, 37 <C shaker

overnight. Satellite colonies are tiny colony always grow around large colony. Those
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satellite colonies grow because of the decreased antibiotic resistance around big
colonies. Therefore, never pick satellite colonies for inoculation, as they do not have

expression construct inside.

Dilution for enlarged cultivation

The overnight start culture are diluted into glass flask (2.8 liter) with 800 mL
autoclaved LB medium at a volume ratio of 1:100 and grown on a shaker of 250 rpm
at 37<C for 2.5 to 3 hours until ODego reachs 0.6-0.8. Cell viabilities should remain
high during cell growth and induction. 800 mL of culture in a 2.8-liter flask should
provide sufficient air exchange to sustain cell growth. The start culture can be saved
in 25% glycerol as stock at -80<C and be recovered for no more than two frozen-thaw

cycles without significantly compromise of cell performance.

Induce protein expression

The culture in flask were moved to 30<C shaker and shaking for 5 minutes
(cooling) before induced with 0.25 mM IPTG for 4 to 6 hours. Other than 30 <C, which
is the most commonly used induce temperature, 20<C or 16 <C are also temperatures
worth trying as lower temperature might slow down protein synthesis and help folding.
Duration of induce time should be extended to 12-18 hours when inducing at lower

temperature.
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Centrifugation for cell pellet
Cells are pellet down in a pre-cooled centrifuge (Beckman) at 6000 rpm for 10

minutes. The cell pellet could be stored at -80<C before protein purification.

2.4.2.2. Protein purification

Sonication to release protein

Several methods are commonly used to lyse bacterial cells like French Press,
homogenizer, freeze-thaw cycle or sonication. Among them, sonication is widely used
for its easy of handle and high efficiency of cell wall disruption. This method delivers
pulsed sound waves with high frequency through a vibrating probe that immersed in
the cell suspension to agitate bacterial cells. Bacterial pellet from 800 mL culture was
re-suspended in 30 mL His-binding buffer (20 mM sodium phosphate, PH 7.4, 500
mM NaCl, 40mM imidazole, 10% glycerol) with additives (1 mM of PMSF as serine
and cysteine protease inhibitor, 0.7% of B-ME as antioxidant) in a plastic beaker and
sonicated with directed a probe until cell lysate turn clear. Sodium phosphate buffer
was always used as binding buffer as it supports better binding of His>6 tagged
proteins to the column. Tris-NaCl buffer may increase the solubility of the protein
after sonication, but it should be avoided for proteins with weak binding to the column
since it may reduce the binding strength. The plastic beaker should be used instead of
glass beaker because glass beaker is likely to break under strong sonication wave. The
beaker used for sonication should be cooled in ice-water mixture to prevent

overheating and denature of the protein. Perform the sonication with on and off cycle
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(10 S/ 15 S) at an amplitude of 50% would efficiently reduce heat accumulation. If the
protein solubility is good, protein can be easily released from the cell and cell lysate

is in bright brown color after sonication.

Centrifugation and filtration for clarified lysate

The lysate are centrifuged in a pre-cooled high speed centrifuge (Beckman) for 2
hours at 20000 rpm to pellet the cell debris. The cell lysate supernatant is further
filtered through 0.22 um membrane to remove any remaining particles. Cell lysate and

buffer need to be particles-free before applied into column and FPLC for purification.

Protein binding to column

Wash the His Trap column (GE) with 5 CV (column volume) of His-binding
buffer to equilibrate the column. The clarified lysate were loaded onto the column by
FPLC (GE Healthcare) at a flow rate of 1 mL/minute. 20 to 40 mM of imidazole can
be added into the His-binding buffer to increase the selectivity of His-tagged proteins
from cellular host proteins with exposed histidine. While 40 mM of imidazole is
generally satisfactory to most proteins, the concentration gives highest protein purity
and yield is protein dependent and has to be determined for each individual protein.
Imidazole quality is essential, as pure imidazole gives no UV2go absorbance. His Trap
column are pre-packed column with intensely cross-linked agarose beads and

chelating group for nickel (Ni%*) has been immobilized on the beads. Amino acid
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histidine can easily form complex with metal ion nickel and this interaction increased
dramatically with His>6 (His-His-His-His-His-His-), which is widely used as affinity
tag in recombinant protein purification. His Trap column can be washed and stripped
thoroughly and recharged with Ni?* (2.5 mL of 1M NiSO;4 for 5 mL column) after 4

to 6 rounds of purification.

Washing off unspecific binding

The protein-loaded column was washed with His-binding buffer to remove
unspecific binding. Usually 13 CV of His-binding buffer is needed to wash out most
of the impurities. But for some proteins, 15-20 CV of wash is required to get

satisfactory results.

Protein elution

The recombinant protein bind to column was eluted out with His-elution buffer
(20 mM PBS, PH 7.4, 500 mM NaCl, 500 mM imidazole). 5 column volumes of His-
elution buffer are commonly sufficient to elute out most of the bounded His-tagged

protein.

Protein buffer change
The protein eluted out in elution buffer can be changed buffer and concentrated

by Amicon (Merk Millipore) with appropriate cut-off size (the average pore size of
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the membrane). Amicon is a centrifugal filter device that allows fast ultrafiltration of
protein sample. Protein with molecule weight larger than the cut-off size of Amicon
is trapped in the membrane vessel while buffer and molecules squeezed through. It is
one of the most convenient and fastest way to change buffer and concentrate of protein
sample. All the proteins are changed to Tris-NaCl buffer (50 mM Tris. HCI, PH 8.0,

150 mM NaCl) before proceed to the next step.

Tag and fusion protein cleavage

His>6 tag are removed by off-column digestion with protease 3C at 4 <C for
18 to 24 hours. The digestion can also be done on-column if the protein is stable
without fusion tag. For digestion of protein for the first time, off column digestion
has to be performed prior on column digestion, as some proteins are unstable or
aggregated without fusion tag during digestion, thus clot the column during on-

column digestion.

Further purification by size exclusion chromatography

Size exclusion chromatography (SEC), also named as gel filtration, is a
chromatographic method to separate molecules in solutions by their size or molecular
weight as they pass through the SEC medium packed in a column. SEC medium,
usually made of dextran, are small porous beads with high chemical and physical

stability. Buffer compositions generally do not directly affect the separation of
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molecules as they do not bind to the dextran medium, so buffer used can be varied to
suit the sample or the application afterwards. What is more, due to the high stability
of dextran medium, conditions like low temperature, metals, detergents, urea and other
harsh condition can be all applied to the column. Protein of different sizes can be
separated by SEC, thus increased the purity protein. By look into the peak site and
retention volume, protein quality (whether homogenous without degradation) or
oligomerization state (monomer, dimer, trimer, or protein aggregates) can also be

assessed.

To perform SEC, 200 uL to 5 mL of concentrated protein sample were injected
into the Hi Load Superdex 75 PG column (GE) pre-equilibrated with at least 120 mL
of buffer. The flow rate is set to 1.0 mL/min and both column pressure and UV were
monitored by FPLC system (GE). Peaks were collect and concentrated to 2 to 5 mM.
Peak fractions are resolved on a SDS-PAGE and stained with commissure brilliant
blue. Small sample volume and reduced flow rate would always give better resolution.
At last, 1 uL of the protein sample was sent for mass spectroscopy to verify the identity

of the protein.

Protein concentration assay
Protein concentration assay was done by the Bio-Rad DC protein assay (Bio-Rad)

kit which is a colorimetric method similar to Lowry assay to determine protein
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concentration following detergent solubilization (Lowry et al., 1951). The reaction
begins between copper and protein in the alkaline solution, followed by the reduction
of Folin reagent by copper-treated proteins. The color development is primarily due to
the oxidation of aromatic residues tyrosine and tryptophan, and to a less extent of
cysteine and histidine(Lowry et al., 1951; Peterson, 1979). The reduction of the Folin
reagent develops a characteristic blue color with a maximum and minimum
absorbance at 750 nm and 405 mm, respectively(Peterson, 1979), which can be read
for absorbance at 750 nm directly with a spectrophotometer. If 750 nm is not available,
absorbance between 650 to 750 nm can also be measured. The protein concentration
can be read directly from the standard curve, which has to be freshly prepared together
with the protein sample. This assay will take about 25 minutes to complete, including
of 15 minutes incubation. Although tedious and time-consuming, proper handle with
this method will always give satisfactory results. The detailed procedures can be refer
to the manufacture’s manual. Ubiquitin is a stable protein with very low UV
absorbance. The overall compact structure of ubiquitin render it relatively stable in the
concentration assay by Bio-Rad DC protein assay Kit, resulting in lower concentration
results. Boiling for 5 minutes to denature the protein before concentration assay would

give accurate result.

The most accessible and simplest way to determine protein concentration in a
well-defined buffer is to use ultraviolet-visible spectrophotometry together with the

protein’s extinction coefficient. The amino acids containing aromatic side chains, such
81



as tryptophan and tyrosine exhibit strong UV absorption. So the UV absorbance of
protein is proportional to their aromatic residues content and protein concentration.
The extinction coefficient of a protein can be calculated from the amino acid
composition of the protein (Gill and Hippel, 1989). For most proteins with UV
absorbance, measuring UV absorbance at 280 nm allows determination of protein
concentration. Nevertheless, many factors have to be considered as they can greatly
influence the accuracy of this method. First, the protein has to be highly pure, as a
combination of proteins with different extinction coefficients is not suitable for this
method. Second, the buffer should not containing any chemicals with UV absorbance
or nucleic acids that interfere with this method. Lastly, the status of the protein also
matters, as the oxidant state or other conditions that change the conformation of the

protein may also interfere with this method.

Protein storage

After all the hard working to express and purify the recombinant proteins, the
correct way to store the purified protein means everything. Purified proteins are often
in a buffer condition that differs considerably from their native environments. So if
buffer and storage conditions are not properly maintained, purified proteins may be
degraded, aggregated or undergoes other modifications that compromise protein
integrity and function. Several protein storage conditions are summarized as in the
Table 2.6. The simplest way to store proteins is store them in autoclaved Eppendorf

tube at 4<C for less than 24 hour as longer time are more likely to have bacterial growth
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or protease degradation of the protein. For longer period storage of proteins such as
protease 3C, store proteins in buffer with 25% glycerol at -20<C is a good option, as
glycerol can be served as cryoprotectant and it is not interfere with the following usage
of the protein. For proteins that need long term storage and prefer no additives to be
added into the buffer, flash frozen the proteins in small aliquots with liquid nitrogen
and store them in -80 <C fridge or even liquid nitrogen would give a shelf life of several
years. This storage condition is always used in the lab as the purified proteins are more
often used beyond 24 hours after purification and the additives like glycerol is not
desired or compatible with the in vitro functional studies and crystallization. The
lyophilized methods can also be used if the protein can be dissolved in a volatile buffer,
but some proteins should avoid this method, as they are not stable in freeze-drying
process. Several points are key for all the different storage conditions. Firstly, all the
buffers used in the protein purification should be autoclaved or filter sterilized, as
microbial would digest and contaminate the protein. Secondly, all the tips used on
pipette, the beaker for sonication, sample loop for lysate loading, glass tube for
fraction collection, Amicon for buffer change and protein concentration and
Eppendorf tubes for protein aliquot should be autoclaved or carefully washed for the
aforementioned reason. Thirdly, concentrate the protein to a high concentration but do

not form aggregates would protect the protein during storage. Last but not the least,
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aliquot in small volume and avoid multiple freeze-thaw cycle.

Table 2.6 Purified protein storage

Storage condition Shelf life

4° C in buffer Less than 24 hours
20° C in buffer with 25% glycerol 1 year

Frozen in -80 ° C fridge or in liquid nitrogen Several years
Lyophilized and frozen Several years

2.4.3. Isothermal Titration Calorimetry (ITC)

ITC studies were performed at 25 °C with an iTC200 microcalorimeter
(MicroCal Inc.). Protein samples were dialyzed with Tris buffer (50 mM Tris, PH
8.0, and 150 mM NaCl) and degassed prior to the experiment. For UBA-ubiquitin
interaction, the injection syringe is loaded with ubiquitin and the cell is loaded with
UBA, including WT, S405E, S409E, S405A, S409A, K422A and K422E. Typical
titrations consisted of 36 injections until the heat generated is negligible. The
equilibration time between injections is 200 seconds. Data were integrated and
analyzed on Origin 7 provided by ITC manufacture. For each experiment, at least

two independent titration experiments were performed.

2.4.4. Size exclusion chromatography (SEC)

Concentrated proteins for size-exclusion chromatography were centrifuged to

remove any bubbles and particles. Size-exclusion column (Superdex 75, GE
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Healthcare) equilibrated with at least one column-volume (120 mL) of Tris buffer
was loaded with protein sample at the flow rate of 1.0 mL/min. The UV absorbance

was plotted against retention volume by software Unicorn (GE Healthcare).

2.4.5. Static light scattering (SLS)

Static light scattering was performed on Wyatt Dawn 8+ (Wyatt Technology)
and it is connected to an AKTA FPLC system (GE Healthcare). The AKTA system
was equipped with a size exclusion column (Superdex 200 10/30 GL, GE
Healthcare), and equilibrated with at least one column-volume of Tris buffer until
the light scattering signal become stable. Concentrated proteins after size exclusion
chromatography were centrifuged to remove any bubbles and particles before loaded
onto the column at a flow rate of 0.5mL/min. Both UV signal and light scattering

signal were plotted and analyzed by software ASTRA.

2.4.6. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry measurements were carried out using a
MicroCal VP-DSC calorimeter (MicroCal Inc.) with 0.5ml cells. 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 CaCl, 1.2 mM MgCl;and 2.4 mM
K2HPO4 by dialysis. Five rounds of buffer to buffer scans (10 to 90<C, 60<C /hr)

were performed to acquire a high quality baseline and a consistent thermal history
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prior to the protein data collection. The protein samples at a concentration of 200uM
were degassed and warmed to 25<C before loaded into the sample cell. All the
protein samples were injected in a temperature window between 15<C and 25<C.
Data were analyzed by the software provided by the manufacturer (MicroCal Inc.),
with steps including baseline subtraction, normalization and model fitting. For each

experiment, at least three independent scans were performed.

2.4.7. NMR (HSQC)

'H-1’N HSQC spectra of p62 UBA WT and S409E were collected at a
concentration of 100 uM in 20 mM sodium phosphate buffer, pH 6.8, 5 mM potassium
chloride, 1 mM EDTA and 10% D>0. For ubiquitin titration, 6-equimolar of ubiquitin
was mixed with the 1°N labeled UBA sample for the data collection. The spectra were
acquired with a Bruker Avance 700 MHz spectrometer at 20<C and data were

processed by the software provided by the manufacturer (Bruker Corporation).

2.4.8. Ub binding assay

For cell-based poly-Ub binding assay, p62 knockout MEFs transiently
transfected with FLAG-p62 WT, S409A, S409E, K422A, S409E/K422A or empty
vector were lysed with RIPA buffer. To generate poly-Ub proteins, normal p62
knockout MEFs were treated with MG132 and then lysed with RIPA buffer. Same

amount of protein lysates from each pool were mixed and incubated with M2 FLAG
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affinity gel beads for overnight at 4<C. Beads were extensively washed with RIPA

buffer five times and then subjected to immunoblot assay.

2.4.9. Crystallization and structure determination

The crystals of both S405E and S409E were grown at 16°C by the hanging drop
vapor diffusion method. 1puL of protein (2.5 mM) in Tris buffer (150 mM NaCl, 150
mM Tris, PH 8.0) was mixed with 1uL of reservoir buffer. S405E crystal was grown
in buffer 0.05 M potassium phosphate monobasic, 20% w/v polyethylene glycol
8,000 after five days of incubation at 16°C. S409E was grown in buffer 2000mM
citric acid, pH3.5, 25% PEG3350 after seven days of incubation at 16°C.

Both crystals were cryoprotected in reservoir solution plus 20% glycerol for 10
seconds before mounted to the in-house Rigaku MicroMaxTM-007HF X-ray
machine for data collection. Diffraction data were collected at 100K, integrated by
Mosflm (Leslie, 2006) and scaled by the SCALA module (Evans, 2006) in CCP4.
All the structures were solved by molecular replacement using the PHASER module
in the CCP4i suite of programs with mouse UBA wild-type structure (PDB ID:
3BOF) as search model (McCoy, 2007). The subsequent structural refinement was
conducted using REFMAC module in CCP4 (Murshudov et al., 1997). Manual
structure rebuilding was done using WINCOOT (Emsley and Cowtan, 2004). Data
collection and refinement statistics are summarized in table 2.1. The coordinates of

S405E and S409E have been deposited to Protein Data Bank with the respective
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PDB ID5HH2 and 5SHGY. The structure figures were prepared using the CCP4mg

package (Potterton et al., 2004) in CCP4.
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Chapter 3. Potent Beclin1-UVRAG interaction via coiled
coil region is critical to promote Vps34-dependent endocytic

trafficking and can be targeted for modulation

3.1. Introduction

3.1.1. Atgl4L and UVRAG are mutually exclusive binding partners of Beclinl

mediated by their respective coiled coil domains

The mammalian Class |11 phosphatidylinositol 3-kinase (P13KC3) complex, also
termed the Beclin1-Vps34 complex, is a dynamic multi-protein assembly that plays
critical roles in membrane-mediated intracellular transportation processes such as
autophagy, endocytic trafficking and phagocytosis (Funderburk et al., 2010). Core
members of this complex include the lipid kinase Vps34 that serves as the major
producer of phosphatidylinositol 3-phosphate (PI3P) lipids; a serine/threonine kinase
Vpsl5 stably associated with Vps34, the scaffolding molecule Beclinl and either
Atgl4L or UVRAG as the Beclinl-binding partner (Itakura and Mizushima, 2009a).
The binding of UVRAG and ATG14L to Beclinl coiled coil domain is mutually
exclusive through their respective coiled coil domain (Itakura et al., 2008; Itakura and
Mizushima, 2009a). The Atgl4L-containing form is termed Complex I and is mainly
involved in early-stage autophagy induction. Atgl4L is responsible for directing
Complex I to ER sites to promote autophagosome biogenesis (Matsunaga et al., 2009a;
Zhong et al., 2009). The UVRAG-containing form, on the other hand, is termed

Complex Il and play critical roles in late-stage autophagy execution and degradative
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endocytic trafficking (Liang et al., 2006b; Liang et al., 2008b).

3.1.2. Beclinl coiled coil domain is a metastable homodimer with an imperfect

interface

The Beclinl coiled coil domain forms an antiparallel homodimer, with each
peptide chain consisting of 13 heptad repeats (Li et al., 2012c). For antiparallel coiled
coils, hydrophobic residues at position a on one peptide chain are generally packed
against the corresponding hydrophobic residues at position d’ of another peptide chain
to form a-d’ packings. Those a-d’ packings help to stabilize the coiled coil structure.
Close look into the dimer interface of Beclinl coiled coils revealed that, out of 13
unique a-d’ pairs formed between heptad repeats, only 7 pairings exert favorable Van
del Waals interactions to stabilize the antiparallel dimer. The remaining 6 a-d’ pairings
are either contain charged residues or residues with bulky polar side chains that
significantly weaken dimer stability (Li et al., 2012c). In addition, all Beclinl residues
involved in a-d’ pairings are highly conserved among different organisms. Those
observations suggest that the antiparallel Beclinl coiled coils is unstable and the
metastable feature is conserved. The biochemical studies confirmed the metastable
nature of Beclinl coiled coils. The CD spectrum of Beclinl coiled coil domain show
that the dimeric structure is unstable at physiological temperature. The exchange assay
further show that the metastable Beclinl coiled coil domain readily undergoes

dynamic exchange between dimer and monomer (Li et al., 2012c). Beclinl coiled coil
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domain is a metastable homodimer with an imperfect interface that with function

significance.

3.1.3. Beclinl coiled coil domain undergoes dimer-to-monomer transition upon

interaction with Atgl4L and UVRAG to form heterodimeric coiled coil assembly

Beclinl coiled coil domain interacts with coiled coil domain of Atgl4L and
UVRAG exclusively to form two distinct Beclin1-Vps34 complex | and Il (Itakura et
al., 2008). Both coiled coil domain of Atgl4L and UVRAG are in monomeric state.
The metastable Beclinl coiled coil domain readily undergoes dimer-to-monomer
transition upon interaction with Atgl4L and UVRAG to form heterodimeric coiled
coil assembly. Coiled coil domain of Beclinl binds to coiled coil region of Atgl4L
and UVRAG with high affinity (Kq ~3.22 and 0.24 puM, respectively), compared with
the relatively weak association of Beclinl coiled coil domain homodimer (Kq ~89 uM,)
(Li et al., 2012c). The coiled coil interaction of Beclin1-UVRAG is stronger than
Beclinl-Atgl4L, as suggest by the smaller dissociation constant (Kq 0.24 versus 3.22
uM). Moreover, Beclinl-UVRAG interaction is more resistant to high salt
environment than Beclinl-Atgl4L interaction, indicating that Beclinl-UVRAG

interaction is stronger and more hydrophobic in nature.
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3.1.4. The Beclin1l-UVRAG interaction is critical for autophagy and endocytic

trafficking

The ultraviolet (UV) radiation resistance-associated gene (UVRAG) is isolated
and named for its ability to partially complement the ultraviolet sensitivity in
xeroderma pagmentosum cell line (Perelman et al., 1997). The human UVRAG gene
is localized at the chromosome locus 11q13 and locus 11913 is implicated in a variety
of tumors (Bekri et al., 1997; Perelman et al., 1997). Studies revealed that UVRAG is
highly conserved and functions as a tumor suppressor (Liang et al., 2006a). UVRAG
has also been reported as a regulator in autophagy and endosomal trafficking (Liang
et al., 2006a; Liang et al., 2008a). UVRAG is reported to be mono-allelically mutated
in various human tumors (lonov et al., 2004). The tumor-suppressing activity of
UVRAG has so for been largely attributed to its autophagy-promoting ability.
UVRAG is firstly described by Liang as a novel autophagic protein that binds to
Beclinl and functions as a tumor suppressor (Liang et al., 2006a). HCT116 human
colon cancer cells with very low level expression of UVRAG are defective in
autophagy. UVRAG reconstitution greatly restored autophagy and suppressed cancer
cell proliferation (Liang et al., 2006a). In addition, knock down of UVRAG suppressed
autophagy (Liang et al., 2006a). Recent studies show that truncation of UVRAG gene
promotes tumorigenesis in colorectal cancers (He et al., 2015). MicroRNA 183 (miR-
183) has been reported to target UVRAG for autophagy regulation and inhibition of
endogenous miR-183 enhanced autophagy activity (Huangfu et al., 2015). Although

UVRAG has been largely reported as a putative tumor suppressor and positively
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regulates autophagy, its role in autophagy is with controversy. For example, UVRAG
mutations in microsatellite unstable cancer does not affect autophagy (Knaevelsrud et

al., 2010).

Vps34 is a Class 11l phosphatidylinositol 3-kinase (PI3KC3) that forms a core
complex with Beclin 1 and Vpsl5, and functions in various trafficking pathways
including endocytosis, multi-vesicular body formation and autophagy (Itakura and
Mizushima, 2009b). In yeast, there are two functional distinct PI3K complexes. Vps34,
Vpsl5, Vps30/Atg6 and AtgldL form complex | that is essential for autophagy. In
contrast, Vps34, Vps30/Atg6 and Vps38 form complex Il and mainly functions in
vacuolar protein sorting pathway (ltakura et al., 2008). UVRAG is a putative
mammalian orthologue of yeast Vps38 (ltakura and Mizushima, 2009b). UVRAG
binds to Beclin 1 and up-regulates VVps34 activity, which leads to increased PI3P
production and enhanced autophagosome formation (Liang et al., 2006a). It has also
been reported that UVRAG interacts with Vps34 core complex to promote
autophagosome and endosome maturation (Matsunaga et al., 2009b). The Vps16-
binding ability of UVRAG C2 domain and CEP63-binding domain have been reported
to recruit membrane for fusion machinery, which promotes autophagosome
maturation and later step of endocytosis. Endosome is a membrane-bound
compartment inside eukaryotic cells that transports extracellular molecules, plasma
membrane receptor proteins or ligands internalized for lysosomal degradation.

UVRAG functions not exclusively in autophagy regulation, instead a large portion of
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UVRAG present at the endosomal compartments to execute endosome-associated
functions (Liang et al., 2008a). UVRAG was reported to promote EGF receptor
(EGFR) degradation through endocytic trafficking and depletion of UVRAG leads to
sustained EGFR signaling (Liang et al., 2008c). BSA (bovine serum albumin) is a
well-studied cargo endocytosed and designated for lysosomal degradation. In a DQ-
BSA endocytic processing assay performed with macrophage RAW264.7, UVRAG
over expression accelerated the DQ-BSA degradation without effecting the total
amount of internalized BSA (Liang et al., 2008a). UVRAG was also found to promote
lysosomal protein cathepsin D degradation through enhanced intracellular protein
sorting from the TGN to lysosomes. As expected, restore of UVRAG expression in
UVRAG-deficient HCT116 cells promotes cathepsin D maturation (ltakura et al.,
2008; Liang et al., 2008c). These findings suggest that UVRAG accelerates endocytic

trafficking of cargo to late endosome/lysosome for degradation.

There are also evidences that UVRAG interacts with C-Vps to stimulate
endosome fusion, which promotes endocytic trafficking and degradation of cargo. The
function of UVRAG-C-Vps interaction is different from the function mediated by
UVRAG-Beclinl interaction. This notion is supported by several reports. First,
UVRAG C2 domain and CEP63 domain that responsible for Atg16 binding are not
required for Beclin 1 binding. Second, while Beclinl-Class 11l PI(3)K mainly
localized at the trans-Golgi network (Kihara et al., 2001), C-Vps are largely

endosome-associated (Kim et al., 2001; Kim et al., 2003; Richardson et al., 2004).
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Third, C-Vps proteins recruits to autophagosomes does not regulate autophagy, which
is mainly mediated through UVRAG-Beclin 1 interaction (Liang et al., 2006a). What
is more, UVRAG defective in Beclinl binding but retain C-Vps binding is able to
mediate LC3" and LAMP1" structures formation. In contrast, UVRAG defective in
C-Vps interaction but retain Beclinl binding is able to promote autophagy (Liang et
al., 2008a). These results indicated that UVRAG might function as a trafficking
effector in Beclinl-Class 111 PI(3)P and C-Vps complexes to contribute in autophagy

and endocytic trafficking pathways.

3.1.5. UVRAG impacts endocytic trafficking via interaction with the HOPS

complex

Initial recognition of Rab GTPase on transport vesicles by multi-subunit
tethering complexes and subsequent coupling to SNARE-mediated fusion are two
events required for membrane fusion within the eukaryotic endomembrane system
(Br&xker et al., 2012). The conserved vacuolar/lysosomal homotypic fusion and
vacuole protein sorting (HOPS) tethering complex, which is the core complex of
class C vacuolar protein sorting (C-Vps), is thought to couple Rab activation and
SNAREs assembly during membrane fusion (Nakamura et al., 1997; Peplowska et
al.). UVRAG was reported to interact with HOPS, so as to stimulate autophagosome
maturation and endosomal fusion, thereby enhancing both the autophagic and

endocytic protein degradation (Liang et al., 2008a). However, the role of UVRAG in
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autophagosome formation and autophagosome-lysosome fusion is controversial

(Farr et al., 2010; Itakura et al., 2008).

3.1.6. Functional roles of UVRAG beyond autophagy

UVRAG is reported to help in preservation of genomic stability and centrosome
integrity, which is mainly mediated by association of CEP63 with UVRAG CEP63-
binding domain and independent of its autophagy related functions (Zhao et al., 2012).
At the same time, UVRAG DNAPK-binding domain activates DNAPK to promote
DNA double-strand-break (DSB) repair. UVRAG knock down increased radiation-
induced DSBs (Myung Park et al., 2014). Those functions may confer tumor
suppressor role of UVRAG that independent of autophagy (Zhao et al., 2012). In
addition, UVRAG C2 domain interacts with BCL2-associated X (Bax) protein to
regulate apoptosis (Yin et al., 2011). By binding to Bax, UVRAG blocks Bax
translocation to mitochondrial membrane, which disrupts mitochondrial membrane
potential, releases of cytochrome C and subsequent activation of caspase-9 and
caspase-3, so as to induce apoptosis (Zhu and He, 2014). UVRAG has also been
reported to play a role in control of Drosophila organ rotation, which is important for
development of left-right body asymmetry (Lee et al., 2011a). UVRAG gene in human
patient with left-right axis malformation has also been identified as disrupted (A et al.,

2000).
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3.2. Results

3.2.1. The Beclinl-UVRAG complex structure reveals a parallel coiled coil

assembly

Beclinl coiled coil domain displayed the prominent motif of heptad repeat
abcdefg over a long stretch of amino acid sequence (174-266, ~90 residues). In
contrast, the coil coiled domain of UVRAG only shows short stretches of such repeats
(228-275, ~50 residues) interspersed by Gly-rich flexible segments. In order to
identify the most critical region of Beclinl coiled coil domain for UVRAG binding, a
series of Beclinl constructs scan through the entire Beclinl coiled coil domain
(residues 174-266) from N- to C-terminal were generated. Isothermal Titration
Calorimetry (ITC) measurements reveal that the N terminal part (residues 174-223) of
the Beclinl coiled coil domain binds to UVRAG with high binding affinity (Kq ~0.30
uM) comparable to that for the entire Beclinl coiled coil domain (Kg ~0.24 uM). So
Beclinl with residues from 174 to 223 was linked to UVRAG (residues 228-275) with
a 10 residues GS*5 linker (GSGSGSGSGS) (Figure 3.1 a). Previous work done in the
lab by Dr. He Yunjiao solved the crystal structure of this linked Beclinl-UVRAG
heterodimeric coiled coil domain complex. The structure was determined by data
collected at synchrotron that diffract to 1.8 A resolution. The structure shows that,
UVRAG and Beclinl form a canonical parallel coiled coil heterodimer (Figure 3.1 b),
which is distinct from the anti-paralleled homodimer of Beclinl coiled coil domain

(Lietal., 2012c). The (GS)s linker is not visible in the structure due to high flexibility
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of the linker.

(@) Beclinl (GS)*5 linker UVRAG
A

174 223 228 275
(b)

uvrac /M
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. ™ c E ‘

Beclin1\N %\_‘ 'tC

Figure 3.1 Crystal structure of Beclin1-UVRAG coiled coil complex

(@) The schematic diagram of Beclinl and UVRAG linked with a (GS)*5 linker.
(b) The parallel heterodimeric crystal structure of Beclin1-UVRAG complex.

3.2.2. The Beclin1-UVRAG interface is significantly stabilized by hydrophobic

pairings and electrostatically complementary interactions

Hydrophobic interaction, hydrogen bond and electrostatic interaction are major
forces contribute to protein interaction. A signature feature of coiled coil dimer is the
“leucine zippers” that consist of highly hydrophobic amino acid side chains. Those
“leucine zippers” at the dimer interface “zip” and stabilize the coiled coil assembly.
Close analysis of the interface of Beclinl-UVRAG coiled coil complex yields
information on the molecular determinants that render the Beclinl-UVRAG
heterodimer stable. First of all, Beclinl-UVRAG complex contains five pairs of

perfect “leucine zippers” (L178a-1232q’, L185a-L239a°, L192a-L246a’, L196d-

L2504 and L210d-L.264d’, Beclinl residues underlined) at the heterodimer interface
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to stabilize the parallel coiled coil assembly. (Figure 3.2a). In addition to those
hydrophobic “leucine zipper” pairs, negatively charged side chain E260 and polar side
chain Q252 at the dimer interface in UVRAG form electrostatic interaction and
hydrogen bond with positively charged side chain R203 in Beclinl. Moreover,
interaction between UVRAG hydrophobic residue L271 and Beclinl nonpolar residue
A217 also contributes to stability of Beclin1-UVRAG dimer structure. In summary,
all the hydrophobic pairings and additional stabilizing interactions render Beclinl-

UVRAG complex notably stable.

In order to confirm our structural findings and further delineate the molecular
determinants that facilitate stable Beclin1-UVRAG interaction, a series of UVRAG
mutants were generated based on the complex structure, in which one, two, five and
all six of hydrophobic leucine (L) residues involved in leucine zipper formation were
replaced with polar and negatively charged glutamic acid (E), in the hope of disrupting
the hydrophobic interactions that “zip” Beclinl and UVRAG together (Figure 3.2 b).
UVRAG with different number of L to E mutations (single-point, double-point, penta-
point and hexa-point) were cloned into pETM vector or pET32M vector for protein

expression.
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Figure 3.2 Key residues for Beclin1-UVRAG interaction

(@) The coiled coil interface of Beclinl-UVRAG heterodimer. Green arrows mark five
pairs of “leucine zippers”; Red arrows denote the electrostatic interactions while
yellow arrow indicates moderate hydrophobic interaction.

(b) Design of UVRAG Leu-to-Glu mutants.

Dr. He Yunjiao purified protein of Beclinl and UVRAG mutants from E.coli and
performed Isothermal Titration Calorimetry (ITC). ITC results show that the single
Leu-to-Glu mutation (termed 1E) already significantly weakens its binding to Beclinl
coiled coil domain (Kq ~180 uM) while additional Leu-to-Glu mutations to replace
two or more of the leucine residues (termed 2E, 5E and 6E) completely abolish such
binding. (Figure 3.3 a and b). These data suggest that hydrophobic leucine residues on

UVRAG collectively contribute to the strong Beclinl-UVRAG interaction.
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Figure 3.3 UVRAG mutations with reduced Beclinl affinity

(a) ITC titration of UVRAG WT and mutants with Beclinl. UVRAG in syringe were
titrated into cell with Beclinl. Top parts are ITC thermograms of Beclinl titrated to
UVRAG WT and mutants (1E, 2E, 5E and 6E). Bottom parts are plots of

corresponding integrated heat values.

(b) Data from (a) were fitted with single site model with Kq summarized.

ITC studies confirmed a group of leucine residues in UVRAG that are critical for
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Beclin1-UVRAG interaction. Next we tested those UVRAG mutants in mammalian
cell for their interaction with endogenous Beclinl by co-immunoprecipitation (Co-IP).
FLAG-tagged full length UVRAG WT and mutants (1E, 2E, 5E and 6E) were
transiently transfected into HEK293T cell and their interaction with endogenous
Beclinl was assessed. Our data (Figure 3.4) show that all UVRAG mutants can pull
down similar amount of endogenous Beclinl, under both normal feed and nutrient
deprived conditions.
FAGUVRAG & & ¢ dv & & IS¢ (& &
- - - - - + + + + +

EBSS

FLAG (UVRAG) = W SRR , | IP: FLAG

e b .~ 1B Beclind

2

Beclinl

Flag-UVRAG - e DTSR

Beclinl W Input

B-actin MENEERARAR PP

Figure 3.4 Co-immunoprecipitation results to characterize the association
between Beclinl and UVRAG Leu-to-Glu mutants in vivo

pCDNAS3.1 Flag vector, full length UVRAG WT and UVRAG mutants (1E, 2E, 5E
and 6E) were transiently transfected into HEK293T cell for 24 hours. Cells were
treated with or without EBSS buffer for 2 hour before cell collection and lysis for
immunoprecipitation by magnetic anti-Flag beads. The resulting immuno-complexes
were resolved on a SDS-PAGE, followed by blotting and the subsequent detection of
Beclinl.

These data does not agree with the in vitro ITC data. Several factors could lead
to this discrepancy. First of all, while only coiled coil domain of UVRAG (229-274)
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and Beclinl (175-224) were used in ITC experiments, co-immunoprecipitation
experiments used full-length proteins. So there is a possibility that other regions of
UVRAG or Beclinl might be involved in the interaction as well. Secondly, the
sensitivity of the two methods is different. While ITC provides quantitative
measurement of direct physical interaction, Co-immunoprecitation assay is more
sensitive to detect overall co-precipitation of proteins but does not discriminate direct

and indirect protein-protein interaction.

To further investigate the impact of these Leu-to-Glu mutations on the potency
of the Beclin1-UVRAG interaction, we co-transfected those UVRAG mutants and
Atgl4L into HEK293T cells and probed their respective interaction with endogenous
Beclinl by co-immunoprecipitation experiments. This setup is intended to compare
the binding affinity of Atgl4L and UVRAG mutants to endogenous Beclinl as they
are mutually exclusive and essentially competitive binding partners of Beclinl. Our
co-immunoprecipitation results show that in the presence of transiently over-
expressed Atgl4L, both 1E and 2E UVRAG constructs can pull down similar amount
of endogenous Beclinl as compared to UVRAG wild type. However, 5E and 6E
constructs didn’t pull down detectable amount of Beclinl, suggesting the Beclinl-
binding potency of these mutants have been weakened and thus cannot compete with
Atgl4L (Figure 3.5). In summary these competitive co-immunoprecipitation
experiments confirm that mutational perturbation of the key hydrophobic residues

identified from our Beclinl-UVRAG complex structure leads to significantly
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weakened interaction between these two molecules with the magnitude of such
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Figure 3.5 Competitive co-immunoprecipitation experiments to compare the in
vivo potency of Beclinl association between UVRAG mutants and Atgl4L

pCDNAZ3.1 full length UVRAG WT or UVRAG mutants (1E, 2E, 5E and 6E) were
transiently co-transfected with pEGFP N3 ATG14L into HEK293T cell for 24 hours.
Cells were treated with or without EBSS buffer for 2 hour before cell collection and
lysis for immunoprecipitation by magnetic anti-Flag beads. The resulting immuno-

complexes were resolved on a SDS-PAGE, followed by blotting and the subsequent
detection of Beclin 1.

These data not only prove that the “leucine zippers” stabilized UVRAG-Beclin 1
heterodimer, but also imply the essential role of this interaction in the homeostasis of

Beclinl-UVRAG and Belin1-ATG14L complexes.

3.2.3. Potent Beclinl-UVRAG interaction via coiled coil domains is required to

promote lysosomal degradation of EGFR but not critical for autophagy

After our structural and biochemical studies confirm a highly stable Beclinl-

UVRAG coiled coil complex underpinned by a predominantly hydrophobic interface,
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we set out to understand the functional significance of this potent interaction on
Vps34-dependent autophagy and endosomal trafficking. This investigation is
particularly relevant considering that the Beclinl coiled coil domain forms only
metastable homodimer due to a series of “imperfect” pairings at its otherwise
hydrophobic interface(Li et al., 2012b). It is intriguing whether the potent Beclinl-
UVRAG interaction is required for activities mediated by the UVRAG-containing

Beclinl-Vps34 complex.

We transfected UVRAG mutants (1E to 6E) into HelLa cells stably expressing
GFP-LC3 to assess the impact of Beclin1-UVRAG interaction on autophagy activity.
Our results show that over-expression of wild-type UVRAG, as well as its mutants,
caused no detectable difference in terms of LC3 puncta formation (Figure 3.6a).
Furthermore, the impact by these UVRAG constructs on autophagy marker, such as
p62 or LC3 is also negligible, whether in the presence or absence of lysosomal
inhibitor chloroquine (CQ) (Figure 3.6b). Similar results were observed in HEK293T
cells, as over-expression of either wild-type UVRAG or 6E mutant caused no change
in the total amount of p62 or the relative ratio of LC3-1 and Il (Figure 3.6c). These
results suggest that potent Beclinl-UVRAG interaction is not required for the

execution of autophagy.
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Figure 3.6 The potent Beclin1-UVRAG interaction is not essential for
autophagy

(@) Representative confocal fluorescent images of HeLa cells stably expressing GFP-
LC3 after transfection of mCherry-tagged UVRAG wild-type (WT) and 6E mutant
construct. The pattern of LC3 puncta formation is little affected by over-expression
of either WT or 6E. Scale bar represents 10 um.

(b) Western blots of autophagy marker LC3 in HeLa cells stably expressing GFP-
LC3 after co-transfection with FLAG-tagged UVRAG constructs either in the
absence (-) or presence (+) of chloroquine (25uM, 3hr).

(c) Western blots of autophagy marker LC3 in HelLa cells stably expressing GFP-
LC3 after co-transfection with FLAG-tagged UVRAG constructs either in the
absence (-) or presence (+) of chloroquine (25uM, 3hr)

To assess the importance of potent Beclin1-UVRAG interaction in facilitating
lysosomal degradation of EGFR, we transfected FLAG-tagged UVRAG constructs

into HEK293T cells and tracked the EGFR degradation process after overnight
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nutrient starvation followed by EGF stimulation. Over-expression of UVRAG wild-
type, 1E and 2E constructs all led to significantly enhanced EGFR degradation while
5E and 6E failed to show similar effects (Figure 3.7). To further confirm these findings,
we conducted similar experiments using A549 non-small cell lung cancer (NSCLC)
cells. The EGFR degradation profile in these cells is significantly prolonged as
compared to that in HEK293T (half-life ~ 3 hours with ~ 20% remaining after 5 hours
in A549), probably to sustain excessive proliferation. Nonetheless, over-expression of
wild-type UVRAG and 1E construct in A549 significantly enhanced the degradation
profile of EGFR, shortening the half-life to ~ 2 hours with less than 10% remaining
after 5 hours (Figure 3.8 a and b). 2E construct showed a weaker effect, with half-life
comparable to that for control, but the overall degradation after 5 hours was improved
(~ 5% remaining vs. 20% for control). However, SE and 6E constructs didn’t induce
promotional effect at all. Their EGFR degradation profile is largely identical to that
for control (Figure 3.8 a, b and c¢). These data suggest that the promotional effect of
UVRAG on EGFR degradation is modulated by the potency of the Beclin1-UVRAG
interaction. Only strong interactions afforded by wild type or 1E construct lead to
significant enhancement to EGFR degradation. Weaker constructs like 2E can only
induce subdued effects while constructs like 5E and 6E that are severely weakened

and fail to compete with Atgl4L cannot induce any promotion.
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Figure 3.7 The potent Beclin1-UVRAG interaction is important for EGFR
degradation in HEK293T cells

After transfection with UVRAG constructs, HEK293T cells were starved overnight
and stimulated with EGF. EGFR level in cell lysate was analyzed by western blots at
specific time points over the period of 120 minutes. Over-expression of wild-type, 1E
and 2E UVRAG constructs lead to enhanced EGFR degradation while 5E and 6E fail
to do so.
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Figure 3.8 The potent Beclin1l-UVRAG interaction is important for EGFR
degradation in A549 non-small cell lung cancer cells

The time course for EGFR degradation in A549 cells is prolonged (~ 5 hours) as
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compared to that in HEK293T (~ 2 hours). Nonetheless similar results were obtained.
Over-expression of wild-type, 1E and 2E constructs lead to enhanced EGFR
degradation while 5E and 6E fail to do so. Experiments were repeated 3 times and the
statistical plot is shown on the right.

These data proved an essential role of UVRAG in EGFR degradation through
endocytosis pathway and suggest that Beclinl-UVRAG interaction is important for
EGFR degradation. To sum up, Beclin1-UVRAG interaction plays an essential role in

endocytic degradation of EGFR but le ss essential for autophagy.

3.2.4. Structure-based rational design of Beclinl-targeting stapled peptides

Given the importance of the Beclinl-UVRAG interaction in facilitating
lysosomal degradation of EGFR, we proceeded to structure-based rational design of
Beclinl-targeting stapled peptide with the aim to promote Beclinl-UVRAG
interaction and enhance EGFR degradation. These compounds, if successful, may
have the translational potential to serve as novel approach to suppress EGFR-driven
proliferation in cancer cells. Specifically, our plan is to develop small-molecule
compounds in the form of stapled peptides that can bind to the C-terminal region of
Beclinl coiled coil domain, away from the UVRAG binding site (Fig 3.9). We expect
these stapled peptides to disrupt the metastable dimer interface of Beclinl coiled coil
domain, facilitate the binding of monomeric Beclinl to Atgl4L and UVRAG, thus

promote autophagy and enhance lysosomal degradation of EGFR.
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N Beclin 1 CC Domain ¢
UVRAG CC domain
Figure 3.9 The design principle of Beclinl-specific a-helical stapled peptides
The coiled coil (CC) domains of Beclinl and UVRAG are drawn in relative scale to
demonstrate the hydrophobic interface formed between the N-terminal half of
Beclinl CC domain and UVRAG. The stapled peptide is shown as a short ribbon.
The spheres on the ribbon represent the chemically engineered staples to stabilize the
a-helical structure. The two Ys mark Beclinl residue Y227 and Y231, which
correspond to the EGFR-phosphorylated Y229 and Y233 in human Beclinl. The
stapled peptide is designed to bind to the C-terminal half of Beclinl CC region
starting from around Y227 and Y231.

As the first step of our design effort toward Beclinl-specific autophagy
modulators, we need to prove that the C-terminal region of Beclinl (residues 231-245)
is not required for UVRAG binding and mutational perturbation at this region to
prevent the formation of Beclinl homodimer would be beneficial for its interaction
with UVRAG. We generated a Beclinl mutant L241E/L245E (mBeclinl) to weaken
the hydrophobic leucine zipper pairs at the homodimer interface of Beclinl coiled coil
domain. These mutations are predicted to weaken the Beclinl homodimer but should
not interfere with the Beclin1-UVRAG interaction as they are outside of the Beclinl
construct (residues 174-223) used in Beclin1-UVRAG structure. ITC profile show that
indeed the binding affinity of mBeclinl to UVRAG is ~ 20 times stronger than that of

Beclinl wild-type (Figure 3.10).
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Figure 3.10 ITC profile show that Beclinl with mutation in the C-terminal region
of its CC domain (mBeclin) binds to UVRAG stronger than wild-type

Guided by experimental findings, we decided to generate stapled peptides that
specifically bind to Beclinl coiled coil region 231-245. While our ITC confirmed the
importance of targeting L241 and L245 in our design process, we set the N-terminal
starting point at Y231 as this residue corresponds to a site phosphorylated by EGFR
in human Beclinl to blunt its degradation(Wei et al., 2013). The next residue S232 is
also a phosphorylation site targeted by Akt that functions to inhibit autophagy and
facilitates Akt-driven tumorigenesis (Wang et al., 2012). Protecting this region with
stapled peptides would potentially lead to more effective attenuation of EGFR
signaling and inhibition of cancer cell proliferation. By integrating our structural
findings as well as previous studies we believe region 231-245 of Beclinl is the most
effective target.
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Beclinl-specific stapled peptide can be computationally built by simply taking
the a-helical segment that interacts with the target region within the Beclinl
homodimer structure. In our case, the stapled peptide SP1 should have the sequence
corresponding to residue 192-206 (Figure 3.11 a). A two-turn hydrocarbon staple is
introduced in silico to link a pair of residues located at i and i+7 positions at the non-
binding surface of the peptide to help stabilize the a-helical structure but not to

interfere with Beclinl binding (Figure 3.11 a and b).

Small peptides like simple alpha helices often do not exhibit enough helicity in
solution, thus lead to weak or even loss of binding to target protein. Also, random
chain of the peptide in solution is prone to proteolytic degradation. To lock the short
peptide in a preferred and confined conformation, synthetic braces like hydrocarbon
are introduced into the peptide. Un-natural amino acids introduced hydrocarbon ring
into the peptide through ring-closing reaction of the olefin terminals (Figure 3.11 c).
The resulting ring formed in the peptide servers as brace to render short peptide stable
with increased target binding and cell penetration ability, while resistant to proteolytic
degradation. For stapled peptides used in this project, non-natural amino acids R8 and
S5 with olefin terminal were introduced by rule of ““i, i+7” (Figure 3.11 c and d). Figure
3.11 d shows the sequence of stapled peptide SP4 and how it is been stapled by non-

natural amino acids R8 and S5.
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Figure 3.11 Structure-based rational design of stapled peptides to target the
Beclinl coiled coil domain

(@) Model of a computationally designed stapled peptide SP1 binding to the C-terminal
region of Beclinl CC domain. The orange bracket highlights the hydrocarbon staple.
The residues are numbered according to Beclinl sequence.

(b) Carton description of the stapled peptide. The red color depicts the peptide in helix,
and the green color denotes the un-natural residues that lock the peptide conformation.
(c) Non-natural amino acids R8 and S5 with olefin terminal were used as building
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blocks in stapled peptide.
(d) Non-natural amino acids R8 and S5 in stapled peptide SP4.

Computational optimization to enhance the binding affinity of SP1 toward the
target region has been carried out. A library of stapled peptides was generated in which
residues deemed critical for target site binding were unchanged while other amino acid
residues were computationally varied (Table 3.1). The binding modes of these stapled
peptides to the Beclinl molecule were characterized by molecular dynamics (MD)
simulation and their binding energies were computational calculated using the force
field-based MM-GB/SA method. Certain sequence changes, such as replacing Val
with Ala and Gln with Ser in SP4, led to significantly improved binding energy (Table
3.1).

12 stapled peptides were designed as the top candidates based on their
computational interaction energy (binding ability) to Beclin 1 CCD (Table 3.1).
Peptides SP4, SP9 and SP12 with high interaction energy were synthesized

(Synpeptide, Shanghai) and screened for Beclin CCD binding.
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Table 3.1 Computational modeling optimized stapled peptides

Number Sequence Interaction energy (kcal/mol)
SP1 AcRLIQEL(R8)DREAQR(SS)V-NH, -29.75+6.62
SP2 Ac-TLIQEL(R8)DREAQR(S5)S-NH, -43.69+5.21
SP3 Ac-RLISEL(R8)DREKQR(S5)V-NH, -47.51+3.96
SP4 Ac-RLISEL(RS)DREKQR(S5)A-NH, -56.05+6.87
SP5 Ac-RLIQEL(R8)DREKQR(S5)S-NH, -40.75+5.59
SP6 Ac-RLISEL(RS)DREKQR(S5)S-NH, -47.40+6.90
SP7 AcRLIQEL(RS)DREKQR(S5)R-NH, -45.77+5.13
SP$ Ac-RLIQEL(R8)DREKER(S5)A-NH, -49.78+6.34
SP9 Ac LLISEL(R8)DREKQR(S5)A-NH, -74.52 +4.31
SP10 Ac-RLLSEL(R8)DREKQR(S5)A-NH, -55.69 +5.15
SP11 Ac-LLLSRL(RS)DREKQR(S5)A-NH, -50.47 +5.23
SP12 AcLLISQL (R8)DREKQR(S5)A-NH, -56.05+4.35

The computationally optimized derivative SP4 was chemically synthesized

following the method pioneered by Verdine, et. al. (Kim et al., 2011c). The

importance of the hydrocarbon staple in maintaining the a-helical structure of the

designed peptides is confirmed by circular dichroism (CD) measurements. The CD

spectrum of peptide P4, which is the same as SP4 but without the hydrocarbon

staple, shows largely loop-like profile (Figure 3.12 a). The CD spectrum of SP4,

however, reveals high a-helical content. ITC profile showed direct interaction

between SP4 and Beclinl coiled coil domain with Kq ~ 2 UM, suggesting that this

molecule can specifically bind to Beclinl coiled coil domain and most likely at the

intended target region of 231-245 (Figure 3.12 b). Furthermore, SP4 induced dimer-
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to-monomer transition in Beclinl coiled coil domain. The Light Scattering (LS)
profile of Beclinl coiled coil domain in absence of SP4 indicates a homodimer with
predicted molecular weight of 24.8 kDa. However, the presence of SP4 would cause
Beclinl coiled coil domain to adopt a monomeric form as the predicted molecular

weight is 15.8 kDa (Figure 3.12 c).
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Figure 3.12 Stapled peptides bind to Beclinl and make Beclinl monomeric

(@) Circular dichroism spectra of stapled peptide SP4 and its unstapled version P4.
(b) SP4 binds to Beclinl CC domain as confirmed by ITC measurements.

(c) SP4 induces dimer-to-monomer transition as shown by dynamic light scattering
measurements. Beclinl CC domain mixed with SP4 is passed through size exclusion
chromatography and its time-dependent profile for dynamic light scattering (purple)
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and UV absorbance (green) are plotted. The oligomeric state of the Beclinl molecule
is inferred from the molecular weight estimated from the light scattering profile.

In summary, structure-based rational design targeting the Beclinl coiled coil
domain at region 231-245 has yielded stapled peptides that specifically bind to Beclinl

coiled coil domain and render it monomeric to promote Beclinl-UVRAG interaction.

3.2.5. Rationally designed stapled peptides promote autophagy and enhance

EGFR degradation

Trans-activator of transcription (Tat) is a protein encoded by Tat gene in human
immunodeficiency virus 1 (HIV-1). The protein transduction domain of Tat contains
a cell-penetrating peptide that is characterized to penetrate through cell membrane. Tat
is appended in front of the SP4 to help it get into the cell (Table 3.2). Peptide with
sequence shuffled randomly (Scrambled peptide) from SP4 was served as peptide
control. To stabilize the peptide, N- and C terminals of the peptide were modified with
acetyl group (Ac-) and an amine group (-NH2), respectively (Table 3.2). Both Tat
tagged peptides were dissolved in H,O with good solubility to high concentration

(25mM). SP4 will be used for the following studies.
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Table 3.2 Peptide components and stapled peptide

Peptide Sequence

Stapled peptide Ac-RLISEL(R8)DREKQR(S5)A-NH;

Scrambled peptide Ac-RALRIQSKEELRD-NH;

Tat tag

Tat-Stapled peptide Ac- -RLISEL(R8)DREKQR(S5)A-NH;
Tat-Scrambled peptide Ac- -RALRIQSKEEILRD-NH;

3.2.5.1. Cell viability test

Firstly, cell viability assay was performed by MTT methods. HEK293T and
A549 cells seeded in 96-well plate were treated with 12.5 uM and 25 uM of Tat-
Scrambled peptide or Tat-Stapled peptide. After treatment, cells were proceed to
MTT assay. HEK293T cell treated with peptides (Tat-Scrambled and Tat-Stapled)
for 24 hours show similar cell viability compared with cell without peptide treatment
(Control) (Figure 3.13 a), which suggests very low cell toxicity of peptides to
HEK293T cell. At the same time, A549 cell treated with peptides for 5 hours
maintained more than 98% of cell viability compared with control, which suggest
low toxicity of both peptides under the given concentration and time course (Figure
3.13 b). However, prolonged peptide treatment to 24 hour reduced A549 cell
viability (Figure 3.13 b). Peptide treatment for 5 hours with concentration less than
25 uM is considered as safe for A549 cell and all the assays with peptide treatment

will be no more than 5 hours.
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Figure 3.13 Peptides on viability of HEK293T and A549

HEK293T (a) and A549 (b) cells seeded in 96-well plate were treated with Tat-
Scrambled peptide (12.5 and 25 uM) and Tat-Stapled peptide (12.5 and 25 pM) for
5-hour and 24-hour. Cell viability assay was conducted by MTT method. No
significant cell viability loss in peptide treated HEK293T cell (24 hours) and A549

cell (5 hour). Prolonged treatment (24 hours) decreased cell viability in A549 cell.
Similar results were observed in three independent experiments. **P, 0.01; t-test.

3.2.5.2. Stapled peptide co-localizes with Beclinl

To further confirm the stapled peptide and Beclin 1 interaction in vivo, GFP

tagged Beclinl or GFP tag alone were transiently over expressed in A549 cell and
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treated with 25uM of Rhodamine-labeled stapled peptide (Rhodamine-Stapled peptide)
for 3 hours. Cells washed 3 times with PBS were changed to complete medium for
live cell imaging on Leica SP8 confocal microscope. The signal of GFP (488nm) and
Rhodamine (552nm) were captured in a sequential manner to exclude interference. As
show in Figure 3.14, Beclinl is mainly distributed in cell cytosol. In contrast, GFP tag
alone is distributed evenly across the whole cell, including nucleus (Figure 3.14).
Peptide treatment did not change the distribution pattern of GFP tag in the cell.
However, peptide treatment induced formation of GFP-Beclinl punctas that is largely
co-localized with the Rhodamine-labeled stapled peptide. Those co-localizations

suggest binding of stapled peptide with Beclinl in A549 cell.

Rhodamine-Stapled peptide

Rhodamine

GFP-
Beclin 1

Figure 3.14 Stapled peptide co-localizes with Beclinl

Ab549 cells were transiently overexpressed with GFP-Beclinl or GFP tag alone and
treated with Rhodamine-labeled stapled peptide. Live cell imaging were recorded for
GFP (488nm) and Rhodamine (552 nm). The yellow dots indicate the co-localization
of stapled peptide with Beclinl. Representative confocal fluorescence images were
shown. Scale bar represents 10 um.

122



3.2.5.3. Stapled peptide co-localizes with LC3

In HeLa cells stably expressing GFP-LC3, Rhodamine-stapled peptide treatment
induced formation of GFP-LC3 punctas that were partially co-localized with stapled
peptide (Figure 3.15). As the peptide was designed and proved to bind Beclinl, the
partial co-localization of peptide and LC3 might be indirect. Although this partially
co-localization does not necessarily prove direct interaction of peptide and LC3, it

dose suggests the involvement of the stapled peptide in autophagy machinery.

Figure 3.15 Partial co-localization of peptide with LC3
HelLa cells stably expressing GFP-LC3 were treated with Rhodamine-stapled peptide
for 3 hour in complete medium with 25uM of Chloroquine. Live cell imaging were

recorded for GFP (488nm) and Rhodamine (552nm). Representative confocal
fluorescence images were shown. Scale bar represents 10 um.

3.2.5.4. Stapled peptide promotes autophagy

The biological efficacy of the designed stapled peptide in modulating autophagy
and EGFR degradation was characterized using cell-based assays. Our results shown

that basal autophagy is low as indicated by very few GFP-LC3 punctas in HeLa GFP-
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LC3 cell. Tat-stapled peptide treatment greatly increased the number of GFP-LC3
punctas compared with both Control (vehicle) and Tat-scrambled peptide group

(Figure 3.16 a and b), which suggests that Tat-stapled peptide induced autophagy.

There is a possibility that increased GFP-LC3 puncta maybe due to the inhibition
of fusion between autophagosome (where LC3 punctas stays) and lysosome, which
result in blockage of GFP-LC3 degradation and more GFP-LC3 punctas. In order to
test this possibility, autolysosome neutralizer Chloroguine (CQ) was added in HelLa
GFP-LC3 cell. CQ is an old anti-malarial drug that accumulates in acidic lysosome
and raises its PH. It neutralizes lysosome and inhibits autophagosome-lysosome fusion
and lysosomal degradation. As shown in Figure 3.16 a, increased number of GFP-LC3
punctas formed after CQ treatment compared with Control group suggests blockage
of lysosome degradation. Both Control group and Tat-scrambled group shown
increased but similar number of punctas upon CQ treatment. In contrast, Tat-stapled
peptide treatment in combination with CQ greatly increased the number of GFP-LC3
punctas, which suggests autophagy flux. Together, increased number of punctas in
conditions with or without CQ proved the autophagy induction ability of Tat-stapled

peptide. The number of GFP-LC3 punctas was quantified in Figure 3.16 b.

124



(@)

Chloroquine (-)

Chloroquine (+)

(b

N—r

100- *
. Control

80- EZ3 Chloroquine

No. of GFP-LC3 dots per cell

Figure 3.16 Tat-stapled peptide induced GFP-LC3 puncta formation

(a) Representative confocal fluorescence images of HeLa cells stably expressing GFP-
LC3 after treatment with vesicle water (control), Tat-scrambled peptide (Tat-
scrambled) and Tat-SP4 stapled peptide (Tat-stapled). HeLa cell stably expressing
GFP-LC3 was treated with 25 uM of peptide alone or in combination with CQ (30
uM,) for 3 hours. After treatment, the cells were fixed by 4% PFA, washed with PBS
and observed for GFP-LC3 at 488nm under a confocal microscope. Representative
confocal fluorescence images were shown. Scale bar represents 10 pm.

(b) Histogram to show quantification of the results from (a). Error bars represent
4s.e.m of triplicate samples. *P, 0.05. t-test.
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The effect of stapled peptide on autophagy was further tested on different cell
lines (H1975, A549, Hela) for LC3 lipidation by western blot. H1975 isa NSCLC
cell line with TKI insensitive mutation T790M on EGFR. Our results show that Tat-
stapled peptide treatment (12.5 uM and 25 uM) induced LC3 lipidation in H1975
cell (Figure 3.17 a). In addition, Tat-stapled peptide treatment on A549 with
different time courses (3 hours and 5hours) also induced LC3 lipidation (Figure 3.17
b). Moreover, HeLa cell treated with stapled peptide and CQ induced LC3 lipidation

(Figure 3.17 c), which suggest autophagy flux.
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Figure 3.17 Stapled peptide induced LC3 lipidation

(a) H1975 cells treated with different concentrations of peptide for 3 hours in normal
medium were immunoblotted for LC3.

(b) A549 cells treated with 25 uM of peptide in normal medium for 3 and 5 hours
were immunoblotted for LC3.

(c) HelLa cells stably expressing GFP-LC3 were treated with peptide (25 uM) in the
presence of absence of CQ (30 uM) for 3 hours and immunoblotted for GFP-LC3.
“*” in (a) and (c) means more exposure.
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3.2.5.5. Stapled peptide promotes EGFR degradation

Our peptide data so far suggested autophagy enhancing ability of the Tat-
stabled peptide. To our surprise, Tat-stapled peptide also enhanced the EGF induced
degradation of EGFR in HEK293T cell. As shown in Figure 3.18 a and b, there is
noticeable less amount of EGFR in Tat-stapled peptide treated HEK293T cells
compared with Tat-scrambled peptide treated cells after 30 minutes of EGF
stimulation. This difference is more obvious at time point 90 minutes post EGF
stimulation, as EGFR was almost gone in Tat-stapled peptide treated group while in
both Control and Tat-scrambled peptide treated groups, EGFR level is remain

noticeable, albeit much degraded.
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Figure 3.18 Stapled peptide induced EGFR degradation in HEK293T cell

HEK293T cells were FBS starved overnight, then stimulated with 200ng/mL of EGF
for different time course together with 25 uM of stapled peptide or scrambled
peptide.

(@) Cells were collected and detected the EGFR level by western blot.

(b) EGFR level was quantified from three independent experiments.

Collectively, our data confirm that rationally designed stapled peptide SP4 can
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promote autophagy activity and enhance EGFR degradation in a Beclinl-dependent

manner.
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3.3. Discussion

Beclinl is an essential scaffolding protein within the Beclin1-Vps34 complex.
Many autophagy modulators exert their regulatory effect on VVps34 activity by directly
interacting with Beclinl. Atgl4L and UVRAG, the two key Vps34 regulators,
associate with Beclinl constitutively and form mutually exclusive Atgl4L- or
UVRAG-containing Beclin1-Vps34 complexes with significantly enhanced Vps34
activity and distinct functional profiles (Liang et al., 2007; Liang et al., 2008d). Other
regulators, such as Bcl2, NRBF2, Rubicon, Bif-2 further impinge onto the
Atgl4L/UVRAG-containing Beclinl-Vps34 complexes via dynamic or transient
interactions with Beclinl, Atgl4L or UVRAG to modulate Vps34 activity. Those
factors collectively target the Beclin1-Vps34 complex to exert temporal and spatial
regulation on VVps34-dependent membrane trafficking processes in response to diverse
cellular context ranging from nutrient starvation and hypoxia to proteotoxicity and

immunity.

The Beclinl coiled coil region is critical for its interaction with Atg14L and
UVRAG. Interestingly both Atgl4L and UVRAG contain coiled coil domain. While
Beclinl coiled coil domain forms homodimer, the Beclin1-Atg14L/UVRAG coiled
coil assembly is heterodimeric. It is not clear how such different and distinct coiled
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coil assemblies are coordinated, especially during the execution of autophagy process.
Furthermore, our previous study on the homodimeric structure of the Beclinl coiled
coil domain suggest that the “imperfect” features of this region, i.e. the charged and
polar residues at the otherwise hydrophobic interface, may be beneficial for the
Beclinl-Atg14L/UVRAG interaction, as replacing them with canonical hydrophobic
residues lead to stabilization of Beclinl homodimer and impede the Beclinl-

Atgl4L/UVRAG interaction(Li et al., 2012c).

In our study, crystal structure of Beclin1-UVRAG complex revealed five pairs of
“leucine zippers” and one extra pair of hydrophobic interaction in the heterodimer
interface. Mutations of leucine (L) to glutamic acid (E) on interface of UVRAG disrupt
those hydrophobic interactions. Loss of “leucine zippers’” on multiple sites of UVRAG

weakened or abolished Beclin1l-UVRAG interaction.

To investigate the functional significance of the potent Beclinl-UVRAG
interaction, we generated UVRAG mutants by replacing one, two, five or six of the
leucine residues at the coiled coil interface with glutamate to gradually weaken the
complex. In contrast to loss of interaction in vitro (by ITC), these Leu-to Glu mutations
retain interaction with Beclinl in vivo (by co-immunoprecipitation). Co-transfection
of these UVRAG mutants with Atgl4L weakened or abolished Beclinl-UVRAG
complex in an extent that is proportional to the number of Leu-to Glu mutations. These

results proved once again the competitive nature of UVRAG and Atgl4Lfor Beclinl
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binding. These mutants enable us to investigate precisely the role of Beclin1-UVRAG

interaction in mediating Vps34-depndent autophagy and endocytic trafficking.

Similar to previous findings, we find the Beclin1-UVRAG interaction to be
non-essential for autophagy execution (Kim et al., 2015). Over-expression of wild-
type UVRAG and Leu-to-Glu mutants with weakened binding show no promotional
effect on autophagy as measured by LC3 puncta, p62 turnover or LC3 lipidation.
However, potent Beclin1-UVRAG is required in endocytic trafficking because over-
expression of wild-type UVRAG promotes lysosomal degradation of EGFR while
UVRAG mutants with weakened Beclinl binding fail to do so. These results provide
new information for us to delineate the distinct roles of UVRAG in multiple processes
including endocytic trafficking. Previous study by Liang et. al. reported that UVRAG
is a Beclinl-binding protein known to coordinate autophagosome
formation/maturation and endocytic trafficking (Liang et al., 2008a). It interacts with
Class C Vps complex to enhance lysosomal fusion of autophagosomes and endosomes
by stimulating Rab7 GTPase activity (Liang et al., 2008b). Furthermore, the Class C
Vps-UVRAG interaction is genetically separable from the Beclinl-UVRAG
interaction and appears to promote lysosomal degradation of EGFR in a parallel
manner (Liang et al., 2008b). However, our mutational studies seem to argue that the
Beclinl-UVRAG interaction plays a dominant role in lysosomal degradative
trafficking because Leu-to-Glu mutants with weakened binding to Beclinl but

expected to retain interaction with Class C Vps, fail to promote EGFR degradation.
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Lastly, there is intense interest to target the autophagy process for disease-
modifying therapies with multiple clinical trials ongoing using autophagy inhibitor
chloroquine (CQ) for cancer therapy (Barnard et al., 2014). However, potent and
specific modulators are lacking because ligands like CQ and rapamycin are not
specific to autophagy and may have off-target effect. A previous study reported a
Beclinl peptide derived from its membrane-binding region that can induce autophagy
via a negative regulator GAPR-1 and decrease the replication of pathogens in cell- and
animal-based models (Shoji-Kawata et al., 2013). Here we present a new strategy of
generating Beclinl peptides for autophagy modulation. By specifically targeting the
Beclinl coiled coil domain right outside of the UVRAG binding site, rational designed
Beclinl peptides with hydrocarbon staples to stabilize their a-helical structure can
bind to Beclinl, promote its dimer-to-monomer transition and might assist
Atgl4L/UVRAG binding. As a result, both autophagy and endocytic trafficking can
be enhanced while EGFR signaling can be attenuated by the peptide. Our approach
presents a new Beclinl-specific strategy to target the Beclin1-Vps34 complex for anti-

cancer treatment.
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3.4. Materials and Methods

3.4.1. Cell Lines and Cell Culture

Human embryonic kidney cell (HEK293T), A549 and HeLa cell lines were
cultured with Dulbecco's Modified Eagle's Medium (DMEM) (Sigma-Aldrich, D7777)
supplemented with 10% FBS (Gibco™, 26140079) and 1% penicillin-streptomycin
(PS) (Gibco™, 15140122) in a 5% CO2, 37<C incubator. HeLa cell with stable
expression of GFP-LC3 was a kindly gift from Dr. Han-Ming Shen's lab (The National
University of Singapore), which is also cultured in the DMEM. Cell lines were
recovered from liquid nitrogen in T25 cell culture flask (Corning, 430639), and then
transferred into 10 cm petri dish (Corning, 70165-100) for culture. All the cell lines
were cultured for at least 2 passages before used in formal experiments. The
transfection experiments were done in 6-well plate (Corning, 430639). For HEK293T
cell transfection, the culture plate bottom surface was pre-coated with poly-L-lysine
(Sigma-Aldrich, P9155) to facilitate cell attachment. All the cell lines used in the
experiment were mycoplasma detected negative by MycoAlert™ PLUS Mycoplasma
Detection Kit (Lonza). This test exploits the activity of mycoplasmal enzymes that
exist in all the six mycoplasmas that mostly common found in contaminated cells and
other vast majority of 180 mycoplasmas species. This test does not react with enzymes
presents in eukaryotic cells. Viable mycoplasmas in the test medium are lysed and the
released enzymes react with the MycoAlert™ PLUS substrate, which converts ADP

to ATP. The resulting ATP is then transferred to a luciferase enzyme in the
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MycoAlert™ PLUS reagent, which gives out luminescence signal that can be read by
a luminometer. To perform the test, fresh culture medium were centrifuged in a
Eppendorf tube at 200g for 5 minutes and the supernatant are used as sample in the
text. Bring all reagents and sample up to room temperature. Transfer 100 puL of sample
into an Eppendorf tube and add 100 uL of MycoAlert™ PLUS reagent. Mix well and
wait for 5 minutes before read with a luminometer (Reading A). Add 100 pL
MycoAlert™ PLUS substrate in the 200 uL reactant used for Reading A. Mix well
and wait for 10 minutes before read with a luminometer (Reading B). Calculate the
ratio of Reading B/Reading A. The ratio < 1 indicates negative for mycoplasma while
ratio > 1.2 suggests mycoplasma contamination. Alternatively, repeat the text 24-48
hours later if the ratio is between 1 and 1.2. All the cell lines used in the experiment
were regularly tested for mycoplasma. Only cell lines negative in mycoplasma test

were used for experiment.

3.4.2. Reagents and Antibodies

The reagents used for cell treatments were Chloroquine (CQ) (Sigma-Aldrich,
C6628), Rapamycin (Sigma-Aldrich, R8781), Earle’s Balanced Salt Solution (EBSS)
(Gibco™, 14155063), Epidermal Growth Factor (EGF) (Invitrogen, PHG0311L) and
MG132 (Sigma Aldrich, M8699). The antibodies used in the co-immunoprecipitation
(co-immunoprecipitation) and/ or Western Blotting experiments were anti-f3 actin

(Santa Cruz Biotechnology, SC1616), anti-LC3 (Novus, NB1002220), anti-p62
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(Abnova, H0O008878-M01), anti-EGFR (Santa Cruz Biotechnology, SC1005), anti-
Beclinl (Santa Cruz Biotechnology, SC48341), anti-GFP (Santa Cruz Biotechnology,
SC9996), anti-Flag (Sigma-Aldrich, F3040), anti-Flag® M2 Magnetic Beads (Sigma-
Aldrich, M8823), protein A/G PLUS agarose beads (Santa Cruz Biotechnology, SC-
2003 ) Anti-Mouse IgG-HRP (Sigma-Aldrich, A9044), Anti-Rabbit 1gG-HRP
(Sigma-Aldrich, A9169). The transfection reagents used in the study were
Lipofectamine 2000 (Invitrogen™, 11668-019), Lipofectamine 3000 (Invitrogen™,
.3000008). Opti-MEM reduced serum medium (Gibico™, 31985-062) were used for

Lipofectamine and DNA plasmid dilution.

3.4.5. Immunoblot analysis

DNA plasmids were transfected into HEK 293T cells or HelLa cell stably
expressing GFP-LC3. For co-immunoprecipitation experiment demonstrating
UVRAG-endogenous Beclinl interaction, FLAG-tagged UVRAG plasmids were
transfected into HEK293T cells. For co-immunoprecipitation experiment
demonstrating UVRAG/Atgl4L-endogenous Beclinl interaction, equal amounts of
FLAG-tagged UVRAG mutant plasmids and GFP-tagged Atgl4L plasmids or equal
amounts of FLAG-tagged Atgl4L plasmids and GFP-tagged UVRAG mutant
plasmids were co-transfected into HEK293T cells to test their competitive binding to
endogenous Beclinl. For immunoblotting assay of LC3-1l, FLAG-tagged UVRAG
mutant plasmids were transfected into HEK293T cells. For immunoblotting assay of
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LC3-Il and p62, FLAG-tagged UVRAG mutant plasmids were transfected into HeLa
cell stably expressing GFP-LC3. For immunoblotting assay of EGFR degradation,
FLAG-tagged UVRAG mutant plasmid were transfected into HEK293T cells or A549
cells. Cells were lysed in immunoprecipitation buffer (25 mM HEPES PH 7.5, 10 mM
MgClz, 150 mM NaCl, 1 mM EDTA.2Na, 1% Nonidet P-40, 1% Triton X-100 and 2%
glycerol) or Laemmli sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 25%
glycerol, 5% B-mercaptoethanol) with freshly added EDTA-free protease inhibitor
cocktail (Roche). For co-immunoprecipitation, Lysates were incubated with FLAG
magnetic beads (Sigma) overnight at 4 <C. The beads were washed with 1x

immunoprecipitation lysis buffer 5 times and then eluted with 2x<SDS sample buffer.

3.4.6. EGFR degradation assay

Epidermal growth factor receptor (EGFR) is a 170 kDa protein expresses on the
cell membrane. Expression of the protein is physiologically important to regulate cell
growth and proliferation. Abnormally up-regulated expression or mutation of the
protein lead to uncontrolled cell division, which have been associated with cancers
including lung cancer and anal cancer (Walker et al., 2009). Binding of EGFR ligands
epidermal growth factor (EGF) to EGFR trigger the transition of EGFR inactive
monomer into active homodimer (Yarden and Schlessinger, 1987), which is rapidly
internalized through endocytosis and translocated to early endosomes, where the

complex are either recycled back to the cell membrane or maturated and passed to
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lysosomes for degradation.

For measuring the EGFR degradation, cells were grown in 6-well plate to around
85% confluence. The cells were washed with PBS two times and serum-starved
overnight in DMEM medium. EGFR endocytosis was induced by incubation with
DMEM medium (with 20 mM HEPES and 0.2% BSA) containing 200ng/mL of EGF
(Invitrogen). Cells were collected at different time points and lysed in Laemmli sample
buffer (62.5 mM Tris-HCI, pH 6.8, 2% SDS, 25% glycerol, 5% B-mercaptoethanol).
EGF treatment time point for HEK293 cell were 0 min, 30 min, 60 min, 90 min and
120 min. For A549 cells, the EGF treatment time point were 0 hour, 1 hour, 2 hour, 3
hour, 4 hour and 5 hour. 20 pg of protein lysate were resolved by 8% SDS-PAGE and
transferred to 045 um PVDF membrane (Bio-Rad) with Mini-Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad) at 300 mA for 120 min. The membrane was
blocked and immunoblotted with anti-EGFR antibody (1:2000, Santa Cruz

Biotechnology) that probe for total EGFR.

3.4.7. Autophagy assay by LC3

Microtubule-associated light chain 3 (LC3), a mammalian homolog of yeast Atg8
that ubiquitously distributed in mammalian tissues and cultured cells, is the mostly
common used autophagy marker. The cytosolic unconjugated form of LC3 proteins

are specifically cleaved at the carboxyl terminal by Atg4 to form LC3-1, which has an
137



exposed carboxyl terminal that conjugates to phosphatidylethanolamine to form LC3-
I1. Autophagy is accompanied with the redistribution of LC3-11 to autophagosome to
form cytoplasmic puncta, which is finally degraded in autolysosomes. Detection of
puncta formation and LC3-1l protein level therefore are the most experimentally

straightforward way to monitoring autophagy.

Autophagy is a dynamic process. Autophagy flux is the flow of autophagosome
formation, maturation, and the subsequently fusion with lysosome to breakdown
cytoplasmic material and organelles and release of macromolecules. There are
basically two means to monitor autophagy flux by LC3, one is to measure LC3-II
protein level by western blot, as induced autophagy is accompanied with rapid
transition of LC3-1to LC3-1I; the other one is to count the number of GFP-LC3 puncta,
which denotes the formation of autophagosome during autophagy induction. What is
important in autophagy flux assay is the lysosome inhibitor has to be added in order
to rule out the false positive caused by failure of autophagosome-lysosome fusion or
lysosome malfunction(Mizushima et al., 2010). Bafilomycin Al (Baf) blocks
autophagosome-lysosome fusion by inhibiting vacuolar H* ATPase. Chloroquine (CQ)
accumulation prevents acidification of lysosome that fuse with autophagosome,

thereby preventing autolysosome formation and degradation.

Conversion of LC3-1 to LC3-11

138



HeLa cell and HelLa cell with stable transfected of GFP-LC3 were used in
measuring endogenous LC3 protein level and GFP-LC3 puncta formation,
respectively. HeLa cell were seeded in 6-well plate and grown to 80% confluence. The
cell were transfected with plasmid DNA (2.5 ug/well) by Lipofectamine 2000 (5
ul/well) (Invitrogen) or Lipofectamine 3000 (5 upl/well) (Invitrogen) for 24 hours
according to the manufacture’s instruction before different treatments with or without
lysosome inhibitor CQ (50 uM) for 2 hours. After treatment, the cell were lysed with
Laemmli sample buffer and 20 pg of protein lysate were resolved by 12% SDS-PAGE
and transferred to 0.45 pum PVDF membrane (Bio-Rad) with Mini-Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad) at 300 mA for 90 min. The blot was probed
by anti-LC3 antibody (1:2000, Novus). To observe the GFP-LC3 puncta formation,
stable GFP-LC3 HelLa cell were seeded in 6-well plate with a piece of cover slip in
the center and grown to 70% confluence. The cell were transfected with plasmid DNA
for 24 hours before starvation treatment with or without lysosome inhibitor. The

diagram shows LC3 turnover is in Figure 3.19.

LC3 turnover

Autophagy inducer - - + +
Lysosomal inhibitor - + - +
LC3-I
LC3-II —

Figure 3.19 Scheme analysis of autophagy assay by LC3 turnover

LC3 turnover assay compares the LC3-Il protein amount among two samples
with or without lysosomal inhibitor.
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GFP-LC3 puncta formation

Figure The GFP-LC3 puncta formation assay compares the number of punctate
structures in cells with different treatments. HeLa cell with transiently or stably
transfected with GFP-LC3 were treated with complete medium (Control) or starved
with EBSS for 2 hours (EBSS starvation 2 hours). Cells were fixed with 4%
paraformaldehyde (PFA) on ice for 20 minutes, washed with PBS 5 times and took
the picture under a confocal microscope. EBSS starvation result in formation of
significantly more GFP-LC3 punctas inside the cell, indicating the EBSS starvation

induced autophagy (Figure 3.20).

GFP-LC3 puncta formation

(a) Control (b) EBSS starvation 2hr

Figure 3.20 GFP-LC3 puncta formation under starvation
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3.4.8. Autophagy assay by p62/SQSTM1

p62, also called sequestosome (SQSTML1), is an ubiquitin-binding protein that
selectively incorporated into autophagosomes for degradation by directly binding to
LC3(Bjakgy et al., 2005). The protein serves as a link between the ubiquitinated-
proteins and autophagy machinery, which is also used as a marker to study autophagy
flux. Cells were treated the same as autophagy assay by LC3 except the blot was detect

by an anti-p62/SQSTM1 antibody (1:3000, Abnova).

3.4.9. Isothermal titration calorimetry (ITC)

ITC is a technigue to quantitative study the interactions of a wide variety of
biomolecular interactions, such as protein-protein, protein-DNA/RNA, protein-
compound, antibody-antigen, etc. ITC simultaneously measuring the heat transfer
either released (exthothermic) or absorbed (endothothermic) during a biomolecular-
binding event. The binding partners need no modifications and the binding affinity is
measured in their native states, which allows determination of binding constants (Kd),
entropy (AS), enthalpy (AH) and reaction stoichiometry (N). ITC goes beyond binding
affinities determination by measuring dissociation constant of protein dimer, trimer
and etc. There are some points in ITC experiments of protein sample. Firstly, the
protein needs to be soluble in buffer and the buffer condition should be the same for
both of the biomolecules. Secondly, negative controls, such as buffer to buffer or

protein to buffer should be done before titration of protein samples, as these controls
141



would rule out abnormality of ITC machine or protein sample aggregation problem.
Thirdly, accurate concentration determination of both titrant and sample in the cell are
very important, as errors will directly impact on the thermodynamic results. Lastly,
the molar concentration ratio of titrant in the syringe and sample in the cell has to be
adjusted and optimized. For a binding of molar ratio 1:1(stoichiometry=1), the molar
concentration of titrant is typically ten to tween times higher than the molar
concentration of protein sample in the cell to make sure that protein in the cell be

saturated at the end of the titration experiment.

In this study, Beclinl coiled coil domain and UVRAG coiled coil domain wild
type and mutants were purified from BL-21 D (DE3). Proteins were concentrated in
Tris-NaCl buffer (50 mM Tris, PH 8.0, 150 mM NaCl). All the buffer and protein
sample were centrifuged to remove particles and bubbles before ITC experiment by a
MicroCal VP ITCy0. Stapled peptide was dissolved in ddH20 as stock (25 mM). The
injection interval was 150 seconds to let the base line recover and stable. The volume
for the first injection was set to 0.4 pL as the first data point has always to be discard
due to equilibration artifact mostly seen in the first injection. Data analysis was done

by using Origin 7 provided by the MicroCal VVP-1TCz00 manufacture.

3.4.9. Static light scattering (SLC)

Static light scattering was performed on Wyatt Dawn 8+ (Wyatt Technology)
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that is connected to an AKTA FPLC system (GE Healthcare). The AKTA system
was equipped with a size exclusion column (Superdex 200 10/30 GL, GE
Healthcare), and equilibrated with at least one column-volume of Tris buffer until
the light scattering signal become stable. Concentrated proteins after size exclusion
chromatography were centrifuged to remove any bubbles and particles before loaded
onto the size exclusion column at the flow rate of 0.5mL/min. Both UV signal and

light scattering signal were plotted and analysed by software ASTRA.

3.4.10. Cell viability assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide solution (MTT)
IS used to assess cell viability as a function of redox potential. Actively respiring
cells convert the water-soluble MTT to water- insoluble purple formazan. The
formazan is then solubilized by DMSO and its concentration determined by optical
density. Specifically, cells are seeded in a 96-well plate one day before treatment.
After treatment, cells were incubated with 30 uL MTT (5mg/mL) for 4 hours to let
formazan formation. The formazan was dissolved in 200 uL DMSO and read for
absorbance by a plate reader (CLARIOstar, BMG LABTECH) at 570 nm with 650

nm as reference.
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Chapter 4. Concluding remarks and future perspectives

4.1. Further effort to determine the structure of the UBA-Ub

complex

Our work in chapter 2 studied the pS405 and pS409 on UBA-UD interaction. We
further solved the crystal structure of UBA S405E and S409E, and UBA S409E

structure lead to the identification of K422 as a critical residue for UBA-UDb interaction.

Crystal structures of Ub or p62 UBA WT alone had been solved and reported
(Senadhi Vuay-kumar, 1985; Shin Isogai, 2011). Complex structure of p62 UBA-Ub
would be of great help to understand how p62 UBA interacts with Ub and the role of
p62-Ub interaction in selective autophagy. We tried to crystalize different UBA
mutants with enhanced Ub binding ability (single UBA mutant S405E, K422A or
triple UBA mutant S405E & W414F & K422A) in complex with Ub. Equal or excess
amount of UBA mutant was mixed with Ub for crystallization and some conditions
readily yield crystals. Test of crystals on in house X-Ray beamline revealed that they
are not complex crystals but UBA mutant alone or Ub alone. There are several reasons
that make the crystallization of UBA-Ub complex difficult. Firstly, both UBA and Ub
are quite easy to grow crystals, especially for the highly stable Ub. Secondly, UBA-
Ub interaction is not strong enough to form crystal complex, even for the p62 UBA
mutants. Thirdly, mutations on UBA dimer might destabilize UBA and prevent
crystallization. Based on the above facts and predictions, we linked UBA and Ub
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together with a (GS)*6 linker in the hope of locking the interaction complex as one
unit for crystallization. UBA-Ub linker construct was expressed, purified and set tray
for crystals. We do get small and single crystals for UBA K422A-(GS) *6-Ub (Figure

4.1), and the condition is now in optimization for large and better crystals.

Figure 4.1 Crystals of UBA K422A-(GS) *6-Ub

Crystals grows up in 0.05 M Zinc acetate dihydrate, 20% w/v Polyethylene glycol
3,350 7 days after tray setting.

4.2. Future effort to optimize the potency of the stapled peptides and

to test in vivo efficacy in EGFR-related cancer models

Our work in the second part studied how the potent Beclinl-UVRAG interaction
promotes Vps34-dependent endocytic trafficking via their coiled-coil domain and how

this interaction can be targeted by rationally designed stapled peptides for modulation.
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The ongoing work are to optimize the potency of the stapled peptides for binding
to Beclinl coiled coil domain and test their efficacy in EGFR-related cancer models,
where the efficacy of the stapled peptide on the context of an intact organism can be
assessed. For potency optimization, we will optimize the current peptide design and
also design some new peptides based on molecular dynamics (MD) simulation results
of peptides to Beclinl coiled coil domain. After confirming the strong binding of
peptides to Beclinl by ITC, we would like to test their efficacy in mouse model with,

for example, EGFR overexpressed lung cancer.

Lung cancer is responsible for 30% of all cancer deaths due to its late detection
and frequent local and distal metastases. 80% of lung cancers are non-small cell lung
cancer (NSCLC) (Kwon and Berns, 2013). While 60% of NSCLCs express the
epidermal growth factor receptor (EGFR), approximately 10% of patients in US and
35% patients in East Asia have tumor associated with mutated EGFR (Lynch et al.,
2004; Paez et al., 2004; Pao et al., 2004). EGFR is a transmembrane protein with
cytoplasmic kinase activity that transduces important growth factor signaling for
cancer cell growth and proliferation. Inhibition the tyrosine kinase domain of EGFR
by tyrosine kinase inhibitor (TKI) has been proved as an effective treatment for
patients with EGFR that sensitive to TKI, but not to patients with TKI insensitive
EGFR. We hope our stapled peptide could accelerate the degradation of EGFR and

serve as an effective choice for cancer treatment.
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