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ABSTRACT

Autophagy is a conserved cell-survival pathway wherein old, damaged or harmful
cellular components are surrounded by a double membrane vesicle called the autophagosome for
lysosomal degradation and recycling. All eukaryotes have a conserved BECN homolog, a key
coiled-coil domain (CCD)-containing autophagy protein. Mammals are unique as they have two
BECN homologs, BECN1 and BECNZ2, both of which have the same domain architecture and
function in autophagy. BECN2 has been shown to also function in non-canonical autophagy. My
research focused primarily on investigating selected interactions of the BECN2 CCD.

We investigated interactions of the BECN2 CCD with two CCD-containing proteins
known to bind to BECN1: UVRAG, an important autophagy protein, and TAB2, a protein
important for inflammatory responses. We show that the BECN2 and UVRAG CCDs interact,
but were unable to purify stable complexes for structural studies. In comparison, the CCDs of
BECN2 and TAB2 bind with an affinity tighter than that of BECN2 homodimerization, forming
a well-folded elongated heterodimer. These preliminary results provide information regarding
interactions that enable BECNZ2 to regulate autophagy, in a manner analogous to BECNL1.

We also show that, unlike BECN1, BECN2 facilitates non-canonical autophagy involving
ATGY9A-bearing vesicles, via interactions with the STX6 SNARE domain. We show that the
STX6 SNARE domain binds to BECN2 residues 181-250 (BECN2(181-250)) within the BECN2
CCD. The STX6 SNARE is disordered in the absence of interacting partners but becomes helical
when in complex with BECN2. The BECN2(181-250):STX6 SNARE complex is also more
stable than either the BECN2(181-250) or the BECN2 CCD homodimer. We determined the 2.65
A X-ray crystal structure of the STX6 SNARE bound to BECN2, showing that the complex is a

heterotrimeric helical bundle, consisting of one helix comprising BECN2(181-250) and two



STX6 SNAREs that are anti-parallel to each other. The heterotrimer interface is stabilized by 15
layers of three residues, each contributed by a different helix, of which, six layers are entirely
hydrophobic, including two consisting of three leucines each. We verified the importance of
these hydrophobic layers using point mutations and affinity pulldowns, showing that mutations
of the hydrophobic layers either significantly or completely disrupt the interaction between
BECN2(181-250) and STX6 SNARE domain. This 3-helix bundle likely represents an
intermediate during the formation of the full SNARE complex, thereby providing mechanistic
insights into the process by which ATG9A-bearing vesicles transport lipids to the growing
phagophore.

Together these studies help explain the role of the BECN2 CCD in canonical and non-

canonical autophagy, providing clues as to why mammals have two BECN paralogs.



ACKNOWLEDGMENTS

| am grateful to my adviser Dr. Sangita Sinha for her support, guidance, and mentorship.
She helped me become a better scientist.

I would also like to thank my committee members Dr. Christopher Colbert, Dr. Kenton
Rodgers, and Dr. Estelle Leclerc. Dr. Colbert is also a collaborator of our lab, I would like to
express thanks for the guidance and feedback from lab meetings and the one-on-one meetings.

| would extend my thanks to our collaborator Dr. David Belnap from the University of
Utah. For setting up the Cryo-EM grids and obtaining the micrographs used in this dissertation.
Also for all the advice and support in analyzing the data.

| would like to extend my thanks to my previous and current lab members of the Sinha
lab, including Dr. Karen Glover, Dr. Yue Li, Dr. Shreya Mukhopadhyay, Dr. Srinivas Dasanna,
Samuel Wyatt, Robyn Duttenhefner, Subeksha Subedi, and Tyeaba Dipti and from the Colbert
lab Dr. Jaime Jensen, Dr. Shane Wyborny, Benjamin LeVahn, Dr. Beau Jernberg, Tajnin
Sultana, Victor Arnold, and Robin Kutsi. Thank you for your support and guidance inside and
outside the lab. Thank you for making the lab a joyful and friendly place. | am so grateful that |
had all of you as my lab mates throughout my years here.

This work was supported wholly or in part by NIH grants to SCS: R15 GM146232, R15
GM122035, a National Science Foundation grant MCB-1413525. Work performed at Bio-CAT
was supported by NIH NIGMS 9P41 GM103622 and use of the Pilatus 3 1M detector funded by
NIH NIGMS 1S100D018090-01. This work incorporates research conducted at the APS NE-
CAT beamlines, which are funded by NIH NIGMS P41 GM103403. This research used
resources of the APS, a US DOE Office of Science User Facility operated for the DOE Office of

Science by Argonne National Laboratory under Contract No. DE-AC02-06CH11357.



DEDICATION
For my Husband, Fernando, who has supported me, loved me, continued to motivate me, and
kept me sane.
For my parents, who have always supported my dreams and pushed me to achieve them.
For my brother and sister-in-law, for the love and support even through their own struggles.

For my inspiration, you will forever be missed.

Vi



TABLE OF CONTENTS

A B ST R A CT ettt ettt bt ekt e bt Re et e nhe e e bt e Re e nne e nhe e nbeenree s i

ACKNOWLEDGMENTS ...t %

DEDICATION ...ttt btttk bt e bt e s hb e et e e s me e e nbe e enb e e sbeeenbeenneeannas vi

LIST OF TABLES. ...ttt nne e neenneas xii

LIST OF FIGURES ... .ottt ettt et ne e saee s Xiv

LIST OF ABBREVIATIONS ... XViii

CHAPTER 1. INTRODUCTION ...ttt sttt ettt st be et et nnee s 1

IO U (o] o] - To Y PSR SS 1

1.2. NON-CONICal AULOPNAGY ... eevverreeeiteiie ettt 3

1.3 BECN L et nnee s 4

LA, BECNZ....ec ettt b et b ettt b e nae e aeenree s 5)

1.4.1. FUNCtions OFf BECNZ .........coiiiiiiiiict e 8

1.4.2. Interactions OFf BECNZ ...t 9

1.5. Overview of Methods Used for This ReSEarch ..., 9

1.5.1. Isothermal Titration Calorimetry (ITC)......cccoiiiiiiiiiiiieee e 9

1.5.2. Microscale ThermophoresisS (MST) .....ccviieiieiiiieseee e 11

1.5.3. Circular Dichroism (CD) SPECIIOSCOPY ......crverververieriereeieienieriesiesiesiesiesseeneeens 12

1.5.4. Small Angel X-ray Scattering (SAXS).....ccciiieiiiieie e 14

1.5.5. Protein X-ray Crystallograpiy .........cccccoeiiiiiinininieeerese e 18

1.5.6. Cryo-Electron MicroSCopy (EM) .....c.ccoiiiiiiiiieiiic e 22

1.6. Specific AIms Of ThiS RESEAICN .........coociiiiiiiiiieie s 23
CHAPTER 2. INVESTIGATING THE INTERACTION AND CONFORMATIONAL

CHANGE OF BECN143104APM AND M11 USING CRYO-EM.....ovviviirrerieieeeeeeceeeesensenis 24

2.1, INEFOTUCTION ...ttt bbbt 24

2.2. Materials and MEtNOGS ..........couiiiiii e 26



2.2.1. Expression and PUrifiCation ...........ccccoiveiieieiieiiee e 26

2.2.2. Cryo-EM Sample Preparation and Data Collection ...........ccoceveviiiniiieiienenn, 29
2.3. RESUIES .. 29
2.3.1. Expression and Purification of MBP-BECN1431104AFM @, 29
2.3.2. Expression and Purification of HiSe-M211...........cccooiiiiiiiiniiiicece e, 30
2.3.3. Purification of Hiss-M11:MBP-BECN 1231 04AFM e 31
2.3.4. Cryo-EM Data Analysis USiNg RELION .........ccccoeiiiiiiiieiecece e, 33
2.4, ConcClusions and DISCUSSION .........ccuiiuiriiriiiisiieieiesie ettt bbbt 36

CHAPTER 3. INVESTIGATION OF THE INTERACTION BETWEEN THE BECN2

CCD AND UVRAG COCD ...ttt ettt sttt sttt sttt nbe et e snneennee e 38
3.1, INEFOTUCTION ..ttt et 38
3.2. Materials and MELNOUGS ...........couiiiiiiiiii e 39

3.2.1. Creation of Protein EXpression CONSIIUCES........ccccvevieieeiiciecriece e 39
3.2.2. Purification of MBP-UVRAG CCD and Sumo-Hise-BECN2 CCD................... 39
3.2.3. PUIAOWN ASSAYS .....ecvveiiieieciecieeite e sttt te et eesbe e sreeste e e sreeae e 41
N S I I O TR 44
3.30 RESUILS . 44
3.3.1. Expression and Purification of MBP-UVRAG CCD ........ccccociiiinininiiicen, 44
3.3.2. Expression and Purification of Sumo-Hise-BECN2 CCD..........cccoooviviinieinnnnn 46
3.3.3. PUITAOWN ASSAYS ....coueiiiiieiiiesiesie sttt 47
R 1 S I I O OO P PSP UPPTOPR PP 48
3.4, CoNClUSION AN DISCUSSION.....c.ciiiieiiitisiisiisieeiee ettt nes 49

CHAPTER 4. DETERMINING THE INTERACTION OF TAB2 AND TAB3 CCDS

WVITH BECNZ CCD ittt nsnnnn 51
g I a1 0T [0 0] o TR 51
4.2, MaALErialS ANT IMEBTNOUS ... e e e snsnsnnennnnnn 53



4.2.1. Creation of Protein EXpression CONSIIUCES .......c.cccvevevieeieerieiiesrese e enie e 53

4.2.2. Expression and Purification of BECN2, TAB2 and TAB3........cccooceiiiiieiiiiennn, 53
4.2.3. Expression and Purification of the TAB2:BECN2 CCD CompleX..........cccccvennen. 55
4.2.4. Expression and purification of TAB3 CCD:BECN2 CCD Complex...........c........ 57
4.2.5. MSS SPECITOMETIY ....oovviiiiiiii ettt be e b e e naee e 58
A.2.0. T C ettt h ettt beearee s 58
4.2.7. SAXS Data Collection and ANalYSiS.........cccveiieiiiieiiiesecie e 59
4.2.8. CryStal SCIEENING ......eiuiiiiiieieie et 61
A3, RESUIES ..ot 61
4.3.1. Expression and Purification of TAB2 CONSLIUCES .........ccoovvieiieiiienenineseseeeens 61
4.3.2. Expression and Purification of TAB3 CONSLIUCES ........c.ccceevveiieiieie e 62
4.3.3. Expression and Purification of BECN2:TAB2 CompleX........cccccocevirvniiininennenn. 63
4.3.4. Mass Spectrometry of TAB2 CCD:Hise-BECN2 CCD CompleX........ccccevvevenenne. 66
4.3.5. Purification of Sumo-Hiss-BECN2 CCD: MBP-TAB3 CCD........cccocvvvviiienn. 67
B30, DT C et et 68
A 3.7, SAXS ettt nh et be et e nae e beenree s 71
4.3.8. Crystals From Crystallization Screening and Manual Trays...........ccccccevvereinennen, 75
4.4. ConClusSionS aNd DISCUSSION .......couvririeieniisiesieeiieeeie ettt sbe e 77

CHAPTER 5. BECLIN 2 INTERACTS WITH SYNTAXIN 6 TO FORM AN ANTI-
PARALLEL THREE-HELIX BUNDLE, A POSSIBLE T-SNARE INTERMEDIATE

COMPLEX ..ttt b et h e bt e e R bt e b e e h et e e be e e s bt e bt e e nb e e ebe e anb e e beeenn e e 79
5.1 INEFOUUCTION ..ttt bbbttt bbbttt 79
5.2. Material and MEetNOGS ...........cviiiiii e 80

5.2.1. Creation of Protein EXpression CONSLIUCES .........ccccvviriiieiinienenie e 80
5.2.2. Protein Expression and PUFIfiCatioN ............ccceeivuieiiiiii i 81



5.3.

5.2.3. Affinity Pulldown Assays and Purification of BECN2:STX6 SNARE
COMPIEXES ...t

5.2.4. CD and Thermal Denaturation ............ccoeererieineneieseneneeese e
5.2.5. CD with 2,2,2-Trifluoroethanol (TFE) ........cccccoviiiiiiiieee e
0,20, I G s
0.2 7 VST bbbt b et
0.2.8. SEC-SAXS .ot
5.2.9. CryStalliZAtION .....c.oouiiiiieiee e
5.2.10. X-ray Data Collection, Structure Solution, and Refinement......................
RESUILS ..ttt
5.3.1. Purification of STX6 SNARE CONSIIUCES .........cccoerieiiirieieiseneeese e
5.3.2. Purification of BECN2 CCD CONSIIUCES........c.ccovriiieieieiese e
5.3.3. Purification of MBP-BECN2 CCD:Hiss-STX6 SNARE Complexes...........
5.3.4. STX6 SNARE Interacts with BECN2 but Not with BECNL1........................
5.3.5. Purification of BECN2 CCD:Hise-STX6 SNARE CompleX .........c.ccoccovnee.

5.3.6. The Disordered STX6 SNARE is Stabilized in a Helical Complex with the
BECNZ CCD ..ot

5.3.7. SEC-SAXS Shows that MBP-BECN2 CCD:Hise-STX6 SNARE Complex
Forms a Well-Folded Elongated Complex .........ccoveveeieeieiieve e,

5.3.8. ITC of BECN2 CCD and STX6 SNARE ........cccoieiiereierree e
5.3.9. Crystals From Crystallization Screening for BECN2 CCD:STX6 SNARE .
5.3.10. The BECN2 CCD:STX6 SNARE Complex Forms a Three-Helix Bundle
5.3.11. Expression and Purification of BECN2(181-250) Constructs ....................

5.3.12. Expression and Purification of BECN2(181-250):Hiss-STX6 SNARE
COMPIEXES .ttt st e e ta e eabeesree s

5.3.13. Relative to the BECN2 CCD, the BECNZ2(181-250) is Less Helical and
Stable, While the Complex with SNARE has Increased Helical Content
AN STADTHTY ..o e



5.3.14. CD WIN TFE ..ottt bbb 118
5.3.15. ITC usSing BECN2(181-250) .....ceiieiiiiriiieieeiiesieesiesie st sie e e sns 119
0.3.16. MIST . e 120
5.3.17. Crystallization of the BECN2(181-250):STX6 SNARE Complex................... 123
5.3.18. Structure of the BECN2(181-250): 2 STX6 SNARE Heterotrimeric
COMPIEX ettt bbbt 124
5.3.19. Shift in the 3.1 A SIUCIUIE........cvvoivicrieee s 126
5.3.20. The BECN2(181-250): 2STX6 SNARE Interface .......ccccccovcvvievnivniniinieenienn 129
5.3.21. Purifications of Point Mutations for MBP-STX6 SNARE and MBP-
BECNZ(181-250) ......ooveervereeeeeeeeieeeseesseeeeseeeseeeesseeessessse e es s eneessseeeeee 131
5.3.22. Mutations of the Hydrophobic Layers Disrupt the BECN2(181-250):
2STX6 SNARE INEIACLION ....c.veiiiiiiisiicieiee s 136
5.3.23. Comparison of STX6 SNARE-Containing Early Endosomal Complex
and the BECN2(181-250): 2STX6 SNARE COMPIEX .........ovvvvvverrrererreenas 137
5.4. ConClUSIONS aNd DISCUSSION .......vviuieiiiiieieieste ettt e 143
CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS ........cooiiiiiiieiieeee e 148
REFERENGCES ... .ottt ettt b et b et be e eesbe e nne e 154

Xi



Table

4.1:

4.2:

5.1:

5.2:

5.3:

5.4:

5.5:

5.6:

5.7:

5.8:

5.9:
5.10:

5.11:

5.12:

5.13:

LIST OF TABLES

Page
Thermodynamics of binding of Sumo-Hise-BECN2 CCD with MBP-TAB2 CCD,
Sumo-Hise-BECN2 CCD with MBP-TAB3 CCD, and Sumo-Hise-BECN2 CCD............ 69
Potential crystal hits of Hise-BECN2 CCD:TAB2 CCD complex from MCSG-1
and MCSG-2 crystal SCreens (ANALIFACE).........ccueivereereeieseeseeire e e e eae e sreesee e e eneeenes 75
Summary of Secondary structure content in number of residues and percent for
Hise-STX6 SNARE, BECN2 CCD, BECN2 CCD:Hiss-STX6 SNARE,
BECN2(181-250), BECN2(181-250):Hise-STX6 SNARE. .......ccccoiiiiiiiiiniiinieeeeeeee 99
Summary of Tm’s for BECN2, BECN2 CCD:Hiss-STX6 SNARE, BECN2(181-
250), and BECN2(181-250):Hiss-STX6 SNARE.........cccoviiiieieieese e 101
Thermodynamics of binding of MBP-BECN2 CCD:Hiss-STX6 SNARE
dissociation, MBP-BECN2 CCD into Hise-STX6 SNARE, MBP-STX6 SNARE
INTO MBP-BECNZ CCD.....ccuviiiiiiiieiie sttt sttt sttt 107
Crystal hits from crystal screens for BECN2 CCD:STX6 SNARE............ccccooviiviiennnn. 109
Summary of X-ray Diffraction Data Collection and Refinement Statistics. ................... 111
The estimated secondary structure of BECN2(181-250) in different concentrations
0 I SO SRR PRSRPSRRRRR 118
Melting temperature of BECN2(181-250) in different concentrations of TFE for
TOrWAIT GNO TEVEISE. ...ttt bbb n e ne et nes 119
Thermodynamics of binding of BECN2(181-250) dissociation, MBP-STX6
SNARE into MBP-BECN2(181-250).......cccuiieieiirieiiesiesiesieseeeeieie e seeee e 120
Crystal hits from crystal screens for BECN2 CCD:STX6 SNARE.........ccccccvvevvieenenn. 124
X-ray Diffraction Data Collection and Refinement Statistics. ...........ccccceevvvevveieiienenn, 125
Protein yield of single point mutations of the MBP-STX6 SNARE of L173D,
V176D, L183D, L208D, L215D, and V218D. ......cccceeeiiiiiiiiieieieese et 132
Yields of protein of the single point mutations of MBP-BECN2(181-250) L194D,
A197D, L204D, L229D, L236D, and A239D. ......cccoceiirieiieiiiieeieieie e 134
Yield of WT and mutant MBP-BECN2(181-250):Hise-STX6 SNARE complexes
after Ni"™"-NTA affinity pull-dowWn. ..........coooiiiiiiiie e 137

Xii



5.14: RMSD upon superposition of selected helices of the BECN2(181-250): 2STX6
SNARE 3-helix bundle onto different helices of the early endosomal SNARE
(070111 0] L= USSR 138

Xiii



Figure

1.1:
1.2
1.3
1.4:
1.5:
1.6:
1.7
1.8:
1.9:

1.10:

1.11:

2.1:

2.2:

2.3:

2.4:

2.5:

2.6:
2.7:
2.8:

2.9:

LIST OF FIGURES

Page
Y] 1o)XV 1 (0] o] - Vo Y2 2
Comparison of canonical autophagy and non-canonical autophagy...........c.cccvevriiieienen. 4
Sequence alignment of BECN2 and BECNL.........cccocooiieii e 6
Sequence alignment between BECN2 found in Human, Mouse and Pig. ........cc.ccccervenene. 7
The BECN2 CCD hOMOGIMET. ......cciiiiiiiieiiiiesieisie et 8
BasSiC PrinCIPIe OF ITC.....ooiiiiieee e 10
MST setup and eXPEIIMENT. .......ccviiieiiiie et s sreenesreeee e 12
The CD Spectra of proteins composed of different secondary structures. ............ccceue.... 14
An example of a Guinier plot of a homogenous, and monodispersed sample................... 16
P(r) curves and the protein shapes that correspond. ............ccocvviririeieneieneseeeeee 17
Sample Kratky plots showing the different folding states. ............cccocveveivieiiiiic i, 17
SEC-SAXS envelopes calculated by Dr. YUE Li. .....cccooiiiiiniiieiiieiec e 25
Size exclusion chromatogram and the Coomassie-stained SDS-PAGE gel of

MBP- BE CN I O A ettt 30
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of Sumo-

[ TR 1Y PSSR 31
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of Hiss-
M11:MBP- BECN123-10ARM compIEX. ....vvcviecvcveie e 32
An example of the micrographs used for manual picking of particles circled in

01T PP RPT PR 34
The 2D classes of the 25,045 manually picked particles. 25 total classes............cccccu...e. 34
The 2D classes of the 25,045 manually picked particles. 50 total classes...........c.c.ccuu..... 35
Selected 2D classes that looked closest to SAXS envelope from Figure 2.7.. .................. 35
Recalculated 2D classes from particles in previously selected 2D classes shown in

T UL =32 TSP UPRPRPSRN 36

Xiv



3.1:

3.2

3.3:

3.4:

3.5:

3.6:
4.1:

4.2:

4.3:

4.4:

4.5:

4.6:

4.7:

4.8:

4.9:

4.10:

4.11:

5.1:

5.2:

UVRAG dOMaAIN AICNITECIUIE. ..ottt e e e e e e e et e e e e e e eaennees 38

Size exclusion chromatogram and Coomassie-stained SDS-PAGE of MBP-

UVRAG CCD QL. ..t 45
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of Sumo-
HISE-BECNZ CCD. ...ttt bbbt 46
SDS-PAGE of the pulldown of MBP-UVRAG CCD and Sumo-Hiss-BECN2

CCD . ettt ettt 47
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP-

UVRAG CCD and Sumo-Hiss-BECN2 CCD COMPIEX......ccccviiiirieiiiieienie s 48
ITC profile of MBP-URAG CCD to Sumo-Hisg-BECN2 CCD.........cccoovviiiiininieiee, 49
Domain architecture of TAB2, TAB3 and TAKIL. .....cccviiiiiiiiiieiee e 51
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP-

TABZ2 CCD. ..ottt bbb bbbt b bbb 62
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP-

TAB3 CCD. ..ttt bbbt b bbbt bbbt 63
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP-

TAB2 CCD:Sumo-Hise-BECN2 CCD COMPIEX.....ccveiiiiiiiiiiiiiisieieie e 64
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of TAB2
CCD:Hisg-BECN2 CCD COMPIEX. ..c.viiiiiiieiieiieieiiesiesie sttt st nes 65
Mass Spectrum of the TAB2 CCD:Hise-BECN2 CCD SEC peakK .........cccocevirirvnicnennn, 67
SDS-PAGE of MBP-TAB3 CCD and Sumo-Hiss-BECN2 CCD Affinity

PUITAOWNS. ..ottt e te e e te e e e s e sreeteereenseeneeeneennes 68
ITC DINAING PrOfIlES. ..o e 70
SAXS analysis of MBP-TAB 2 CCD:Sumo-His6-BECN2 CCD.........c.ccocvviinvninienn 72
SAXS analysis of TAB 2 CCD:Hise-BECN2 CCD after SVD to eliminate

UNWANTEA PIOTEINS ...ttt bbbttt b bttt e e 74
Images of potential Crystal. ...........coo i 76

Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of Hise-
STXE SNARE. ...ttt sttt et et et et et e e be st et neens 91

Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP-
STXE SNARE. ...ttt b et e bbb e 92

XV



5.3:

5.4:

5.5:

5.6:

5.7:

5.8:

5.9:

5.10:

5.11:

5.12:

5.13:

5.14:

5.15:

5.16:

5.17:

5.18:

5.19:
5.20:

Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP-

BECNZ CCD..ooeee ettt st sttt e et aesbestesneeneeneeneeneas 93
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP-

BECN2 CCD:Hisg=-STX6 SNARE.........ccoiiiiieie ettt ae e 94
SDS-PAGE of affinity pull-downs for MBP-BECN2 CCD:Hiss-STX6 SNARE

left NiT™-NTA, right AMYIOSE. .....coiiiiiiiieeeee e 95
SDS-PAGE of affinity pull-downs for MBP-BECN1 CCD and His6-STX6

SN A RE. .. et e e et e e e areeaaaeeanes 96
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of BECN2
CCD:HISBE-STXE SNARE... ...ttt 97
CD Spectra at 4 °C of A) Hiss-STX6 SNARE (green), BECN2 CCD (violet),

BECN2 CCD:Hisg-STX6 SNARE (DIACK). ....cceieieiiieiciie e 99
Thermal denaturation CUNVES..........coiiiiiiiiieisie et 101
SAXS analysis of MBP-BECN2 CCD:Hisg-STX6 SNARE. ......cccocoiviiiiieiiee e, 103
SAXS analysis of BECN2 CCD:Hisg-STX6 SNARE. ........cccoviiiiiiiine e 105
ITC binding profiles of the diSSOCIALION ...........cccoiviiiiiiii e 106

ITC binding profiles of A) MBP-BECN2 CCD:Hise-STX6 SNARE dissociation,
B) MBP-BECN2 CCD into Hise-STX6 SNARE, C) MBP-STX6 SNARE into

MBP-BECNZ CCD......ooutitiiiiiiii ittt 108
X-ray crystal structure of the BECN2 CCD: 2STX6 SNARE heterotrimer helical

(o]0 T ] USSP PRSP 112
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of MBP
BECN2Z(L81-250). ....eeueiueiteieiietesie ettt bbb 113
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of
BECNZ(L81-250) ....c.eeueiuiiteieiietesie itttk n e n e 114
Size exclusion chromatogram and Coomassie-stained SDS-PAGE gel of
BECN2(181-250):HiS6-STX6 SNARE ......c.ciiiiiiiieiie et 115
CD Spectra at 4 °C of A) Hiss-STX6 SNARE (green), BECN2(181-250) (violet),
BECN2(181-250): 2Hise-STX6 SNARE (DIACK)........ccoiiiiiiiiiiieiie e 116
CD Spectra for BECN2(181-250) in different concentrations of TFE. ...........c..ccccvnee. 118
Melting temperature of BECN2(181-250) in different concentrations of TFE. .............. 119

XVi



5.21:

5.22:

5.23:

5.24:

5.25:

5.26:

5.27:

5.28:

5.29:

5.30:

5.31:

5.32:

5.33:

5.34:

ITC binding profiles of A) BECN2(181-250) dissociation, B) MBP-STX6
SNARE into MBP-BECNZ2(181-250).......cccuiiiiiiiieiie ettt 120

MST EXPEIIMENES. . ..eveeieetie ettt e e e st e st e et e areeste e e e sreesteensesneesreenneenes 122

X-ray crystal structure of the BECN2(181-250):STX6 SNARE heterotrimer
NEIICAL DUNGIE ... e 126

Illustration of how the correct structure (yellow) fits better than the wrong
structure (green) to the electron density in blue mash ............cccoeiiiiiiei e, 127

Superimposed X-ray crystal structures of the BECN2 CCD: STX6 SNARE wrong
structure (green) and the BECN2 CCD:STX6 SNARE correct structure (yellow). ........ 127

Superimposed X-ray crystal structures of the BECN2 CCD: STX6 SNARE and
the BECN2(181-250):STX6 SNARE heterotrimer helical bundles .............c.cccecvennen. 128

Electrostatic surface of the BECN2(181-250):STX6 SNARE complex........cc.cccovvnneee. 128

Interacting residue layers stabilizing the complex of BECN2(181-250):STX6
SN A RE. .ot te e et e e e raeearreearaa e 130

Size exclusion chromatogram and the corresponding SDS-PAGE of MBP-STX6
SNARE single point MUEALIONS. ..........coouiiiiiieiee s 133

Size exclusion chromatogram and the corresponding SDS-PAGE of MBP-
BECN2(181-250) single point MULANTS. .........ccoierieiineieseseseeeeeee e 135

Affinity pulldown assays to assess impact of point mutations of hydrophobic
layers on the on BECNZ2(181-250) and STX6 SNARE interaction. ...........cccceeverveeenne. 137

Superposition of the BECN2(181-250):STX6 SNARE 3-helix bundle and the
early endosomal SNARE complex (PBD ID 2NPS). ......cccooiiiiiiiiiiieie s 139

Interacting residue layers stabilizing the early endosomal SNARE complex (PBD

Xvii



LIST OF ABBREVIATIONS

AFM oo Aromatic finger mutation

ANL L Argonne National Laboratory

APS Advanced Photon Source

ALD oo Autophagy-related genes

BARAD.......co it B-a-repeated autophagy-specific domain
BeCliN/BECN ... Bcl-2 interacting protein 1

BH3D ..o BCL2 homology 3 domain

CCD Coiled-coil domain

CD e Circular dichroism

DIMax ceeveereereereesiesteseseseseeeesee et ena s Maximum particle dimension

DTT e Dithiothreitol

EM Electron microscopy

FHD. ..o Flexible helical domain

GST s Glutathione S-transferase

HISE. vt Hexa-histidine

HOPS . Homotypic fusion and protein sorting complex
IDR .o Intrinsically disordered region

I Interleukin-1
PTG Isopropy!l thio-B-D-galactoside

IR e Infrared

T C Isothermal titration calorimetry

K e Association constant

MAD ..o Multi-wavelength anomalous dispersion
MEKKS ..o Mitogen-activated protein kinase kinase kinase 3

XViil



MIR Lo Multiple isomorphous replacement

MR Molecular replacement

MST e Microscale Thermophoresis
DL Stoichiometry

[ () USSR Pairwise-distance distribution function
PIBKCS .. Class 11 phosphatidylinositol-3-kinase
RErEE vt eveereete et Free R-factor
Rttt Radius of gyration

RWOTK «veereeteeieeie et Work R-factor

SAXS Small Angel X-ray Scattering

SEC o Size exclusion chromatography

ST X Syntaxin

TAB2and TAB3.........ccoe o TAK1 binding protein 2 and 3

TAKL Transforming growth factor -activated kinase 1
TEV e Tobacco etch virus

] = 2,2,2- Trifluoroethanol

T et Melting temperature

TNF Tumor necrosis factor-o

ULK e Unc-51-like kinase

UVRAG ...t UV radiation resistance-associated gene
VPS Vacuolar protein sorting protein

BME ..ot B-mercaptoethanol

AH oo Change of enthalpy

XiX



CHAPTER 1. INTRODUCTION
1.1. Autophagy

Autophagy, which means ‘self-eating’ is a cell-survival pathway conserved in all
eukaryotes™2. Autophagy involves the engulfing of cellular components including old or
damaged proteins, organelles, and pathogens, in double-membraned vesicles called
autophagosomes, prior to the fusion with the lysosomes that leads to the degradation and
recycling of the contents®. A basal level of autophagy is needed to keep cells at homeostasis.
During stress conditions such as nutrient deprivation and intracellular stress like the
accumulation of damaged proteins, autophagy is upregulated leading to the recycling of nutrients
and energy’. Autophagy plays a role in many physiological and pathophysiological processes
like aging, immunity and differentiation, and development® 2. Autophagy also plays a crucial
role in many diseases like cancers, neuronal degeneration, liver disease, and heart disease® > *.
Within these diseases, autophagy can lead to either a beneficial or negative effect®. The
autophagy pathway has been broken down into multiple steps (Figure 1.1), 1) initiation signaling
2) vesicle nucleation, 3) vesicle elongation, and 4) autophagosome maturation®. After the
initiation signaling, vesicle nucleation leads to the formation of autophagosomes, after which the
autophagosome elongates around the cargo selected for degradation. After autophagosome
formation, it fuses to the lysosome in a step called autophagosome maturation® which leads to the

degradation of the sequestered cargo.
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Figure 1.1: Steps of Autophagy. After the initiation of autophagy, the isolation membrane begins
to form in the vesicle nucleation step. The vesicle then elongates around the sequestered content,
to form the autophagosome. After the formation of the autophagosome or maturation, the
autophagosome fuses with the lysosome to form the autolysosome. Within the autolysosome the
degradation of the sequestered content takes place. This figure was adapted from Aman Y, et. al
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Each of these different steps of the autophagy pathway is highly regulated and involves
different protein complexes. The initiation signal of autophagy is regulated by the Unc-51-like
kinase (ULK) complex that consists of ULK1 or ULK2, Autophagy-related genes (Atg)13, and
RB1-inducible coiled-coil protein 1. This complex is further regulated by the mechanistic target
of rapamycin complex 1, which during nutrient-rich conditions associates with and inhibits the
Unc-51-like kinase ULK complex and during starvation conditions dissociates from the ULK
complex. In the vesicle nucleation step, the class I11 phosphatidylinositol-3-kinase (PI3KC3)
complex helps regulate the formation of the autophagosome. The PI3KC3 complex 1 contains
vacuolar protein sorting protein (VPS)34, VPS15, Bcl-2 interacting protein 1 (Beclin 1/BECNL1),
and ATG14, while complex 2 contains the same proteins except ATG14 is replaced with UV
radiation resistance-associated gene (UVRAG). For the elongation step of the autophagy

pathway, the complex of Atgl2-Atg5-Atgl6 is needed for the regulation of the elongation of the



autophagosome®: . Autophagosome maturation, i.e. fusion of the autophagosome to the lysosome
to form the autolysosome involves the homotypic fusion and protein sorting (HOPS) complex, a
SNARE complex, and the PI3KC3 complex 2. The HOPS complex consists of the VPS11,
Vpsl6, VPS18, Vps33A, VPS39, and Vps4l proteins. The other complex shown to function in
the autophagosome maturation is a SNARE complex that contains syntaxin (STX)17, SNAP29,
VAMP7, or VAMPSE. All of these different complexes have other proteins that help regulate
autophagy, by interacting with proteins within the complex to either up- or down-regulate
autophagy.
1.2. Non-Canonical Autophagy

The autophagy pathway described above is also known as canonical autophagy. There is
another type of autophagy known as non-canonical autophagy, in which proteins are still
sequestered and degraded and recycled back to the cell®. Non-canonical autophagy does not need
all the proteins that are needed in canonical autophagy (Figure 1.2). Non-canonical autophagy
can bypass ATG5, ATG7, and LC3 which are needed for the elongation and closure of the
autophagosomes. Non-canonical autophagy can also bypass the proteins needed for the initiation
and nucleation of the autophagosomes, such as the UKL1 complex, and BECN1 as well as other
proteins in the PI3KC3 complex. The autophagosomes formed in non-canonical autophagy can

be from elongated from lipids from multiple membranes®®.
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Figure 1.2: Comparison of canonical autophagy and non-canonical autophagy. Top showing
canonical autophagy and proteins needed. The bottom showing BECN2 mediated non-canonical
autophagy and showing that known proteins for canonical autophagy are not needed. Figure was
adapted from Zhu, M. et al'.

1.3. BECN1

BECNL1, which is expressed in all cells, was first discovered as a Bcl-2 interacting protein
1'2. BECNL1 is a part of the PI3KC3 complex and was the first mammalian protein shown to
function in autophagy®®. BECN1 homologs are conserved in all eukaryotes, called BECN1 in
mammals, VPS30/ATG6 in yeast, and ATG6 in plants'4. Mutations or changes in expression
levels of BECNL1 are associated with various diseases. BECN1 has been shown to be a tumor
suppressor in cancers® 4, 40-75 % of breast, ovary, and prostate cancer have a monoallelic
deletion of BECNL1. A deficiency or malfunction of BECNL1 is also implicated in
neurodegenerative disorders like Alzheimer’s and Parkinson’s. Some viruses target BECNL1 to
evade autophagic degradation, like the human immunodeficiency virus, and the y-herpesvirus.
As mentioned before BECNL1 is a part of the PI3KC3 complex that functions in the

autophagosome nucleation stage of the autophagy pathway*4,



Human BECNL1 is a 450-residue protein that contains an intrinsically disordered region
(IDR, residues 1-140), a flexible helical domain (FHD, residues 141-171), a coiled-coil domain
(CCD, residues 175-265), and a B-a-repeated autophagy-specific domain (BARAD, residues
266-450). Within the IDR is a BCL2 homology 3 domain (BH3D, residues 105-130) that
becomes helical upon binding to a BCL2 homolog. The BH3D has been shown to interact with
many anti-apoptotic BCL2 homologs, including viral BCL2 homologs such as M11 from the y-
herpesviruses 68°. The BECN1 CCD has been shown to form an anti-parallel left-handed
coiled-coil homodimer*4. The BECN1 CCD has also been shown to form a parallel heterodimer
with ATG14 and UVRAG, which are a part of the PI3KC3 complex 1 and 2 respec