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                                                                                                                                                             Synopsis 1  Synopsis Autophagy is a catabolic process which contributes to the cellular homeostasis and intracellular pathogen clearance in eukaryotic cells. It has also been reported in being involved in cancer progression. Since autophagy is a threat for intracellular pathogens, various pathogens have developed strategies to inhibit, escape from or even exploit autophagy for their survival. In order to understand and be able to interfere with the pathogenic strategies, a detailed insight into the molecular mechanism of autophagy is required. Autophagy mechanism is controlled by more than 30 ATG proteins, among them ATG12-ATG5 conjugate (covalently bound) is a key component of autophagy. Autophagy mechanism can simply be divided into autophagy initiation, autophagosome formation and autophagosome fusion with lysosome. ATG12-ATG5 conjugate interacts with ATG16L1 and facilitates the autophagosome formation by catalyzing LC3 lipidation on autophagosomal membrane. Later, ATG12-ATG5 complex residing on autophagosome interacts with TECPR1 to promote the autophagosome fusion with lysosomes. Mainly two domains of TECPR1, AIR and PH take part in this process. The isolated PH domain binds to PI3P, which plays an important role in autophagosome biogenesis and maturation. However, the PH domain in combination with AIR or in the full-length construct fails to interact with PI3P. Only upon binding of ATG12-ATG5 to the AIR domain, the PH domain is able to bind to PI3P, suggesting an autoinhibited state of TECPR1, which is released upon binding of ATG12-ATG5 resulting in lysosomal fusion. The objective of this work was to gain structural and biochemical insight in ATG12-ATG5 conjugate or ATG5 interaction with ATG16L1 and TECPR1 in order to target them for autophagy regulation. Ultimate aim was to design an autophagy inhibitor based on these interactions. Additional aims were to determine the structure of N-terminal half of ATG16L1 and to understand the autoinhibition mechanism of TECPR1 by solving structure of TECPR1_AIRPH domain alone as well as in complex with ATG5. The work was started with expression and purification of ATG12-ATG5 conjugate and ATG16L1 constructs. After successful purification of ATG12-ATG5 conjugate from insect cells, it was applied to co-crystallization with N-terminal ATG16L1 constructs. However, no crystals had been obtained. Later, ATG5 was co-crystallized with N-terminal half of ATG16L1 which resulted into two different crystal forms. Structure of the complex was solved and it revealed the degradation of ATG16L1, resulting in complex of ATG5 with ATG16L111-48 (ATG5_BD of ATG16L1). Crystals from ATG5/AIR577-595 complex crystallization setups were also obtained, which turned out to be only ATG5 crystals. Later, fusion constructs of ATG5 and AIR (ATG5-thr-thr-AIR577-595) were designed in order to crystallize ATG5/AIR complex. Many crystals were obtained and they had been confirmed to be ATG5/AIR complex crystals. However, bad diffraction quality in combination with anisotropic diffraction hindered structure determination. Crystals were further optimized, but due to the publication of the ATG5/AIR complex structure by a competing group, this part of the project had to be terminated. In parallel to this, 5 and 6 systematically truncated constructs of ATG16L1-ATG5_BD and TECPR1-AIR were designed to find the 



Synopsis  2  smallest ATG5 interacting ATG16L1 and AIR motifs. Using pull down assays and ITC experiments 20 aa ATG16L111-30 and AIR576-595 peptide were selected as minimal peptides, retaining strong ATG5 interaction. 20 aa ATG16L111-30 was proven to be stronger interaction partner of ATG5 in MST competition assay. This ATG16L111-30 has also competed with endogenous ATG16L1 and TECPR1 for ATG5 interaction in cell culture based assays. ATG16L111-30 showed inhibition of autophagosome formation and fusion.  ATG16L1 plays an important role in autophagy initiation and autophagosome formation, but structural knowledge of N-terminal half ATG16L1 (apart from ATG5_BD) is still missing. Based on degradation observed during purification of N-terminal ATG16L1 constructs three new constructs for central part of ATG16L1 (comprises insert, CCD and insert) were designed and used for crystallization. ATG16L1 central region exist as dimer in solution and comprises mostly alpha helical structure. All these constructs have been successfully crystallized in order to solve the structure. To confirm the proposed model of autoinhibition mechanism of TECPR1, several constructs of AIRPH were designed and purified for crystallization. Additionally, AIRPH constructs in complex with ATG5 were also purified and applied to crystallization. However, none of these crystallized. AIRPH domain contains mostly antiparallel beta strands with some α-helical structure. ATG5/AIR complex was stable complex and shown to form 1:1 complex in SAXS analysis. However, due to lack of crystal structure information of TECPR1 the regulatory mechanism and potential conformational changes of TECPR1 upon binding of ATG5 remain elusive. 



                                                                                                                                                             Synopsis 3  Synopsis Die Autophagie ist ein katabolischer Prozess eukaryotischer Zellen, welcher zur zellulären Homöostase und zur Eliminierung von Pathogenen beiträgt. Es wurde außerdem beobachtet, dass sie in der Entwicklung von Krebs eine wichtige Rolle spielt. Da die Autophagie auch gegen Pathogene gerichtet ist, haben manche Keime Strategien entwickelt, um ihren autophagosomalen Abbau zu inhibieren oder zu umgehen. Manche nutzen die Autophagie sogar zum Zweck ihrer eigenen Replikation aus. Um regulatorische Prozesse in der Autophagie besser zu verstehen und Wege zu finden in pathogene Evasionsmechanismen einzugreifen, ist es essentiell detaillierte Einblicke in die molekularen Mechanismen dieser Prozesse zu gewinnen.  Autophagosomale Mechanismen werden durch mehr als 30 ATG Proteine reguliert. Darunter findet sich auch das ATG12-ATG5 Konjugat (kovalent aneinander gebundene Proteine), welches eine Schüsselrolle in der Autophagie einnimmt. Autophagie kann in drei aufeinanderfolgende Prozesse unterteilt werden:  die Autophagie-Initiierung, die Bildung des Autophagosoms und schließlich die Fusion des Autophagosoms mit dem Lysosom. Das ATG12-ATG5 Konjugat interagiert mit ATG16L1 und ermöglicht die Bildung des Autophagosoms, indem es die Lipidierung von LC3 auf der autophagosomalen Membran katalysiert. Daraufhin interagiert der auf dem Autophagosom verbliebene ATG12-ATG5 Komplex mit TECPR1, wodurch die Fusion des Autophagosoms mit dem Lysosom herbeigeführt wird. Daran sind hauptsächlich die beiden Domänen AIR und PH von TECPR1 beteiligt. Eine isolierte Form der PH Domäne bindet an das Protein PI3P, welches bekannt dafür ist eine wichtige Rolle bei der Biogenese und Reifung des Autophagsosoms zu spielen. Jedoch konnte weder für die kombinierten PH und AIR Domänen, noch für das volllänge Konstrukt eine Interaktion zu PI3P beobachtet werden. Lediglich nach der Bindung von ATG12-ATG5 an die AIR Domäne konnte die PH Domäne an PI3P binden, weswegen ein autoinhibierter Status von TECPR1 vermutet wird, welcher durch die Bindung von ATG12-ATG5 aufgelöst wird, wodurch  die lysosomale Fusion eingeleitet wird.  Ziel dieser Arbeit war die detaillierte strukturelle und biochemische Charakterisierung des ATG12-ATG5 Konjugats sowie dessen Interaktionen mit ATG16L1 und TECPR1.  Da die Interaktionen des ATG12-ATG5 Konjugats von hoher Relevanz für autophagosomale Mechanismen sind, könnten diese ein perfektes Ziel für die Regulation von Autophagie darstellen. Basierend auf den Daten zur Struktur und den Interaktionen sollte auch ein Autophagie-Inhibitor identifiziert, charakterisiert und optimiert werden. Als weitere Ziele wurden die Strukturaufklärung der N-terminalen Domäne(n) von ATG16L1 sowie die Untersuchung des Autoinhibierungsmechanismus von TECPR1 durch die strukturelle Charakterisierung der TECPR1_AIRPH Domäne, isoliert bzw. im Komplex mit ATG5, definiert.    Zu Beginn der Arbeit wurden das ATG12-ATG5 Konjugat und verschiedene Konstrukte von ATG16L1 exprimiert und gereinigt. Nach erfolgreicher Reinigung des ATG12-ATG5 Konjugats aus Insektenzellen, wurde dieses für die Ko-Kristallisation mit den gereinigten N-terminalen ATG16L1 Konstrukten 



Synopsis  4  eingesetzt. Allerdings blieben jegliche Versuche der Kristallisation dieser Komplexe erfolglos. Daraufhin  wurde ATG5 zusammen mit der N-terminalen Hälfte von ATG16L1 in zwei verschiedenen Kristallformen erfolgreich kristallisiert. Die Aufklärung der Struktur zeigte allerdings einen Abbau von ATG16L1, der zur Kristallisation von ATG5 im Komplex mit ATG16L111-48 (ATG5_BD von ATG16L1) führte. Weiter führte die Ko-Kristallisation von ATG5/AIR577-595 zu Kristallen, welche jedoch lediglich ATG5 enthielten. Zur Kristallisation des ATG5/AIR Komplexes wurde ein Fusionsprotein erstellt (ATG5-thr-thr-AIR577-595), welches zu mehreren Kristallen führte. Diese erlaubten jedoch keine Aufklärung der Struktur, da anisotrope Effekte und eine schlechte Diffraktionsqualität dies verhinderten. Die erhaltenen Kristalle wurden optimiert, allerdings wurde im November 2014 eine Struktur des ATG5/AIR Komplexes veröffentlicht, weswegen dieser Teil des Projektes beendet wurde. Für die Identifikation eines Autophagie-Inhibitors wurden fünf, beziehungsweise sechs systematisch trunkierte Konstrukte von ATG16L1 ATG5_BD und TECPR1_AIR erstellt, um das kleinste mit ATG5 interagierende Motif von ATG16L1 und AIR zu bestimmen. Mittels Pulldown-Assays und ITC wurden die 20 AS Peptide ATG16L111-30 und AIR576-595 als Interaktionspartner von ATG5 identifiziert, wobei ein kompetitiver Versuch mittels Thermophorese die stärkste Interaktion mit ATG16L111-30 aufzeigte. In Zellkultur-basierten Ansätzen wurde weiter gezeigt, dass das Konstrukt ATG16L111-30 mit endogenem ATG16L1 und TECPR1 um ATG5 konkurrierte und die Bildung von autophagosomalen Partikeln sowie deren Fusion mit Lysosomen in Zellen reduzierte.  ATG16L1 ist ein wichtiges Protein, welches bei der Initiierung der Autophagie und der Bildung des Autophagosoms beteiligt ist. Für die N-terminale Hälfte von ATG16L1 existiert, abgesehen von der ATG5_BD, noch kein strukturbiologisches Wissen. Basierend auf dem beobachteten Abbau von ATG16L1 während Aufreinigungen N-terminaler Konstrukte, wurden drei neue Konstrukte für den zentralen Teil von ATG16L1 erstellt (Insert, CCD und Insert). In Lösung liegt die zentrale Region von ATG16L1 als Dimer vor, welche hauptsächlich aus alpha-helikalen Strukturen aufgebaut ist. All diese Konstrukte wurden erfolgreich kristallisiert, um die Struktur zu bestimmen.  Zur Bestätigung des vorhergesagten Modells des Autoinhibitionsmechanismus von TECPR1 wurden verschiedene Konstrukte von AIRPH erstellt und für die Kristallisation aufgereinigt. Dies erfolgte ebenso mit AIRPH Konstrukten, welche im Komplex mit ATG5 aufgereinigt wurden, jedoch keine Kristalle bildeten. ATG5/AIR bildete einen stabilen 1:1 Komplex, wie SAXS Analysen aufdeckten. Dennoch bleibt die Konformation von TECPR1 mit und ohne ATG5 wegen nicht erfolgreicher Kristallisation unaufgeklärt. 



                                                                                                                                                      Introduction 5  1 Introduction 1.1 Autophagy Cells are the structural and functional unit of any organism, healthy cells lead to healthy body. Perfect balance between the cellular components is important for proper functioning of cells. For this, cells must break down damaged cell organelles and other dysfunctional cellular contents, just as cells must synthesize necessary components for proper function. To destroy the damaged cellular components cells employ two degradative pathways; proteasome dependent degradation, associated with breakdown of short lived protein, and autophagy, a lysosome dependent degradative pathway induced during cellular stress and starvation. Autophagy or autophagocytosis (“self-eating”) is a highly conserved eukaryotic degradation process which includes digestion and recycling of cellular components using lysosomal enzymes. It plays a role in maintaining the cellular metabolism during starvation by recycling cellular components into amino acids and fatty acids (Mizushima & Komatsu 2011). It also takes part in clearing damaged and dysfunctional cell organelles, and hence is extremely important for cellular homeostasis. It was identified as a bulk, unselective degradation mechanism; however, it also has the ability to selectively target and degrade cellular components including misfolded proteins, dysfunctional mitochondria and invading bacteria (Mizumura et al. 2014).  1.1.1 Types of autophagy On the basis of different modes of cargo delivery to the lysosome, three types of autophagy have been reported so far: macroautophagy, microautophagy and chaperone mediated autophagy (Figure 1). Macroautophagy is most important and abundant type of autophagy and is often simply referred to as autophagy (Mizumura et al. 2014).  During macroautophagy, cytoplasmic cargo (aggregated protein and damaged cell organelles) is sequestered by a de novo-formed isolation membrane that expands and forms a fully enclosed double membrane vesicle, the autophagosome. Degradation occurs when this autophagosome fuses with lysosomes. Selective degradation of organelles via macroautophagy is termed as organellophagy (Okamoto 2014). Selective macroautophagy has been named on the basis of their targeted organelle or molecule such as lipophagy (for liposome) (Lee et al. 2014), mitophagy (for mitochondria) (Redmann et al. 2014) ribophagy (for ribosomes) (Beau et al. 2008), chaperone assisted self-autophagy (protein is recognized by molecular chaperone and ubiquitinated, then enclosed by the autophagosome) (Arndt et al. 2010) and aggrephagy (degradation of aggresome) (Lamark & Johansen 2012) (Figure 1a).  



Introduction  6   Figure 1: Distinct types of autophagy. Cytosolic proteins can enter to the lysosome for degradation by at least three autophagic pathways. (a) Schematic representation of macroautophagy and selective variations of this process, in which distinct substrates (aggregate proteins or organelles) are targeted for degradation, and their names, are also depicted. (b) Schematic representation of microautophagy, both in bulk and selective pathways. (c) Schematic representation of chaperone mediated autophagy pathway. (Adapted from Cuervo, 2011) During microautophagy, cytoplasmic material is internalized for degradation via invagination on the surface of the lysosome followed by scission (Kunzt et al. 2004). Cytoplasmic material can be sequestered in bulk (nonselectively) or selectively with the help of cytoplasmic chaperone that recognizes the substrates (Figure 1b). In chaperone mediated autophagy (CMA), soluble cytosolic proteins containing a targeting motif are recognized by the cytoplasmic heat shock cognate 70 (HSC70) chaperone and its co-chaperones, which deliver the substrate protein to the membrane of the lysosome (Figure 1c). After this, substrate protein becomes unfolded and crosses the lysosomal membrane through a multimeric complex (translocation complex). Substrate translocation requires a lysosomal HSC70 chaperone and is followed by rapid degradation in the lysosomal lumen (Figure 1c) (Cuervo 2011). 



                                                                                                                                                      Introduction 7  1.2 Molecular mechanism of autophagy The morphology of autophagy was first identified in mammalian cells in the 1950s (Cuervo 2011; Kunzt et al. 2004) and thereafter extensive morphological and pharmacological studies defined the basic steps of this process. Subsequent work in various fungi allowed the identification of individual molecular components that participate in autophagy. To date, 34 ATGs (autophagy related genes) have been reported that encode different ATG proteins. Most of them are conserved from yeast to human and provide vital information to understand the molecular mechanism of autophagy (Novikoff & Essner 1962). These ATGs are involved in different stages of the autophagy process, which can simply be divided into three steps; autophagy initiation and vesicle nucleation, autophagosome formation (elongation and closure) and autophagosome maturation (lysosomal fusion) (Figure 2).  Figure 2: Overview of basic mechanism of autophagy. Metabolic stress, starvation or other autophagy inducing events activate ULK1 complex (regulated by mTOR), which activates class III PI3K following initiation of phagophore formation. Phagophore is elongated with the help of ATG12-ATG5/ATG16L1 complex and LC3-PE forming fully closed autophagosome. Finally, maturation of autophagosome takes place with the fusion of lysosome leading to the degradation of the cargo.  



Introduction  8  1.2.1 Autophagy initiation and vesicle nucleation During metabolic stress or starvation condition, vesicle nucleation takes place at phagophore assembly site (PAS), believed to be an organizational site for the assembly of autophagy initiation machinery. An important cell signaling component, mammalian target of rapamycin (mTOR) kinase critically regulates autophagy initiation by activating or deactivating UNC51-like kinases1 (ULK1). Under nutrient rich condition, mTOR is activated and binds to the ULK1 complex comprising of ULK1, ATG13 in complex with ATG101 and focal adhesion kinase family interacting protein of 200 kDa FIP200 (ULK1-ATG13-ATG101-FIP200). mTOR phosphorylates ULK1 and ATG13, thereby inhibits ULK1 kinase activity (Ashford & Porter 1962; Weidberg et al. 2011; Mercer et al. 2009). Upon nutrient depletion, mTOR is deactivated and dissociates from the ULK1 complex and this leads to the activation of ULK1 kinase activity which further auto-phosphorylates and also phosphorylates ATG13, FIP200 (Braun et al. 1994) (Figure 3).   Figure 3: Autophagy initiation. Under nutrients deprivation, mTOR is deactivated and separated from the ULK1 complex resulting in the activation of ULK1 kinase, which subsequently phosphorylates ATG13, FIP200 and itself. Activated ULK1 kinase also phosphorylates Beclin1 leading to activated PI3K, which starts producing PI3P at the PAS. PI3K complex is recruited to the PAS through ATG14 interaction. However, during nutrient rich condition mTOR is active and stays bound to the ULK1 complex keeping ULK1 deactivated. Beside this, AMP is activated by low ATP level which inactivates mTOR, thereby inducing autophagy initiation. ATG9, DFCP1 and WIPI recruit other ATG proteins to the phagophore for further elongation and autophagosome formation.  



                                                                                                                                                      Introduction 9  ULK1 kinase activity is essential for association of ATG proteins to PAS, the site of autophagosome formation (Hosokawa et al. 2009). Additionally, ULK1 activation is also promoted by AMP activated protein kinase (AMPK), a key energy sensor responding to low ATP levels, thereby enhancing autophagy initiation during energy stress (Ganley et al. 2009).  Moreover, ULK1 participates in induction of autophagy by phosphorylating Beclin-1 to activate class III phosphotidylinositol-3 kinase (PI3K) complex/Vps34 complex comprising of PI3K/Vps34, Beclin-1, p150 (Vps15) and ATG14-like protein (ATG14L) or ultraviolet irradiation resistance-associated gene (UVRAG) (Burman & Ktistakis 2010; Chan 2009; Kobayashi 2015; Russell et al. 2013) (Figure 3). PI3K is required for the synthesis of phosphatidylinositol-3-phosphate (PI3P). PI3K complex is recruited to the PAS through ATG14, where it produces PI3P which interacts with effector proteins such as double FYVE-containing protein 1 (DFCP1) and WD-repeat domain phosphoinositide-interacting (WIPI) leading to the formation of isolation membrane (phagophore) (Chan 2009; Kobayashi 2015; Russell et al. 2013). Another important protein, ATG9 (synthesized in ER but localized on trans-golgi network and late endosome) appears to be the first protein recruited to PAS after ULK1, and this protein may contribute to membrane source for the vesicle nucleation (Yamamoto et al. 2012; Mizushima et al. 2011), however, this requires additional evidences. 1.2.2 Autophagosome elongation and closure Once PI3K is activated, it stimulates the production of PI3P at the site of autophagosome formation. PI3P is essential for the phagophore nucleation and autophagosome formation. Further autophagosome elongation requires two ubiquitin like conjugation systems; ATG12-ATG5 conjugation system and LC3-phosphatidylethanolamine (PE) conjugation system. LC3 is a subfamily of mammalian ATG8 family with another subfamily referred to as Gamma-aminobutyric acid receptor-associated proteins (GABARAPs) (Ohsumi & Chem 2002). Both ubiquitin conjugation systems are mechanistically similar to canonical ubiquitin conjugation system. In canonical ubiquitination, precursor ubiquitin is processed by a protease which cleaves it at a C-terminal glycine residue. Cleaved ubiquitin is activated by binding to E1 (ubiquitin activating enzymes). From E1, ubiquitin is transferred to E2 (ubiquitin conjugating enzymes) and then depending on the type of ubiquitin ligase, either E2 directly or E3 (ubiquitin ligase) catalyzes the final conjugation of ubiquitin to the lysine on the target protein. In ATG12-ATG5 conjugation, ATG12, an ubiquitin like protein, is activated by ATG7 (E1-like enzyme) (Tanida et al. 1999) and covalently attached to ATG5 by ATG10 (E2-like enzyme) (Shintani et al. 1999), resulting in the ATG12-ATG5 conjugate, a key component of autophagy (Figure 4b) (Ohsumi 2001). This ATG12-ATG5 conjugate subsequently interacts with ATG16L1 through ATG5, forming the dimeric ATG12-ATG5/ATG16L1 complex (Furuya et al. 2005). ATG12-ATG5/ATG16L1 complex is recruited to the PAS probably by direct interaction of ATG16L1 with either FIP200 in PI3K complex or WIPI2 at PAS (Suzuki et al. 2007). ATG12-ATG5/ATG16L1 complex resides on the outer side of the autophagosome and facilitates the second ubiquitin like reaction. In the 



Introduction  10  second system, nascent LC3 is first processed to a glycine-exposed form by the protease ATG4 and then processed LC3 is conjugated with phosphatidylethanolamine (PE). This conjugation is mediated by E1 and E2-like enzymes named ATG7 and ATG3, respectively (Figure 4c). In LC3-PE conjugation, ATG12-ATG5/ATG16L1 complex acts as E3 ubiquitin ligase and promotes LC3 lipidation specifically on the autophagosome membrane (Ohsumi 2001). Unlike ATG12-ATG5/ATG16L1 complex, LC3 is present on both sides of autophagosomal membrane. Before lysosomal fusion LC3 is separated from autopha-gosome membrane by LC3-PE de-conjugation mediated by ATG4 (Figure 4c). All proteins involved in autophagosome nucleation and elongation steps are summarized in Table 1.  Figure 4: Two ubiquitin-like systems are required for autophagosome formation. (a) The canonical ubiquitin system; ubiquitin is activated by E1 enzyme followed by its transfer to E2 conjugation enzyme which transfers the ubiquitin to the target protein and final conjugation is mediated by E3 ligase enzyme. (b) ATG12-ATG5 conjugation, the carboxy-terminal Glycine of ATG12 is activated by ATG7, an E1-like enzyme. Subsequently, ATG12 is transferred to ATG10, an E2-like conjugating enzyme. Finally, ATG12 forms a conjugate with ATG5 through an isopeptide bond. The ATG12–ATG5 conjugate forms a large protein complex with ATG16L1. (c) The LC3 system, nascent LC3 is first processed to a Glycine-exposed form by a protease, ATG4 following its activation by ATG7 (an E1-like enzyme) then transferred to ATG3 (an E2-like enzyme). Finally, LC3 forms a conjugate with phosphatidylethanolamine (PE). LC3–PE is deconjugated by ATG4. ATG12-ATG5/ATG16L1 leads to LC3 lipid conjugation at the end of second ubiquitin-like reaction (acts as an E3-like enzyme). (Adapted from Ohsumi, 2001)  



                                                                                                                                                      Introduction 11  Table 1: List of proteins involved in autophagosome nucleation and elongation steps of autophagy. Protein complexes Specific proteins in complexes Nucleation step  ULK1 complex ULK1/2, ATG13, FIP200, ATG101 Class III PI(3)K complex PI3K (Vps34), ATG14L, P150 (Vps15), Beclin-1, UVRAG and Rubicon Others ATG9, WIPI1-4, ATG2, VMP1 and DFCP1 Elongation step ATG12- conjugation system ATG12, ATG5, ATG7, ATG10 and ATG16L1 LC3- conjugation system LC3 (GATE16, GABARAP), ATG7, ATG3 and ATG4A 1.2.3 Autophagosome maturation Once fully closed autophagosome is formed, autophagosome maturation into autolysosomes takes place which is characterized by the fusion of autophagosome with lysosome and degradation of the enclosed cargo. Completed autophagosomes move to the cellular site where lysosomes are clustered in microtubule and dynein-dynactin motor complex dependent manner, and allows fusion of the organelles and subsequent degradation of autophagic contents by lysosomal proteases (Kimura et al. 2008). Among all the proteins involved in autophagosome maturation, ATG12-ATG5 conjugate appears to play a very important part by interacting with TECPR1 protein (Chen et al. 2012). TECPR1 resides on lysosomal membrane and acts as tethering factor between autophagosome and lysosome for mediating the fusion as described later in section 1.3.3. Moreover, soluble N-ethylmaleimide-sensitive fusion protein (NSF) attachment receptor (SNARE) molecules are required for autophagosome fusion with lysosome and are responsible for trafficking the lysosomal cathepsins (Renna et al. 2011). Many Ras-like GTPases Rab proteins are known to be involved in the various stages of the autophagy, among those Rab7, Rab8b and Rab24 have been shown to play a key role in autophagosome maturation in lysosome-associated membrane protein (LAMP1) dependent manner (Ao et al. 2014). 1.3 Human ATG12-ATG5 conjugate and interaction partners  As mentioned above in section 1.2, ATG12-ATG5 conjugate plays a very important role in completion of autophagosome formation and maturation by interacting with ATG16L1 and TECPR1, respectively. For simplicity, hereafter, all proteins will be considered human protein unless species is mentioned.  



Introduction  12  1.3.1 ATG12-ATG5 conjugate Among all ATG proteins, covalently bound conjugate of ATG12-ATG5 is one of the key players in autophagy mechanism. ATG12 was initially identified as a positive mediator of apoptosis by interacting with Bcl2 (Rubinstein et al. 2011). It is the first ubiquitin like ATG protein to be identified and involved in autophagy vesicle formation. ATG12 is 140 amino acids long (≈16 kDa) protein, its N terminus seems to be disordered and the rest takes an ubiquitin like fold with C-terminal Glycine required for isopeptide linkage (Figure 5a). ATG12 has 74 amino acids long isoform from alternate splicing (The UniProt Consortium 2014). Structure of Arabidopsis thaliana (At) ATG12 (PDB code 1WZ3) shows presence of two hydrophobic patches; one is responsible for ATG12-ATG5 conjugation and the other is responsible for ATG12 specific functions (Suzuki et al. 2005). AtATG12 structure shows an intertwined dimer through domain swapping (Figure 5b). C-terminal Glycine140 of ATG12 is covalently linked to Lysine130 of ATG5 in ubiquitin like manner as described in section 1.2.2 (Noda et al. 2013). ATG5 is a ≈33 kDa protein, which is composed of 275 amino acids. It also has an isoform, resulting from alternate splicing and it starts with Methionine80 (The UniProt Consortium 2014). In the beginning of this work, the only structural information was based on the X-ray structure of yeast ATG5 in complex with N-terminal ATG16 helix (PDB code 2DYM). ATG5 comprises N-terminal α-helix (NAH), α-helical bundle region (HBR) and two ubiquitin fold domain; ubiquitin fold domain1 (UFD1) and ubiquitin fold domain2 (UFD2) (Figure 5c). Lysine130 of ATG5, which takes part in conjugation with ATG12, resides in the HBR domain. ATG12-ATG5 conjugate formation is irreversible and this conjugate acts as single protein. The question still remains why cells use this complicated system rather than generating a single protein with multi-domain structure. So far, structural knowledge of only AtATG12 (Figure 5b) and ScATG5 (Figure 5d) is available; therefore we believe uncovering the structure of the human ATG12-ATG5 conjugate will provide important new insight into the mechanism of autophagy. During autophagosome formation, the ATG12-ATG5 conjugate interacts with ATG16L1 via ATG5 and is then recruited to PAS to serve as E3 ligase for LC3-PE conjugation reaction as described in section 1.2.2. In ATG12-ATG5 conjugate, ATG12 is not required for interaction with ATG16L1 but is important for LC3-PE conjugation. ATG12-ATG5 conjugate interacts with another interaction partner TECPR1 to facilitate autophagosome and lysosome fusion (see section 1.3.3). TECPR1 interacts with ATG12-ATG5 through ATG5 similar to ATG16L1 but it cannot interact with ATG12-ATG5/ATG16L1 complex (Chen et al. 2012), thus indicating that ATG16L1 and TECPR1 share the same binding site on ATG5. Interaction of TECPR1 is supposed to replace the bound ATG16L1; however, the handover mechanism involved here is not clear. The ATG12-ATG5 conjugate has been reported to interact with additional proteins not being members of the autophagy machinery. It directly interacts with CARDs of IFN-β promoter stimulator 1 (IPS-1)/mitochondrial antiviral signaling (MAVS) and RIG-I/Retinoic acid receptor responder protein 3 (RARRES3) leading to the inhibition of type I IFN production, which permits the viral replication and 



                                                                                                                                                      Introduction 13  survival within the host cell (Jounai et al. 2007). ATG12-ATG5 conjugate interacts with Fas associated protein with death domain (FADD) through ATG5 and leading to the cell death, linking autophagy machinery to the IFN-γ induced type II programmed cell death (Pyo et al. 2005). However, how autophagic cell death employs autophagy machinery, is not clear yet.  Figure 5: Domain architectures and structures of ATG12 and ATG5. (a) Domain architecture of ATG12. (b) Structure of Arabidopsis thaliana ATG12 (PDB code 1WZ3), showing an intertwined dimer in crystal, green and blue color representing two monomers of AtATG12 (c) Domain architecture of ATG5 (d) Structure of Saccharomyces cerevisiae ATG5 (PDB code 2DYM) NAH (yellow), different colors are representing different domain, HBR (green), UFD1 and UFD2 (purple and raspberry red). 1.3.2 ATG16L1 ATG16L1 is a 67 kDa protein with 607 amino acids. This is associated with autophagosome formation by interacting with ATG12-ATG5 conjugate and mediating the conjugation of phosphatidylethanolamine (PE) to LC3 on the autophagosome (Walczak & Martens 2013). ATG16L1 has four other isoforms resulting from alternate splicing (The UniProt Consortium 2014). ATG16L1 comprises N-terminal ATG5 binding domain (ATG5_BD), coiled-coil domain (CCD) and WD40 with 7 predicted WD40 repeats.  In comparison to yeast ATG16, which comprises only ATG5_BD and CCD, human ATG16L1 contains C-terminal WD40 domain as well as two additional regions named as insert (Figure 6). ATG16L1 interacts with ATG12-ATG5 conjugate via ATG5_BD. CCD of ATG16L1 leads to the homodimer formation of the protein.  



Introduction  14   Figure 6: Annotated domains in Yeast ATG16 and Human ATG16L1. (a) Domain architecture of Saccharomyces cerevisiae ATG16. Domain architecture of human ATG16L1 protein, its N-terminal half shows similarity with ScATG16 other than some evolved region named as insert (grey). ATG16L1 interacts with PI3P effector protein WD repeat domain phosphoinositide-interacting protein 2 isoform b (WIPI2b) through CCD and facilitates the recruitment of ATG12-ATG5/ATG16L1 to the PI3P-positive autophagosome formation site (Axe et al. 2008; Mauthe et al. 2011). This interaction is also important for the innate immune response against Salmonella Typhimurium infection (Dooley et al. 2014), where WIPI2 interacts with phagophore surrounding Salmonella Typhimurium and recruits ATG12-ATG5/ATG16L1 and initiates autophagosome formation and ultimate degradation of bacteria. A single nucleotide polymorphism (SNP) in ATG16L1 gene encoding a missense variant is associated with Crohn’s disease. In ATG16L1 amino acids 296-299 constitute caspase cleavage motif and there the T300A variant has been reported to accelerate the ATG16L1 sensitization to caspase-3 mediating degradation (Murthy et al. 2014).  The central region of ATG16L1 interacts with FIP200 (component of ULK1 complex) and participates in ULK1 complex-dependent activation of autophagy (Gammoh et al. 2013). ATG16L1 WD40 interacts with 19 amino acid subdomain of human transmembrane protein59 (TMEM59) and facilitates the targeting of specific membranous component for the autophagic degradation (Boada-Romero et al. 2013). ATG16L1 interaction with endogenous TMEM59 mediates autophagy in response to Staphylococcus aureus infection. Additionally, ATG16L1 WD40 has been reported to interact with pattern-recognition receptor proteins NOD2 and TLR2 involved in cellular response to bacterial invasion (Balzola et al. 2010; Boada-Romero et al. 2013).  1.3.3 Tectonin domain-containing protein 1 (TECPR1) TECPR1 is a tethering factor involved in autophagosome and lysosome fusion through interaction with ATG12-ATG5 conjugate and PI3P on autophagosome surface (Chen et al. 2012; Kim et al. 2015; Ogawa & Sasakawa 2011). Ogawa et al in 2011 first identified TECPR1 as an ATG5 interacting partner and linked it 



                                                                                                                                                      Introduction 15  with selective autophagy. Inside the cell TECPR1 localization has been reported on cytoplasmic vesicles (autophagosome membrane) and on lysosome membrane. TECPR1 is a 1165 amino acid large (≈128 kDa) protein harbouring 9 TECPR domains, 2 dysferlin domains (Dys), ATG5 interacting region (AIR) and pleckstrin homology (PH) domain (Figure 7a). Three more isoforms have been reported that are resulted from alternate splicing (The UniProt Consortium 2014). Through AIR and PH domain, TECPR1 directly interacts with ATG5 of ATG12-ATG5 conjugate and PI3P, respectively. TECPR1 interacts with ATG5 and ATG12-ATG5 complex but not with ATG12-ATG5/ATG16L1 complex which suggests a mutually exclusive interaction of TECPR1 and ATG16L1 with ATG5 (Chen et al. 2012).   Figure 7: Human TECPR1 and its role in autophagy mechanism. (a) Domain architecture of human TECPR1 protein. (b) Proposed model of TECPR1 mediated autophagosome and lysosome fusion. Autoinhibited conformation of TECPR1 is released by interaction with ATG5 of ATG12-ATG5 conjugate, which brings autophagosome and lysosome close and facilitates their fusion. Studies suggest that TECPR1 exists in an autoinhibited conformation, implying that PI3P binding site on PH domain is covered by AIR. During autophagy, presence of ATG12-ATG5 leads to ATG5 and AIR interaction resulting in the release of the autoinhibited state with exposure of the PI3P binding site on PH. PH domain subsequently binds to the PI3P on autophagosome membrane thereby initiating autophagosome and lysosome fusion (Figure 7b) (Chen et al. 2012). 



Introduction  16  Apart from its role in mediating autophagosome-lysosome fusion, TECPR1 is involved in targeting bacterial pathogens for selective autophagy as ATG5 and WIPI2 interaction dependent manner (Ogawa & Sasakawa 2011). TECPR1 has been shown to be localized on autophagosomes that targeted Shigella (ΔicsB) and S. Typhimirium (Ogawa et al. 2011). TECPR1 interacts with multiple other binding partners such as TRS85, TRAPP4 and TTC15 (Behrends 2010), although the mechanism and significance of these interactions remain unclear. Beside pathogen targeting, TECPR1 has also been observed to be involved in recognizing dysfunctional mitochondria and protein aggregates (Huang et al. 2011). 1.4 Autophagy in pathology Autophagy is traditionally known to contribute to cellular homeostasis, energetic balance in cell and clearance of intracellular pathogens. Thus, it is involved in many important physiological processes including cellular immunity, energy metabolism, homeostasis, development and differentiation. Contribution of autophagy to a broad array of physiological functions explains why alteration in this catabolic process leads to cellular malfunctioning. This has set the basis for association of autophagy in  Figure 8: Physiological and pathological roles of autophagy. Some examples of physiological functions of autophagy shown in blue and diseases associated with autophagy where the process is either induced or inhibited, shown in red. the pathogenesis of severe human disorder for example, premature aging, inflammation, neuro-degenerative diseases, cancer and infectious diseases (Sridhar et al. 2012). Growing studies have reported the dual role of autophagy in their pathologies and disease progression. In this study, we have targeted exploitation and induction of autophagy in diseases such as infectious diseases and cancer.  



                                                                                                                                                      Introduction 17  1.4.1 Autophagy in infection Autophagy is one of the effector mechanisms that act as host cell defense against infection by involving in xenophagy and inducing innate immune response (Deretic & Levine 2009). Bacteria and viruses possess pathogen associated molecular patterns (PAMPs) on their surface. During infection, PAMPs are recognized by pattern recognition receptors (PRRs) of host cell like membrane bound Toll like receptors (TLRs) and cytosolic NOD-like receptor (NLRs).(Kawai & Akira 2010) Recognition of pathogen by receptors triggers an intracellular signaling cascade, leading to activation of effector mechanism such as autophagy for clearance of pathogen (Jo et al. 2007). Beside this, some intracellular pathogens are modified with ubiquitin for selective autophagy degradation. Ubiquitinated bacteria are recognized by cargo receptors that also simultaneously bind to autophagy proteins, such as LC3 and GABARAP (Kraft et al. 2010; Kirkin et al. 2009). Cargo receptors p62 and NDP52 are known to target S. Typhimurium, S. flexneri and L. monocytogenes to the autophagy machinery by addition of a poly-ubiquitin chain (Thurston et al. 2009; Zheng et al. 2009; Shahnazari et al. 2010).  In case of viruses, double stranded RNA or 5’phosphorylated immune stimulatory (isRNA) is directly recognized by caspase recruitment domains (CARDs) of RNA helicases, retinoic acid-inducible gene I (RIG-I) and melanoma differentiation associated gene 5 (MDA5) of host immune system (Jounai et al. 2007). Also, an overload of viral protein leads to the ER stress induced autophagy mediated by viral NS4B and envelope glycoprotein E1 and E2 (Dreux & Chisari 2011; Ke & Chen 2014). 1.4.1.1 Autophagy subversion by bacteria and viruses Intracellular bacterial pathogens have developed multiple strategies to escape from autophagy and to survive in host cells (Knodler et al. 2001). For instance, Listeria monocytogenes avoid autophagosomal capture using virulence factor (actA) which inhibit polyubiquitin coating of bacteria and hence cannot be recognized by autophagy adaptor protein p62. Mycobacterium marinum promote their motility through actin polymerization and escape from polyubiquitination, while non-motile bacteria are decorated with ubiquitin and ultimately recruited to autophagosome (Stamm & Brown 2004; Collins et al. 2009; Cossart 2000; Yoshikawa et al. 2009). Another bacterium, Shigella flexineri produces the effector protein IcsB that competes with autophagy protein ATG5 for binding to the bacterial surface protein VirG (Ogawa et al. 2005). Examples of several pathogens which hijack different steps of autophagy for their benefit are shown in Figure 9. 



Introduction  18   Figure 9: Autophagy hijack by pathogens. Mentioned bacteria (in grey box) and viruses (in blue box) have evolved strategies to induce (green arrows) autophagosome formation and escape from the lysosomal degradation for using autophagosome as a safe niche for their intracellular survival. Viruses such as HCV, IAV and HIV reside inside autophagosomes for replication and inhibit (red line) the fusion with lysosome. Polio virus (PV) and Epstein-Barr virus (EBV) even induce autophagosome lysosome fusion as they require acidic environment for their replication. Various bacteria such as Coxiella burnetii, Legionella pneumophila, Porphyromonas gingivalis, Staphylo-coccus aureus and Brucella abortus take advantage of the autophagy pathway (mainly autophagosome formation) in term of their survival and replication (Campoy & Colombo 2009) (Figure 9). Most of these bacteria utilize the autophagosome but delay or inhibit its fusion with the lysosome. For example, C. burnetii is internalized by host cell in a phagosome which fuses with the autophagosome to form large parasitophorous vacuoles (PV) (Beron et al. 2002) and phagosome fusion with lysosome is delayed by effector proteins secreted by type IV secretion system (T4SS) of bacteria (Winchell et al. 2014). Similarily, L. pneumophila and B. abortus use T4SS for developing inside the autophagosome and retarding the lysosomal fusion for survival, however, unlike C. burnetii, the survival mechanism of these bacteria does not require phagocytosis (Campoy & Colombo 2009). P. gingivalis is an asaccharolytic 



                                                                                                                                                      Introduction 19  bacterium, thus fusion with autophagosome is not only for protection but also for nutrient uptake such as enclosed host peptides and amino acids (Winchell et al. 2014). Autophagy inhibition by wortmannin shows autophagy dependent survival of this bacterium in host cell, however a clear mechanism accomplishing this remains unclear (Bélanger et al. 2006). Another pathogenic bacterium, S. aureus although is an extracellular bacterium its intracellular survival is a critical feature in chronic diseases. Autophagosomes provide shelter to S. aureus similar to other above mentioned bacteria; the degradation is avoided by inhibition of lysosomal acidification and fusion. At a later stage, S. aureus produces pore forming toxins such as alpha-hemotoxin, which facilitate the bacterial release from the autophagosome into the cytosol (Bantel et al. 2001). Viruses are obligate intracellular pathogens; they need the host cell apparatus for their survival and replication. Inside the host cell, viruses are targeted by the autophagy pathway for lysosomal degradation. Therefore, viruses have evolved strategies to subvert autophagy and in some cases have devised mechanisms to manipulate autophagy, which mostly include induction of autophagosome formation but inhibition of lysosomal fusion. This way, they utilize autophagosomal vesicles for their replication and avoid degradation by inhibition of lysosomal fusion (Figure 9). For instance, the hepatitis C virus (HCV) induces autophagy for its replication and translation of incoming RNA at the very outset (Dreux & Chisari 2010). Some viruses also induce autophagosome fusion with lysosome as they need the acidic environment for the replication. For instance, in the initial phases poliovirus (PV) induces autophagy while it inhibits degradation using a combination of two proteins 2BC and 3A (Dreux & Chisari 2010; Kirkegaard 2009). A later stage, it induces lysosomal fusion as vesicular acidification is necessary for the virus life cycle (Richards & Jackson 2012). Influenza-A virus utilizes autophagy, by accumulation of autophagosomes due to silencing of ATG6 and LC3 or (Randow & Münz 2012) due to protein M2 which blocks the lysosome fusion, and allowing efficient replication of virus. In summary, various pathogens have evolved strategies to counter detection or degradation by autophagy or even hijack autophagy and utilize the host cell mechanisms for their own benefit  1.4.2 Autophagy in Cancer Cancer was the first human pathology discovered which was connected to autophagy (Liang et al. 1999). Autophagy in some cases is associated with suppression of tumorigenesis while in most other cases it facilitates the tumorigenesis (White 2015; Mathew, Karantza-Wadsworth, et al. 2007). Autophagy deficiency in cell causes oxidative stress, mitochondrial defects, DNA damage, cell death and DNA damage leading to the chronic tissue damage, inflammation, genomic instability and oncogenic signaling that may create an environment that promotes cancer initiation and progression (Mathew, Kongara, et al. 2007; Mathew et al. 2009; Jin & White 2008). Various cancer types can up-regulate autophagy for surviving metabolic stress condition and to increase their growth and aggressiveness. Induced 



Introduction  20  autophagy supports prolongation of tumor survival as it can serve nutrient and energy to dividing tumor cells. Mechanisms such as p53 suppression and maintaining metabolic function of mitochondria are used by autophagy for promoting tumor growth. For example, in pancreatic tumor cells, p53 loss increases glycolysis and reduces oxidative metabolism, thereby causing metabolic energy stress and inducing the requirement of autophagy (Mathew, Karantza-Wadsworth, et al. 2007).  Figure 10: Autophagy in tumour cell survival. (a) Oncogenic mutation activates and promotes uncontrolled cell proliferation, but also apoptosis, which limits tumor growth. Defect in apoptosis leads to sustained tumour proliferation and growth in the absence of apoptotic cell. (b) Tumor growth is initially limited by the absence of blood supply, which triggers autophagy mediated survival in the deep centre cells which is the most metabolically stressed tumor region. The eventual recruitment of a blood supply cures the tumor of hypoxia and metabolic stress. (Adapted from Mathew et al. 2007) Basal level of autophagy in normal tissues provides an important homeostatic, housekeeping function. However, induced autophagy is a cellular response to stress and starvation which plays a crucial role in cell survival (Kuma et al. 2004). In cancer cells, metabolic stress robustly increases autophagy, which sustains when apoptosis is inhibited. Cell death by apoptosis is a common response to metabolic stress in tumour cells and this is particularly blocked for tumorigenesis (Nelson et al. 2004). Apoptosis defective tumor cell are able not only to recover from metabolic stress but also to survive for weeks by inducing autophagy (Figure 10a). Autophagy affords tumor cells a capacity to regenerate, whereby restoration of nutrient leads to the increased cell size and resumption of their proliferation (Jin et al. 2007; Degenhardt et al. 2006). Autophagy may also be involved in the re-emergence and relapse of tumor after complete treatment. Autophagy might be the possible mechanism used by residual tumor cell to cope with the metabolic stress and remain viable (Mathew, Karantza-Wadsworth, et al. 2007). Angiogenesis also plays a critical role in pathology of tumor, where the supply and demand of blood vessels determines the rate of tumour growth. Important role of autophagy in angiogenesis has been 



                                                                                                                                                      Introduction 21  observed in bovine aortic endothelial cells (Du et al. 2012). Tumor growth is initially limited by the absence of blood supply in centre region of tumor which is most hypoxic and metabolically stressed also, wherein tumor cells promote angiogenesis by inducing autophagy for nutrient supply allowing tumor survival (Figure 10b). Considering the above mentioned role of autophagy in cancer, understanding the mechanism and regulation will be helpful to combat tumor growth. 1.5 Autophagy inhibition as therapeutic approach  Autophagy is associated with many pathologies, thus autophagy modulation may represent a new pharmacologic target for drug development and therapeutic intervention for various human disorders. As described above, many pathogens have developed strategies to exploit autophagy by mostly up-regulating autophagy and using autophagosomes for their benefit. Therefore, autophagy inhibition after pathogen entry may block their survival and thus, their pathogenesis. Beside pathogens, cancer cells also up-regulate autophagy for their survival as they are most metabolically stressed. Therefore inhibiting autophagy might suppress cancer survival. Moreover, autophagy inhibition also sensitizes apoptosis resistant tumor cell (Boya et al. 2005). Major problems associated with cancer are post-treatment relapse of cancer and metastasis. There are some conventional treatments; surgery, radiation and chemotherapy that disrupt tumor architecture and vascularization, but cancer relapse after treatment has been a common problem. These relapsing cancer cells become more vulnerable to metabolic stress, thus also to an autophagy inhibition therapy. Metastasis allows spreading of cancer cells from one part to another and as they are in isolation they are more reliant on autophagy, therefore, metastasis-prone cell may be particularly susceptible to autophagy inhibition, although this needs further investigation (Mathew, Karantza-Wadsworth, et al. 2007). In the past decade, the molecular mechanism of autophagy has been well elucidated for identification and development of therapeutic targets. Many promising small molecules have been developed to inhibit autophagy for therapeutic requirement (Yang et al. 2013). But the problem associated with these autophagy inhibitors is lack of specificity as they might influence other cellular processes as well. The majority of them as shown in Figure 11 target kinases; among them 3-Methyladenine (MA) and wortmaninn are the mostly used autophagy inhibitors (Blommaart et al. 1997; Seglen & Gordon 1982). Other molecules such as hydroxychloroquine/chloroquine, Lys05, leupeptin, E64d and pepstatinA target the lysosome and lysosomal process.  These inhibitors function by disturbing lysosomal pH or hydrolase activities (Harhaji-Trajkovic et al. 2012; McAfee et al. 2012; Tanida et al. 2005; Dong et al. 2012). Clearly, these inhibitors are not very specific to autophagy thereby may affect the other processes, which are unrelated to autophagy since modulating lysosomal processes is also not autophagy specific with the consequence of major undesired offsite effects. Therefore, future investigation requires a specific inhibition of autophagy and this must be taken in account for therapeutic approach. 



Introduction  22   Figure 11: Examples of autophagy inhibitors. Most of the inhibitors target the very first step of autophagy by acting on class III PI3K, ULK1 and protein synthesis machinery (top box). Few of them target the fusion of autophagosome with lysosome by mainly acting on acidification of lysosome (bottom box).  1.5.1 ATG12-ATG5 interaction: Potential target for specific inhibition of autophagy ATG proteins, involved in autophagy machinery might provide a specific target to inhibit autophagy. Interaction of ATG12-ATG5 conjugate with ATG16L1 and TECPR1 is specifically important for autophagy. Therefore, these interactions of ATG12-ATG5 can be precise candidate for modulating autophagy. Disrupting ATG12-ATG5 interaction with ATG16L1 and TECPR1 without disturbing the activity of individual proteins may specifically target autophagy. Structure of ATG12-ATG5 in complex with 



                                                                                                                                                      Introduction 23  ATG16L1 and TECPR1 will provide us an insight into their interactions, which is important for targeting them for autophagy inhibition. Additional biochemical studies of these interactions would help in designing inhibitors and testing their therapeutic potential. 



Aims  24  2 Aims  Autophagy is a conserved lysosomal degradation pathway involved in quality control of cytoplasm. Defects in autophagy pathways have been reported to be associated with multiple pathogenesis in humans such as infection and cancer (Deretic 2010; Mathew, Karantza-Wadsworth, et al. 2007) as explained in section 1.4. An insight into the molecular mechanism of autophagy will help in understanding the complex interplay of autophagy components during diseased state that might lead to the identification of potential target for disease treatment. ATG12-ATG5 covalently bound conjugate plays a major role in autophagosome formation as well as its fusion with lysosome by interacting with ATG16L1 and TECPR1 respectively (explained in section 1.3.1). Structure of ATG12-ATG5 conjugate or ATG5 in complex with ATG16L1 and TECPR1_AIR will lead to a better understanding of their interactions associated with individual steps of autophagy.  First objective of this work was structural and biophysical characterization of ATG12-ATG5 or ATG5 in complex with N-terminal half of ATG16L1 (≈33 kDa) and TECPR1_AIR domain. Designing a peptide based inhibitor of autophagy based on the structure of these complexes was ultimate goal of this project. Second very important objective was  gaining structural insight into N-terminal half of ATG16L1 which is necessary for the interaction with WIPI-2 and the small GTPase Rab33b, proteins involved in the regulation of autophagy and membrane trafficking. In the beginning of this work I was involved only in above mentioned objectives. But later, I also worked in understanding the detailed molecular mechanism of autoinhibition release of TECPR1 (section 1.3.3). Structural and biochemical characterization of TECPR1_AIRPH domain alone as well as in complex with ATG12-ATG5 or ATG5 were major aims of this part. These structural studies will reveal the conformational change in TECPR1_AIRPH upon interaction with ATG12-ATG5 conjugate. Additionally this might help in explaining the mechanism of autophagosome-lysosome fusion controlled by TECPR1 and ATG12-ATG5 conjugate interaction.  



                                                                                                                                  Materials and methods  25  3 Materials and methods 3.1 Materials, Chemicals and solutions 3.1.1 Enzymes Enzymes were bought from the companies stated in the list below and they were used with their supplied buffer. Table 2: Enzymes and standards used in this study. Enzymes and standards Source Enzyme Calf Intestinal Phosphatase (CIP)  New England Biolabs Restriction enzymes New England Biolabs T4 DNA ligase New England Biolabs KOD Polymerase Restriction Endonucleases  DNase I Lysozyme  TEV protease  Thrombin  Standards 

Novagen New England Biolabs F. Hoffmann-La Roche AG  Sigma-Aldrich  own lab  own lab   Smart Ladder (DNA) Eurogentech PageRuler unstained protein ladder Fermentas PageRuler Plus prestained protein ladder Fermentas 2x Red PCR Master Mix Pjk 3.1.2 Kits Table 3: Kits used in this study, with their respective sources. Kits Source QIAprep® Spin Miniprep Kit Qiagen 



Materials and methods  26  QIAquick® PCR Purification Kit Qiagen QIAquick® Gel Extraction Kit Qiagen PureYieldTM Plasmid MidiPrep System Promega Proti-Ace I Hampton Research Proti-Ace II Hampton Research Strep-tag® AP Detection Kit Iba 3.1.3 Complementary DNA (cDNA) Table 4: List of Complementary DNA (cDNA) used as PCR template. cDNA Plasmid Clone ID Supplier HsATG16L1 Pincy I1382-8397581/LIFESEQ2507216 Open Biosystems HsATG12 pDNR-LIB EHS1001-6764738 Open Biosystems HsATG7 Pincy IHS1380-8844312/LIFESEQ1715725 Open Biosystems HsATG10 pDONR221 HsCD00044495 DNASU HsATG5 pENTR223 HsCD00288519 DNASU HsTECPR1 pCMV-SPORT6 5502429 Invitrogen 3.1.4 Oligonucleotides Table 5: List of primers used for cloning experiments. Name  Sequence 5’-3’  RE site ATG5 HsATG5_M1_f HsATG5_M1_f HsATG5_D275_r HsATG5_SER1_f HsATG5_SER1_r HsATG5_SER2_f  ggaattccatatgacagatgacaaagatgtgcttc aagaatgcggccgcatgacagatgacaaagatgtgcttc ggggtacctcaatctgttggctgtgggatg ggggtaccttagtcagtccgaagaatcatgggcg gccgacggttacctgtacatgtacaacctggacccc caggtaaccgtcggcggcacccaccaacaaccgcg  NotI NdeI KpnI NotI KpnI NotI 



                                                                                                                                  Materials and methods  27  HsATG5_SER2_r HsATG5_SER3_f ATG5_Thr_Thr_r TECPR1 HsTECPR1_E605_f HsTECPR1_K719_r HsTECPR1_722V_r HsTECPR1_N596_f HsTECPR1_E601_f HsTECPR1_730E_r HsTECPR1_739D_r HsTECPR1_748D_r HsTECPR1_A577_f HsTECPR1_M1_f HsTECPR1_1165_r HsTECPR1_730E_r HsTECPR1_739D_r gggtccgggtccggcagagccttcgccacggtccg cggcctgggcctgggaaaaagaaagtgtcagagctcaaacttc ggaattccatatgatgcccaactcagtgctgtggg  ggggtaccgcagcagacggggccatgggc ggggtaccggcctgcggggacgggc aagaatgcggccgcggggaggccggcgccggc aagaatgcggccgcatgaacttcagacactacgagcag aagaatgcggccgcatggagcaggccgtggagcag ggggtaccttaggcctgcggggacgggc ggggtaccttagtcccccttgcaggtgatg ggggtaccttagtctgggctgggctcgctc ggaattccatatggcctggaggaagcagatcttccag ggaattccatatgatgcccaactcagtgctgtggg ggggtaccgcagcagacggggccatgggc ggggtaccggcctgcggggacgggc ggggtaccgtcccccttgcaggtgatg KpnI NotI NotI  NdeI XhoI KpnI NotI NotI KpnI KpnI KpnI NotI NotI KpnI KpnI KpnI HsTECPR1_748D_r ggggtaccgtctgggctgggctcgctc KpnI HsTECPR1_730E_r cgcggatccttaggcctgcggggacgggc BamHI HsTECPR1_739D_r cgcggatccttagtcccccttgcaggtgatg BamHI HsTECPR1_A577_f aagaatgcggccgcagcctggaggaagcagatcttccag NotI HsTECPR1_E605_f aagaatgcggccgcagagcagtcggtgtgggtgaag NotI HsTECPR1_A576_f aagaatgcggccgcatgcccaactcagtgctgtggg NotI HsTECPR1_L566_f aagaatgcggccgcctgtccctgtccatcacgccg NotI HsTECPR1_E605_f aagaatgcggccgcgagcagtcggtgtgggtgaag NotI HsTECPR1_208_r ggggtaccttagcggcccacaggctcctccg KpnI HsTECPR1_611D_r ggggtaccttacttcacccacaccgactgctcc KpnI 



Materials and methods  28  HsTECPR1_719_r ggggtaccttagctctcgcagcaagacaggctg KpnI AIR_601E_r ggggtaccttactcgtagtgtctgaagttctcc KpnI AIR_598R_r ggggtaccttaggcctgcggggacgggc KpnI AIR_595E_r ggggtaccttagtcccccttgcaggtgatg KpnI AIRpep1_f ggggtaccttagtctgggctgggctcgctc NotI AIRpep2_r ggaattccatatggcctggaggaagcagatcttccag KpnI AIR_A577_f ggaattccatatgctgtccctgtccatcacgccg NotI HsATG16L1   HsATG16L1_11-39_r ggggtaccttaatactgcaggatgatctcc KpnI HsATG16L_11-36_r ggggtaccttagatgatctcctcgaacgcctg KpnI HsATG16L1_11-33_r ggggtaccttactcgaacgcctgtctctgc KpnI HsATG16L1_11-30_r ggggtaccttactgtctctgcagccggtcc KpnI HsATG16L_M1_f aagaatgcggccgcatgtcgtcgggcctccgcgc NotI HsATG16L_213S_r ggggtaccttaggagtctttttcattctctgc KpnI HsATG16L_231P_r ggggtaccttaaggttcctttgctgcttctgc Kpn HsATG16L_266K_r ggggtaccttacttagtggctgctctgctgatg Kpn Bgl II_ATG16L1wt_oligo1 gatctggcagcggtagtggcagcccccgctggaagcgccacatctcggagcaactgaggcgccgggaccggctgcagagacagtaaggtac Bgl II  Bgl II_ATG16L1wt_oligo2 cttactgtctctgcagccggtcccggcgcctcagttgctccgagatgtggcgcttccagcgggggctgccactaccgctgcca Bgl II HsATG16L1pep_Q20Y_r ggggtaccttaatatctctgcagccggtccc KpnI HsATG16L1pep_Q18L_r ggggtaccttactgtctaagcagccggtc KpnI HsATG16L1pep_Q18K_r ggggtaccttactgtctcttcagccggtcc KpnI HsATG16L1pep_Q18N_r ggggtaccttactgtctgttcagccggtcc KpnI 



                                                                                                                                  Materials and methods  29  HsATG16L1pep_R16F_r ggggtaccttactgtctctgcaggaagtcc KpnI HsATG16L1pep_D15R_r ggggtaccttactgtctctgcagccgacgcc KpnI HsATG16L1pep_R14Y_r ggggtaccttactgtctctgcagccggtcatagc KpnI HsATG16L1pep_W3Y_f aagaatgcggccgcccccgctacaagcgccac NotI Bgl2_3GS_oligo1 gatctggcagcggtagtggcagctaatagggtac Bgl II HsATG16L1pep_3GS_f gaagatctggcagcggtagtggcagcc Bgl II HsATG16L1_307E_r ggggtaccttattctttaccagaaccaggatg KpnI 3.1.5 Plasmids Several plasmids were used in this study for the expression of different proteins according to the required fusion tag, expression system and simultaneous expression of two or more proteins. Table 6: Plasmids used for the expression of different proteins in this study. Name Description Source pSA010 pGEX_TEV _GST  Own lab pSA031 pET15b_Cterm TEV-GST Own lab pSA032 pET15b_Cterm TEV-His Own lab pSA035 pET 15b_TEV_His Own lab pSA052 pCOLA Duet-1_His-MBP-TEV-mcs1, mcs2 Own lab pSA056 pET Duet_His-MBP-TEV-mcs1_mcs2 Own lab pVP008 pCOLA Duet-1 _strep2_TEV_mcs1_mcs2 Own lab pVP009 pCOLA Duet-1 _His6_TEV_mcs1_mcs2 Own lab pVP024 pCDF Duet-1 GST-TEV-mcs1, mcs2 Own lab pVP025 pCOLA Duet-1_mcs2_strep2_TEV_mcs1 Own lab pMALX-B pMAL-c5X derived Lars Pedersen, NIEHS, N.C. pMALX-C pMAL-c5X derived Lars Pedersen, NIEHS, N.C. pMALX-D pMAL-c5X derived Lars Pedersen, NIEHS, N.C. pMALX-E pMAL-c5X derived Lars Pedersen, NIEHS, N.C. 



Materials and methods  30  pSA14i pFast Bac dual Own lab pSA042i pFBD mcs2_His_Tev_mcs1 Own lab pSA044i pFBD mcs2_StrepII_TEV_mcs1 Own lab mTurquoise-cav1 pEGFP-C1-derived Addgene (modified) 3.1.6 Sequencing primers Table 7: List of primers used for sequencing of the clones. Primer name Sequence (5’ -> 3’) SA005 (pFB1_5’_f) tattccggattattcatacc SA006 (pFB1_3’_r) cctctacaaatgtggtatgg SA016 (T7_f) taatacgactcactataggg SA017 (T7_r) gctagttattgctcagcgg MOSB23 (pGEX_f) atagcatggcctttgcagg MOSB24 (pGEX_r) gagctgcatgtgtcagagg PV001 (DuetUP1) ggatctcgacgctctccct PV002 (DuetDOWN1) gattatgcggccgtgtacaa PV023 (seq_pFliptomam_r) cctcaagacccgtttagaggcc SA157 (pFlpBtM_seq_for_II) cattttatttacaatcaggatccg pMALXseqE gcgtactgcggtgatcaacg M13/pUC cgccagggttttcccagtcacgac SV40_Ap_r ctttatttgtgaaatttgtgatgc 3.1.7 Bacterial strains and insect cell lines Bacterial strain DH5α was used for cloning while Rosetta2 DE3 was used for protein expression and purification from E. coli. Another strain DH10EMBacY was used to generate baculoviruses for protein expression and purification from insect cells.  



                                                                                                                                  Materials and methods  31  Table 8: List of bacterial strains used in this study. Strain Genotype Company DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoRnupG Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK-mK+), λ– Thermo Fisher Scientific Inc. Rosetta2 DE3 F-ompThsdSB(rB-mB-) gal dcm (DE3) pRARE2 (CamR) Novagen DH10EMBacY F-mcrA Δ(mrr-hsdRMS-mcrBC) φ80(lacZ) ΔM15ΔlacX74 recA1 araD139 Δ(ara,leu)7697 galUgalK l- rpsLnupG /BacloxP/pBADZ-His6Cre/pMON7124 EMBL 
 Table 9: List of insect cell lines used in this work. Cell line Description IPLB-SF-21AE (Sf21) This insect cell line was originally isolated from ovaries of the fall armyworm Spodoptera frugiperda (Vaughn et al. 1977). It is adapted for growth in suspension and used for baculovirus production, amplification and also for protein expression. BTI-Tn-5B1-4 (Hi5) BTI-Tn-5B1-4 (Wickham & Nemerow n.d.) is an ovary cell line which is isolated from the cabbage looper Trichoplusia ni. It is commercialized under the name of High Five™ by Invitrogen. This cell line is used for protein production using baculoviruses.  3.1.8 Columns for chromatography All columns listed below were used in combination with an äkta purifier. The manufacturer’s recommendations were followed for handling of the columns, including storage, cleaning and equilibration. Table 10: List of prepacked columns and resins used in this study for protein purification. Columns Company Superdex200 10/300 GL  GE Healthcare Superdex75 10/300 GL  GE Healthcare Superdex200 16/600 GL  GE Healthcare 



Materials and methods  32  Superdex200 26/600 GL  MBP TrapTM 5 ml GE Healthcare GE Healthcare Resins  Ion exchange (Source15 Q) GE Healthcare  Ni Sepharose® 6 Fast Flow GE Healthcare Glutathione Sepharose® 4 Fast Flow GE Healthcare Strep-Tactin® Sepharose® 50% suspension Iba Strep-Tactin® Superflow® high capacity 50% suspension Iba 3.1.9 Antibodies Table 11: List of antibodies used in this study for western blots. Antibody Product ID Company ATG5 A0856-25UL GeneTex ATG12 2010S  NEB ATG7 A2856-25UL Sigma-Aldrich ATG10 A9356-25UL Sigma-Aldrich Strep-AP conjugate 2-1507-001 Thermo Scientific His-AP conjugate GTX44021-100 Amersham Bioscience HRP conjugate 31460 Amersham Bioscience 3.1.10 Antibiotics and additional material for EmbacY cells The following antibiotics were prepared as 1000 X stock solutions. Ampicillin, gentamycin, streptomycin and kanamycin were prepared in deionized water; tetracyclin and chloramphenicol were prepared in 70 % ethanol. All solutions were filter sterilized and stored at -20°C. In addition to antibiotic section; Blue-Gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside) and IPTG (isopropyl β-D-1-thiogalactopyrano-side) were used for blue-white screening of DH10EmBacY cells.  



                                                                                                                                  Materials and methods  33  Table 12: List of antibiotics and corresponding concentration used in this study. Antibiotic Concentration (μg/ml) Ampicillin (Amp) 100 Chloramphenicol (Cm) 25 Gentamicin (Gm) 7 Kanamycin (Kan) 50 Tetracyclin (Tet) 10 Blue-Gal 100 IPTG 40 3.1.11 Media for bacterial culture and Insect cells Table 13: List of different media used in this study for bacterial culture. Bacterial culture media Composition Luria Bertani (LB) LB Plates 10 g/l tryptone, 5 g/l NaCl, 5 g/l yeast extract 10 g/l tryptone, 5 g/l, NaCl, 5 g/l yeast extract, 18 g/l Agar  Terrific Broth (TB)  TB salt (10X) 12 g/l tryptone, 24 g/l yeast extract, 4 % (v/v) Glycerol fill up to 900 ml with MQ water and autoclave and store at room temperature  23.13 g/l KH2PO4 and 125.41 g/l K2HPO4 add up to 1000 ml of MQ water and autoclave and store at room temperature SOC-Medium 20 g/l tryptone, 5 g/l yeast extract, 0.5 g/l NaCl, 2.5 mM KCl, 10 mM MgCl2 and 20 mM Glucose 3.1.12 Media for Insect cells Table 14: List of media used for propagation of insect cells. Cell culture media Cell lines Manufacturer ExCell™ 405 HighFive SAFC ExCell™ 420 Sf-21 SAFC 



Materials and methods  34  3.1.13 Buffers Table 15: List of buffers used in this study for different experiments. Buffers Composition 10 X PBS buffer 140 mM NaCl, 30 mM KCl, 120 mM Na2HPO4, 20 mM K2HPO4 pH 7.4 2 X DTT loading buffer 100 mM Tris-HCl pH 6.8, 4 % (w/v) SDS, 20 % (v/v) Glycerol, 200 mM DTT, 0.2 % (w/v) bromphenol blue Blocking buffer 5 % (w/v) skim milk in TBS-T CD buffer Lysine methylation buffer Lysine methylation SEC buffer Test-expression lysis buffer Test-expression washing buffer 25 mM NaH2PO4 pH 7.5, 5 mM DTT 50 mM HEPES pH 7.5, 300 mM NaCl  20 mM Tris-HCl pH 7.5, 200 mM NaCl  50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 1 mM PMSF  50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 10 mM Imidazole DNA loading buffer (10 X) 10 mM Tris-HCl, pH 7.5, 0.05 % (w/v) bromphenol blue, 1 mM EDTA, 50 % (v/v) Glycerol Lower buffer  1.5 M Tris-HCl pH 8.8 PBS-T buffer 14 mM NaCl, 3 mM KCl, 12 mM Na2HPO4, 2 mM K2HPO4 pH 7.4, 0.1 % (v/v) Tween20 Peptide spot array buffer 50 mM HEPES pH 7.0, 300 mM NaCl, 5% (v/v) Glycerol and 1 mM TCEP SDS-PAGE coomassie staining solution 30 % (v/v) ethanol, 10 % (v/v) acetic acid, 0.25 % (w/v) Coomassie R-250  SDS-PAGE destaining solution 40 % (v/v) ethanol, 10 % (v/v) acetic acid store at room temperature  SDS-PAGE resolving gel 10 ml 30 % acrylamide solution (Roth), 5 ml 4 X Lower buffer, 0.2 ml SDS (10 %), 4.7 ml H2O, 20 µl 1.5 ml TEMED, 50 µL APS (25 %) SDS-PAGE running buffer 25 mM Tris-HCl, 192 mM Glycine, 0.1 % (w/v) SDS  



                                                                                                                                  Materials and methods  35  SDS-PAGE stacking gel 1.5 ml 30 % acrylamide solution (Roth), 2.5 ml 4 X Upper buffer, 5.9 ml H2O, 15 µl TEMED, 25 µl APS (25 %) TAE buffer 40 mM Tris-HCl pH 8.2, 20 mM sodium acetate, 1 mM EDTA TBS buffer 50 mM Tris-HCl pH 7.5, 150 mM NaCl TBS-T buffer 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1 % (v/v) Tween20 Transfer buffer 20 mM Tris-HCl pH 8.0, 192 mM Glycine, 15 % (v/v) methanol Upper buffer  0.5 M Tris-HCl pH 6.8 3.1.14 Crystallization screen Table 16: Crystallization screens used for initial screening and optimization. Screen Manufacturer Additive Screen Hampton Research AmSO4 Qiagen Anions suite Qiagen Index Hampton Research JCSG Core I-IV Qiagen Midas Molecular Dimensions Morpheus Molecular Dimensions PEGs I  Qiagen PEGs II Qiagen Protein complex Qiagen Silver Bullet Screen Hampton Research 3.1.15 Laboratory equipment Table 17: List of laboratory equipment used in this study. Name  Function  Supplier  (Wide) Mini-Sub Cell GT Cell Agarose gel running system  Bio-Rad Laboratories  



Materials and methods  36  5417R/5810R Centrifuge  Eppendorf AG  ÄKTA purifier Liquid chromatography system  GE Healthcare  Bandelin Sonopuls HD 200 Ultrasonic homogenizer  BANDELIN electronic GmbH & Co. KG  BP2100S, I2000D Balance  Sartorius AG  CFX96 Real-Time PCR Real time PCR  Bio-Rad Laboratories  CO8000 Cell Density Meter Cell density meter  Biochrom Ltd.  EmulsiFlex-C3 Homogenizer  Avestin Inc.  Formulator Liquid handling system  Formulatrix Inc.  Gel Logic 212 Pro Gel documentation system  Carestream Health Inc.  Heraeus microbiological incubator Incubator  Thermo Fisher Scientific Inc.  Herasafe Clean bench Thermo Fisher Scientific Inc.  Honeybee 961 Protein crystallization robot  Digilab Inc.  J-815 Circular Dichroism Spectrometer CD-spectrometer  JASCO Inc.  Micro Star 17(R) Centrifuge  VWR International  MicroCal VP-ITC ITC  GE Healthcare  Micromax-007 HF X-ray generator  Rigaku Corp.  Milli-Q Advantage A10 Water purification system  Merck KGaA Mini-PROTEAN SDS-gel running system  Bio-Rad Laboratories  Monolith NT.115 TyphoonTMbiomolecular imager MST  Peptide array Nanotemper Technologies GmBH  GE Healthcare MR 2000/2002/3001/Hei-Standard Magnetic stirrer  Heidolph Instruments  Multitron Standard Incubation shaker  Infors AG  NanoDrop 2000 UV-Vis spectrophotometer  Thermo Fisher Scientific Inc. 



                                                                                                                                  Materials and methods  37  ND-1000 UV-Vis spectrophotometer  Thermo Fisher Scientific Inc.  OryxNano Protein crystallization robot  Douglas Instruments Ltd.  PowerPac 300/Basic Power Supply  Bio-Rad Laboratories  R-963 Microwave  Sharp K.K.  Rock Imager 182/1000 Imaging system  Formulatrix Inc.  Saturn 944+ R-AXIS IV++ X-ray detector  Rigaku Corp.  Sorvall RC 6 (Plus) HeraeusMultifuge X3R Heraeus Fresco 21 Centrifuge  Centrifuge Centrifuge Thermo Fisher Scientific Inc.  Thermo Fisher Scientific Inc. Thermo Fisher Scientific Inc. SteREO Discovery.V8 Stemi SV 8 Stereomicroscope  Carl Zeiss AG  SZ40 Stereomicroscope  Olympus  Thermomixer Thermo mixer  Eppendorf AG  T-Personal, T-Professional Thermocycler  Biometra GmbH  Trans-Blot Turbo Western blot transfer system  Bio-Rad Laboratories  TS Series Benchtop Homogenizer  Constant Systems Ltd.  UV Trans illuminator UV trans illuminator Intas Science Imaging  Variomag Mono Direct Magnetic stirrer  H+P Labortechnik GmbH  Vortex-Genie 2 Vortex mixer  Scientific Industries Inc.  XB6200D Balance  PrecisaGravimetrics AG  XS204 Balance  Mettler-Toledo International Inc.  3.2 Methods 3.2.1 Cloning and mutagenesis 3.2.1.1 PCR amplification of the Insert DNA Polymerase chain reaction was performed for in vitro amplification of the different protein constructs using the forward and reverse primers mentioned in Table 5. Annealing temperature and elongation 



Materials and methods  38  time were adjusted according to the melting point of primers and length of the expected PCR product respectively. PCR reaction mix components and the program used are shown in table below. Table 18: PCR reaction mixture and program. PCR reaction mix(50 µl) Component  Volume PCR program Step  Temperature, duration DNA template (10 ng/µl) 1 µl  Initial denaturation 95°C, 300 s 10 X Buffer for KOD Hot Start 5 µl Denaturation 95°C, 30 s MgSO4 (25 mM) 3 µl Annealing 55-65°C, 30 s dNTPs (2 mM each) 5 µl Elongation 72°C, 15 s/1 kb Primer frw (10 pmol/µl) 2 µl Jump to step 2, repeat   Primer rev (10 pmol/µl) 2 µl 26 times  KOD Hot Start Polymerase 1 µl Final elongation 72°C, 420 s MQ H2O 31 µl Hold ∞ Amplification of wildtype DNA construct is a one-step PCR reaction, while mutagenesis involves multiple step of PCR depending on the number and position of mutations. Polymerase incomplete primer extension (PIPE) cloning was performed for single point mutation insertion which involves two steps PCR (Tropea et al. 2009). 3.2.1.2 DNA agarose gel electrophoresis Agarose gel electrophoresis was used to visualize DNA fragment. 100 mM TAE buffer was poured onto a flatbed agarose gel (0.8% (w/v) agarose in 100 mM TAE buffer, 0.5 µg/ml Ethidium bromide EtBr) sitting in a gel chamber. DNA samples were mixed with 10 X DNA loading buffer and loaded into wells. 100 V was applied for 35-40 minutes to the chamber for electrophoresis and gels were photographed on a KODAK gel logic 212 imaging system at 590 nm wavelength. Visualization of DNA was accomplished using DNA intercalating dye EtBr. For the estimation of size of DNA fragment the FERMENTAS GeneRuler DNA Ladder mix was used. 2 % (w/v) agarose gel was used for DNA fragments smaller than 500 bp. 3.2.1.3 Gel extraction purification Resolved PCR product and restriction enzyme digested plasmid were extracted from agarose gel using QIAquick Gel Extraction Kit following manufacturer’s instruction.  



                                                                                                                                  Materials and methods  39  3.2.1.4 Restriction enzyme digestion Restriction Digestion reaction was performed at 37°C for 1.5-2 h in the corresponding digestion buffer. Vector plasmid was treated with CIP for the de-phosphorylation of the end to prevent the religation of linearized DNA.   3.2.1.5 DNA Ligation Ligation was performed either at room temperature for 30 min or at 4°C for overnight. Ligation was done in 20 µl reaction mix as mentioned below: Table 19: DNA ligation reaction Component Volume Vector plasmid (10-20 ng/µl) 1 µl  Insert DNA (300-600 ng/µl) 1 µl T4 DNA ligase  1 µl 10 X T4 DNA ligase buffer  2 µl MQ H2O 15 µl 3.2.1.6 Heat shock transformation Competent cells were prepared according to Hanahan (Hanahan & Harbor 1983). 100 µl chemically competent E. coli cells (DH5α or Rosetta2 DE3) were incubated with recombinant plasmid for 30 min on ice. Cells were afterward heat shocked at 42°C for 90 s and then transferred to ice for another 90 s followed by adding 900 µl of pre-warmed SOC media. After this, cells were incubated at 37°C for 30-45 min at 700 rpm (Thermomixer) to recover. Before plating the cells onto LB agar plate with appropriate antibiotics, cells were spun down at 7000 rpm for 1 min in tabletop centrifuge (Fresco21). 3.2.1.7 Colony PCR Colony PCR was performed to screen for the bacterial colonies containing recombinant plasmid with right insert. Reaction mix component and PCR program used for colony PCR is mentioned in Table 20. Single colony was added to the 20 µl PCR reaction mix. Bacteria were lysed during the initial Heating step of PCR thereby release of recombinant plasmid took place, which served as template for the amplification reaction. Presence of desired PCR product indicated the positive colony which was inoculated into 5 ml LB medium with appropriate antibiotics and incubated at 37°C using shaking incubator (Multitron Standard) for overnight.  



Materials and methods  40  Table 20: Colony PCR reaction mixture and program. PCR reaction mix (20 µl) Component  Volume PCR program Step  Temperature and duration Colony  Initial denaturation 95°C, 300 s 2 x PCR Red dye Mix 10 µl Denaturation 95°C, 30 s Primer fwd (10pmol/µl) 1 µl Annealing 55-65°C, 30 s Primer rev (10pmol/µl) 1 µl Elongation 72°C, 60 s/1 kb MQ H2O 8 µl Jump to step 2, repeat     26 times    Final elongation 72°C, 420 s   Hold ∞ 3.2.1.8 Plasmid isolation Recombinant plasmids were isolated from the overnight grown cells using QIAprep Spin Miniprep Kit for DNA extraction according to the manufacturer’s protocol. Isolated plasmids were sent in house for sequencing to verify the correct sequence of insert. Sequencing primers used for the sequencing are listed in table 5. Some cells were preserved as glycerol stock in 1 ml cryo tubes by mixing 86 % glycerol and overnight grown cell culture in 1:1 ratio. Glycerol stocks were stored at -80°C. 3.2.1.9 DNA quantification Concentration of DNA samples were measured on a PEQLAB ND-1000 spectrophotometer. 3.2.2 Methods for insect cell culture Insect cells (SF21 and Hi5) were cultured in a room kept at constant temperature of 27°C since insect cells are very sensitive to temperature change. These cells were maintained as a suspension culture in a glass flask at 100 rpm shaker speed. Cells were passaged every two to three days in order to maintain cell density between 3 x 105 and 3 x 106 cells/ml. 3.2.2.1 Transposition in DH10EmBacY cells 100 µl chemically competent E. coli cells (DH510EmBacY) were mixed with recombinant plasmid and incubated on ice for 30 min. Cells were heat shocked at 42°C for 45 s and then chilled on ice for another 



                                                                                                                                  Materials and methods  41  2 min followed by adding 900 µl of pre-warmed SOC media. After this, cells were incubated at 37°C for about 4 h at 400 rpm (Thermomixer). After this, 100-300 µl of cells were plated out onto LB agar plate with 50 µg/ml kanamycin, 7 µg/ml gentamycin, 10 µg/ml tetracycline, 100 µg/ml Bluo-gal and 40 µg/ml IPTG and incubated at 37°C overnight. Blue white screening was used for the identification of correct clone (Padmanabhan et al. 2011). 3.2.2.2 Isolation of bacmid from DH10EmBacY cells Bacmid isolation was done from a single colony confirmed as having white phenotype on the plates containing Bluo-gal and IPTG. It was performed according to the protocol in the Bac-to-Bac® system manual from life technologies. A single colony was inoculated in 2 ml LB media supplemented with 50 µg/ml kanamycin, 7 µg/ml gentamycin, 10 µg/ml tetracycline and incubated overnight at 37°C (up to 16-18 h) shaking at 300 rpm. After this, cells were harvested into a 2 ml micro centrifuge tube by centrifugation at 14000 x g for 1 min. Supernatant was removed and pellet was suspended in 0.3 ml of P1 solution (Qiagen). After adding 0.3 ml P2 solution (Qiagen) with gentle mix, it was incubated at room temperature for 5 min. Following this, 0.3 ml of P3 solution (Qiagen) was slowly added which formed a thick white precipitate of protein and E.coli genomic DNA. This was incubated on ice for 5 to 10 min and centrifuged it for 10 min at 14000 x g for pelleting down the precipitate. Supernatant was gently transferred to the tube containing 0.8 ml isopropanol. This mixture was placed on ice for 5 to 10 min. After this, sample was centrifuged for 15 min at 14000 x g followed by removal of the supernatant and addition of 0.5 ml of 70 % (v/v) ethanol to it for washing the pellet. Eventually the pellet (DNA) was air-dried briefly for 5 to 10 min at room temperature and dissolved in 40 µl elution buffer (Qiagen). 3.2.2.3 Plasmid analysis Presence of insert in the bacmid was confirmed by specific restriction digestion, colony PCR and DNA sequencing. 3.2.2.4 Transfection of SF21 cells and virus generation Cells were seeded into 12 well plates at density of 1 x 106 cells per ml (SF21 in ExCell420) in total of 1 ml media/well. Cells were incubated at 27°C for 30 min to allow cell attachment to the bottom of the plate. In parallel, transfection mix was prepared with 2 µg bacmid in 150 µl ExCell420 and 10 µl of superfect (Qiagen) followed by the incubation at room temperature for 10 min. In an additional tube, 807.5 µl ExCell420 and 42.5 µl FCS were mixed and added to the transfection mix. This mixture (total volume 2 ml) was added gently to the cells in the plate after removing the old media. These cells were incubated at 27°C for 5-6 days. After 5-6 days, supernatant was collected from the plate which contain first generation virus (P0). 5 % (v/v) of P0 virus was used to infect fresh SF21 cells at 0.8 x 106 (cells/ml) for 



Materials and methods  42  generation of P1 viruses and 3 days post infection P1 virus was collected in supernatant by pelleting the cells down at 400 rpm for 4 min. Similarly, P2-P3 generation viruses were produced and collected. 3.2.2.5 Measuring YFP in infected insect cells Yellow fluorescence protein (YFP) is encoded by the bacmid leading to the parallel expression of the YFP with virus budding proteins. Both YFP and virus budding proteins are regulated by the late promoter. Therefore, YFP expression would be the direct indication of the expression of bacmid encoded protein. YFP measurement helps in determining the protein expression level in infected Hi5 cells. YFP fluorescence was measured using GUAVA EasyCyte Mini (MerkMilipore) at 495 nm excitation and 520 nm emission wavelength. 3.2.3 Expression and purification of protein As mentioned before, E. coli and insect cells were used for protein expression and purification. First, small scale test expressions were performed to find the best condition for the expression of a certain protein and then that condition was used to express and purify protein in large scale.  3.2.3.1 Small scale test expressions After transforming the recombinant plasmid into the protein expression strain (Rosetta2 DE3 or BL21 DE3) cells, one colony from the plate was inoculated into 50 ml LB media with appropriate antibiotics in a glass flask. These cells were grown overnight at 37°C at 130 rpm, used to inoculate TB medium to OD600 0.03 and again kept at 37°C at 130 rpm . After the culture reached to OD600 0.8-1.0, it was split into several small cultures of 30 ml and each flask was given slightly different expression condition, for example, different IPTG concentration (0.05 mM and 0.5 mM) and temperature (20°C and 37°C). These cultures were kept continuing shaking at 130 rpm. First 10 ml sample from each condition was collected at 3 h post induction and second 10 ml samples 16 h post-induction. Cells were harvested from all the 10 ml samples by centrifuging them at 5000 rpm for 10 min. Cell pellets were resuspended into 1 ml lysis buffer (as mention in section 3.1.13) and lysed by sonication (3 x for 10 s at 50 % amplitude, 1 s on/off). After this, centrifugation was performed at 14000 rpm for 30 min to separate the clear cell lysate from the debris. Each pellet fraction and 10 µl of supernatant was mixed with SDS loading buffer to analyze on SDS-PAGE. Rest of the supernatant (clear cell lysate) was mixed with 20 µl affinity beads (depending on the tag fused with protein) and incubated at 4°C for 1 h. Later, beads were separated from the lysate by centrifuging them at 1800 rpm for 1 min. In order to wash off the unspecifically bound proteins, beads were incubated with wash buffer for 30 min followed by two quick wash steps without incubation. 10 µl 2 X SDS loading buffer was mixed to these beads, these bead samples along with pellet and supernatant samples were loaded into SDS-PAGE for analysis. 



                                                                                                                                  Materials and methods  43  The best expression condition according to the higher yield and purity of soluble protein was chosen for large scale production of protein.   3.2.3.2 Large scale production of protein from E. coli and Insect cells For the protein crystallization experiment, mg amount of protein is required. For this purpose, large scale protein purification was performed. 3.2.3.3 Protein expression in E. coli and cell lysis For the large scale purification, 1-10 l culture of TB media (depending on the expected yield of the protein) was inoculated to OD600 0.03 from the overnight culture. Once the OD600 is reached to 0.8-1.0 culture was provided with the optimized conditions (from small scale test expression). Afterwards, cells were harvested by centrifugation at 5000 rpm for 10 min followed by re-suspending in 7-10 ml lysis buffer (affinity chromatography buffer + 1 mM PMSF, 5 mM MgCl2, 50 μg DNase and 5 mg lysozyme per liter of culture) per gram of cells and the cells lysed twice using homogenizer. Cells were kept on ice throughout this process. In this study, different buffers were used for different proteins as they required different pH and additive for solubility and stability.   3.2.3.4 Protein expression in insect cell and cell lysis 4-8 l of Hi5 cell culture was prepared at 0.8-1 x 106 cell density in ExCell405 media. 2-3 % (v/v) of P3 virus was used to infect each liter of cell culture. These cultures were incubated at 27°C, 100 rpm for 3 days. Efficient infection and protein expression was measured on 4th day by visualizing YFP (using GUAVA EasyCyte Mini) expression. Later on these cultures were centrifuged at 2000 rpm for 10 min to pellet the cells down. Cells were re-suspended in lysis buffer (affinity chromatography buffer + 0.1 % (v/v) triton X-100 + 1 mM PMSF) according to 5 ml lysis buffer/1 l culture and cell lysis was done by sonication at 30 % amplitude 10-12 times (cycle 30 s pulse 1 s on/off).  3.2.3.5 Protein purification from cell lysate After cell lysis, the purification procedure was similar for both cell types. Several purification steps were used to obtain more than 95 % pure protein. All the buffers used for protein purification were filtered using 0.2 µm filter and degassed. Affinity chromatography was performed either using batch/gravity flow method or using commercially available columns on äkta purifier. Anion exchange chromatography and SEC were performed on äkta purifier. Protein purification methods used in this study are following: Affinity chromatography was used as the very first step of purification and choice of beads was according to the tag on the protein. In this study, His-fusion protein and GST-fusion protein were 



Materials and methods  44  purified using batch/gravity flow method (loose resins were used as shown in Table 10), while strep and MBP-fusion protein were purified using commercially available columns (as shown in Table 10) on äkta purifier for  affinity chromatography. Ni-Sepharose® 6 Fast Flow beads were used for His-fusion protein. Ni-sepharose beads were bought in 20 % (v/v) ethanol. For preparing the beads for use they were washed with 5 BV (bed volume (BV) is amount of resin used) MQ water and then with the 5 BV affinity chromatography buffer to equilibrate the beads. 4-5 ml beads (referred to BV) were incubated with cell lysate for 1 h at 4°C to allow the binding of the protein to the beads. This mixture was then poured into a column (empty Omnifix® syringe with bottom filter) and let it pass through the filter which does not allow the beads to pass through. Flow through was collected and beads in the column were washed using 20 BV wash buffer (affinity chromatography buffer + 30 mM imidazole) followed by the elution of the bound protein of interest using elution buffer (250 mM imidazole in affinity chromatography buffer) in several fractions. Later on all these fractions were analyzed on SDS-PAGE. Used beads were then regenerated by using 5 BV 6 M guandinium-HCl followed by 10 BV MQ water and stored in 20 % (v/v) ethanol. Glutathione Sepharose® 4 Fast Flow beads were used for the GST-fusion protein. Beads were also purchased in 20 % (v/v) ethanol. These beads were prepared similar to Ni-sepharose beads.  Protein loading onto the beads, washing and elution was also performed using gravity flow method. Wash buffer used here was only affinity chromatography buffer and the elution buffer was 20 mM glutathion reduced in affinity chromatography buffer (pH adjusted to 7.5 using 10 M NaOH). Elution was collected in several 5 ml fractions which were analyzed on the SDS-PAGE. Used beads were regenerated similar to Ni-sepharose beads. Strep-Tactin® Superflow® high capacity 50 % suspension was used to purify the Strep fused protein. These beads were bought in buffer (10 mM Tris-HCl, 150 mM NaCl) and packed into an 8ml volume column to use this on äkta purifier. These beads were directly equilibrated with lysis buffer and lysate was loaded onto the column at flowrate 1 ml/min. Later on, washing was done using affinity chromatography buffer followed by elution of the protein using elution buffer (5 mM Desthiobiotin in affinity chromatography buffer). After use, beads were washed using 3 column volumes (CV) 0.5 M NaOH and stored in column buffer. MBP TrapTM 5 ml column was used for the purification of MBP-fusion proteins. MBP is used as both solubility tag and affinity tag. Column was prepared by washing with 2 CV MQ water followed by equilibration with affinity chromatography buffer. Loading and washing of the column was performed similar to strep column. Elution of the protein was done using elution buffer (20 mM maltose in affinity chromatography buffer). Elution was collected in several small fractions followed by the SDS-PAGE 



                                                                                                                                  Materials and methods  45  analysis. Column was further treated with 10 CV elution buffer followed by washing with MQ water and storage in 20 % (v/v) ethanol. In case of use of detergent such as 0.1 % (v/v) Triton X-100 in cell lysis buffer, during protein elution in affinity chromatography the detergent was replaced by 5 % (v/v) glycerol. If required, after affinity chromatography tags were cleaved off using TEV protease (incubating 1 mg TEV protease/50 mg protein at 4°C overnight). Efficient cleavage of the tag was checked on SDS-PAGE. Next step of the purification was chosen according to the purity of protein from previous step. For some of my proteins, Anion exchange chromatography was second step of purification followed by SEC (Size exclusion chromatography) and for others only SEC was performed. Anion exchange chromatography medium comprises a matrix of spherical particles substituted with cationic groups that are positively charged. Source 15 Q (anion exchanger) medium was packed into a column (8 ml volume) to form a packed bed. Column was then washed with MQ water and equilibrated with stepwise 5 CV of no salt buffer and high salt buffer repeatedly leaving the column in no salt buffer at the end. The pH and ionic strength of the equilibration buffer are selected to ensure that, when sample is loaded protein of interest binds to the medium. Before loading, salt concentration of protein buffer was diluted to 30mM using no salt buffer. Protein was loaded onto the column at flowrate 2 ml/min, afterwards column was washed using 2 CV 30 mM salt buffer and elution was performed using a salt gradient. Finally flow through, wash and elution fractions were analyzed on the SDS-PAGE. The column was cleaned using 5 CV high salt buffer, then washed with 2 CV MQ water and stored into the 20 % (v/v) ethanol. Size exclusion chromatography (SEC) was always used as the final step of purification to further improve the quality of protein and to remove the soluble aggregates. Column was prepared by washing with 1 CV MQ water followed by equilibration with 1 CV SEC buffer (desired buffer for protein). Protein was concentrated to 1-2 % of CV using a vivaspin concentrator (Sartorius Stedim biotech) with appropriate molecular weight cutoff. The concentrated protein was filled into the injection loop manually. Using the äkta purifier, protein was loaded onto the column, 1 CV SEC buffer was run over the column and elution was fractionated. Fraction containing protein was analyzed on SDS-PAGE.  3.2.3.6 Protein concentration measurement Protein concentrations were measured by the UV absorption at 280 nm wavelength using PEQLAB NanoDrop ND-1000 spectrophotometer. Extinction coefficient and theoretical molecular weight (Table 21) of individual protein and protein complexes were calculated using EXPASY ProtParam (Gasteiger 2003). 



Materials and methods  46  Protein concentration was calculated according to Lambert-Beer’s law  																																																													� = � · � · ��	
                                                                Equation 1 A is the absorption, c is the concentration in M, d is the path length in cm and ε280 is extinction coefficient at wavelength 280 nm in M-1cm-1. Table 21: Molecular size and molar extinction coefficient of the proteins and complexes used in this study. Protein/Protein-protein complex Molecular weight (kDa) Extinction coefficient (M-1cm-1) at 280nm  ATG12-ATG5 47.54 68572 ATG5 32.45 53650 ATG16L11-307 ATG16L11-266 ATG16L11-231 ATG16L111-307 35.44 31.12 27.27 34.41 19605 19605 19605 19605 ATG16L158-307 ATG16L172-307 30.13 28.23 12615 12615 ATG16L172-260 GST-ATG16L11-43 GST-ATG16L11-30 GST-ATG16L111-43 GST-ATG16L111-33 ATG16L111-43 ATG16L111-43 23.29 32.77 31.20 31.74 30.16 4.29 2.46 12615 51590 48130 51590 48130 6990 5500 ATG5/ATG16L111-307 GST-AIR566-611 GST-AIR577-595 AIR577-595 peptide ATG5-thr-thr-AIR577-595 67.93 30.98 29.90 2.46 38.38 73255 50100 50100 5690 99140 



                                                                                                                                  Materials and methods  47  ATG5/AIRPH577-719 ATG5/AIRPH577-730 Sumo-AIRPH577-730 53.76 50.06 32.09 113705 98612 54555 Sumo-PH607-730 28.77 47565 3.2.4 Biochemical and biophysical methods 3.2.4.1 SDS polyacrylamide gel electrophoresis (SDS PAGE)  SDS-PAGE was used to analyze the purity of desired protein after each step of the purification and results of pull down assays. Gels were comprised of upper stacking gel (5 % polyacrylamide) and lower resolving gel (12 % or 15 % or 18 % polyacrylamide) and preparation protocol was adapted from Laemmli (Laemmli 1970). Protein samples were prepared by mixing with 2 X DTT gel loading dye (1:1 ratio) followed by denaturing them at 95°C for 3-5 min. Samples were loaded onto the gel (gel chamber filled with 1 X running buffer) and 200 V was applied to the gel until the blue dye running in front went through. Gel were stained by incubation in coomassie blue for 2-3 min and then destained by boiling the gel in water using microwave. Another staining method used was incubating gel in Coomassie Brilliant Blue solution for 20-30 min and destaining the gel in destaining solution. All used buffers are mentioned in section 3.1.13. 3.2.4.2 Western blot To confirm the band of the protein of interest on SDS-PAGE, western blot was performed (Towbin et al. 1989). Protein bands were transferred to the PVDF membrane using semidry apparatus (Trans-Bio Turbo Transfer System). PVDF membrane was kept in 100 % methanol for 5-10 s followed by washing with water. SDS-PAGE, membrane and whatman paper were pre-incubated with the transfer buffer (Table 15) for 10 min. Protein transfer took place by application of constant 25 V, 1 A for 30 min. After this, membrane was washed with water and with TBST buffer for 5 min twice. For blocking, the membrane was incubated in blocking buffer overnight at 4°C. Next, membrane was incubated with primary antibody (1:2500 in TBS-T) for 2 h at room temperature or overnight at 4°C. After this, membrane incubation with secondary antibody (1:5000 in TBS-T) was performed. Unbound primary and secondary antibody were washed off with TBS-T in 3 steps. In case of HRP conjugated secondary antibody, membrane was developed using lumi-light western blotting substrate (Sigma-Aldrich) while BCIP (bromochloroindolyl phosphate) and NBT (nitro blue tetrazolium) was used for AP conjugated secondary antibodies. Chemiluminescence was visualized using Image Reader LAS 3000.  



Materials and methods  48  3.2.4.3 Mass Spectrometry (MS) Mass spectrometry was another method for identifying the protein band on SDS-PAGE, for the N-terminal sequencing and for determining the full mass of all the degradation products of any protein. Proteins were separated on SDS-PAGE and the desired band was excised from the gel and sent for MS analysis in house. Next, in-gel tryptic digestion of the protein was performed and resulting peptide sequences were determined by MS. These peptide sequences were searched in Mascot protein data base to identify the protein. For the N-terminal Edman sequencing, protein was provided either on the PVDF membrane or in a volatile solution (eg CH3COONH4). In Edman degradation method, N-terminal residue of protein is coupled with phenylisothiocyanate (PITC) and cleaved off the protein. PITC residue is converted into Phenylthiohydantoin (PTH) residue and this is identified by HPLC chromatography. The Edman degradation reaction cycle is repeatedly performed to sequence the N terminus of protein. For the full molecular weight determination of the protein fragments resulting from the degradation of protein or limited proteolysis experiment, protein was provided in volatile solution or in water. After knowing the N terminus of the protein, C terminus was calculated by determining the full mass of each fragments and the full length protein band.  3.2.4.4 Thermofluor Assay Thermofluor (Fluorescence based thermal shift) assay is a quick approach to find out the best buffer composition which increases the stability and quality of the protein (Reinhard et al. 2013). A 96-condition screen was used which consists of different buffer, salt concentration and additives. Utilization of small molecules which increase the thermal stability of protein might results in better quality, quantity of protein and higher chances of protein crystallization.  In order to test the protein stability, melting point of the protein was determined using thermofluor assay. Sypro orange fluorescence is quenched in an aqueous environment. Heating of the sample causes unfolding of the protein leading to the exposure of the hydrophobic region of protein. Sypro orange dye then binds to the hydrophobic region of protein and fluorescence becomes unquenched. The fluorescence is monitored and plotted versus temperature; the midpoint of the transition of protein unfolding is defined as Tm (melting point) (Schuldt & Weiss 2010). 



                                                                                                                                  Materials and methods  49   Figure 12: Melting curve of protein obtained by thermofluor assay. The melting temperature Tm is determined at the inflection point of the melting curve as indicated by the dotted line. First, the assay was performed to determine the dye and the protein concentration for the screening of buffer and additives (Table 22). All combinations of 0.5-3 mg/ml protein concentration and three different concentrations (10 X, 50 X, 100 X) of 5000 X sypro orange dye were tested. 5 µl of protein was mixed with 40 µl of each buffer from screen and 5 µl of sypro orange dye and put in a 96 well plate (Multiplate™ Low-Profile 96-Well Unskirted PCR Plates from BioRad) and experiment was run in a real time PCR machine. Temperature was gradually increases from the 10°C to 95°C and the change in the fluorescence upon thermal unfolding of the protein was detected in machine. 
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hermofluor

 screen  
               A-D: buffer screen, E: empty for dye and protein concentration check, F-H additive screen.   1 2 3 4 5 6 7 8 9 10 11 12 A 50 mM Acetate pH 4.0 50 mM Acetate pH 4.4 50 mM Citrate pH 5.0 50 mM Citrate pH 5.4 50 mM MES  pH 6.0 50 mM MES  pH 6.4 50 mM HEPES pH 7.0 50 mM HEPES pH 7.4 50 mM Tris-HCl pH 8.0 50 mM Tris-HCl pH 8.4 50 mM CHES pH 9.0 50 mM CHES pH 9.4 B 50 mM Acetate pH 4.0 100mM NaCl 50 mM Acetate pH 4.4 100mM NaCl 50 mM Citrate pH 5.0 100mM NaCl 50 mM Citrate pH 5.4 100mM NaCl 50 mM MES  pH 6.0 100mM NaCl 50 mM MES pH 6.4 100mM NaCl 50 mM HEPES pH 7.0 100mM NaCl 50 mM HEPES pH 7.4 100mM NaCl 50 mM Tris-HCl pH 8.0 100mM NaCl 50 mM Tris-HCl pH 8.4 100mM NaCl 50 mM CHES pH 9.0 100mM NaCl 50 mM CHES pH 9.4 100mM NaCl C 50 mM Acetate pH 4.0 200mM NaCl 50 mM Acetate pH 4.4 200mM NaCl 50 mM Citrate pH 5.0 200mM NaCl 50 mM Citrate pH 5.4 200mM NaCl 50 mM MES  pH 6.0 200mM NaCl 50 mM MES pH 6.4 200mM NaCl 50 mM HEPES pH 7.0 200mM NaCl 50 mM HEPES pH 7.4 200mM NaCl 50 mM Tris-HCl pH 8.0 200mM NaCl 50 mM Tris-HCl pH 8.4 200mM NaCl 50 mM CHES pH 9.0 200mM NaCl 50 mM CHES pH 9.4 200mM NaCl D 50 mM Acetate pH 4.0 500mM NaCl 50 mM Acetate pH 4.4 500mM NaCl 50 mM Citrate pH 5.0 500mM NaCl 50 mM Citrate pH 5.4 500mM NaCl 50 mM MES  pH 6.0 500mM NaCl 50 mM MES pH 6.4 500mM NaCl 50 mM HEPES pH 7.0 500mM NaCl 50 mM HEPES pH 7.4 500mM NaCl 50 mM Tris-HCl pH 8.0 500mM NaCl 50 mM Tris-HCl pH 8.4 500mM NaCl 50 mM CHES pH 9.0 500mM NaCl 50 mM CHES pH 9.4 500mM NaCl E empty            F 2 mM ATP 2 mM ADP 2 mM AMP 2 mM GTP 2 mM GDP 2 mM NAD 2 mM FAD 1 % glycerol 5 % glycerol 10 % glycerol 20 % glycerol 3 % DMSO G 1 mM DTT 5 mM DTT 10 mM CaCl 2 10 mM MgCl 2 10 mM MnCl 2 10 mM ZnCl 2 10 mM NiCl 2 10 mM FeCl 3 100 mM KCl 100 mM LiCl 200 mM KSCN 10 mM spermidin H 10 mM Arginin 10 mM Alanin 10 mM Methionin 100 mM Glycin 3 % Glucose 3% Galactose 10 mM Urea 5 % PEG400 0.5 % n- hexyl gluco- pyranosid 0.05 % n- decyl gluco- pyranosid 0.01 % Triton X100 H 2O as reference 



                                                                                                                                  Materials and methods  51  3.2.4.5 Limited proteolysis Limited proteolysis was used to remove flexible parts of the protein and to establish a new domain for crystallization (in situ proteolysis) (Moldoveanu et al. 2001). In limited proteolysis, protein is incubated with relatively small concentration of different proteases which cut at recognition sites throughout the protein and remove the exposed loops and flexible regions in protein. For the experiment, Proti-Ace kit I + II (Hampton research) were used (table 23). Each of these kits consists of a set of 6 commonly used proteases and dilution buffer (10 mM HEPES pH 7.5, 300 mM NaCl). Proteases were prepared as stock of 0.5 mg/ml by re-suspending the solid power in 200 µl deionized water. Before the use, proteases were again diluted to 0.005 mg/ml using dilution buffer. 10 µl of 10 mg/ml protein was mixed with 10 µl of 0.005 mg/ml protease and incubated at room temperature. 5 µl of each samples were collected at different time points of incubation for analyzing the cleaved products on SDS-PAGE. Table 23: Limited proteolysis kits and provided enzymes. Kit Provided enzymes Proti-Ace kit I  Chymotrypsin, Trypsin, Elastase, Papain, Subtilisin, Endoproteinase Glu-C Proti-Ace kit I Proteinase K, Endoproteinase Arg-C, Pepsin, Thermolysin, Bromelain, Actinase The appearance of lower molecular weight bands denotes digestion of the full length protein and these low molecular weight bands were identified by MS or N-terminal sequencing to determine the boundary of the fragments. 3.2.4.6 Circular Dichroism (CD) Spectroscopy CD is used to determine the secondary structure composition and folding properties of a protein (Greenfield 2007). CD is a form of light absorption spectroscopy which measures the differential absorbance of left (ALCP) and right-circularly polarized (ARCP) light by a substance (equation). Different secondary structure of protein has characteristic CD spectra as shown in Figure 13. 																																																																				∆�	 = 	���	 −	���								                                                       Equation 2 For the experiment, pure protein was dialysed against CD buffer overnight. For those proteins which need salt for stability, 100 mM NaF was added in the buffer used. The CD buffer, NaH2PO4 buffer with NaF was chosen in order to minimize the background in CD spectra. The buffer only was also measured which later on was subtracted from the protein spectra for baseline correction. Protein concentration was adjusted to 1 mM amide bond to measure the spectra.  



Materials and methods  52   Figure 13: Circular dichroism spectra of pure secondary structures of protein. CD spectra of pure alpha helix are shown in red while pure beta sheet and random coil are shown in blue and purple respectively. (Figure adapted from Rupp, 2009) Sample was filled in a cuvette with 1 mm light path. Spectra were recorded at 260 nm to 190 nm at 20°C temperature using a J-815 CD spectrometer (Jasco). Raw data (ellipticity in mdeg) exported as excel file and converted into molar ellipticity in deg.cm2/dmol. Finally, CD spectrum was plotted as molar ellipticity vs wavelengths in microsoft excel. Molar ellipticity [θ] was derived from ellipticity θ according to Beer Lamberts law: 																																																														��� = �

	 � 	�/� � ��                                                               Equation 3 C is the concentration in molar, and l is the cell path length in cm.  3.2.4.7 Size exclusion chromatography-Multi angle light scattering (SEC-MALS) MALS is used to determine the exact molecular weight and polydispersity of macromolecules or macromolecular complexes in solution. In contrast to dynamic light scattering (DLS), MALS can be used to determine an accurate molecular weight of a protein independent of its shape. A laser beam passes through the sample in solution and is scattered in multiple angles. The scattering is detected simultaneously at each angle by light scattering detectors. The scattering data is obtained as function of scattering angle. Radius of gyration (Rg) or root mean squared (RMS) radius is calculated to determine the molecular weight of molecules. In this study, to determine the molecular mass of ATG16L1 and degradation product, we performed an inline size-exclusion chromatography (SEC) (Äkta PURE, GE Healthcare) coupled with a MALS detector (miniDAWN TREOS, Wyatt Technology) and a differential 



                                                                                                                                  Materials and methods  53  refractometer (RI) (Optilab T-rEX, Wyatt Technology). Due to instability of the RI curve with this sample, the UV detector was used to calculate the effective complex concentration, by using a standard protein refractive index increment value of 0.185 ml/g. The protein separation was achieved using a Superdex200 10/300 column with a 0.5 ml/min flow rate. To obtain the MW of the eluted proteins we analyzed the obtained UV and MALS signals were recorded at three angles by means of the ASTRA 6 software (Wyatt Technology). 3.2.4.8 Small angle X-ray scattering (SAXS) SAXS is used to determine the structural information of a protein or protein complexes in solution. The advantage of this method is that no crystalline material is needed; however the sample must be homogeneous for the better data. In the experimental setup (Figure 14), X-rays are passed through the sample in a capillary. The distribution of X-rays scattered by the sample are monitored on the detector. Based on scattering intensity distribution the average molecular size and shape can be deduced. Since the lowest resolution limit of SAXS is 10 Å, therefore, it is possible to obtain information of tertiary and quaternary structure of protein. During SAXS measurement, buffer as blank was also measured for later subtraction from the protein data because buffer components also contain electrons which contribute to X-ray scattering.  Figure 14: Setup for SAXS experiment. Incoming X-ray beam is scattered by the protein sample in a capillary. Scattered X-ray falls on 2D detector. Because the protein molecules are randomly oriented in solution, a radially decreasing scattering intensity distribution is observed. Logarithmic intensity is plotted against the momentum transfer s. From the form of this scattering curve, certain properties of the protein can be deduced. In this study, SAXS was used to determine the quality of protein-protein complex in solution. SAXS can also be used to assess the conformational change in protein and the arrangement of two proteins in complex. To perform the experiment, protein and protein complexes were finally purified by SEC. Samples were dialyzed against 2 l of the protein buffer at 4 °C overnight. Samples were centrifuged at 4 °C 13000 rpm for 300 min to remove large particles followed by preparing dilution series. Samples at concentration 4, 2, 1, 0.5 and 0.25 mg/ml and buffer as blank were used for measurements. 



Materials and methods  54  SAXS measurements were performed at beamline P12 of PetraIII in Hamburg, Germany. SAXS data analysis was executed, using the ATSAS package developed by small angle scattering group at EMBL in Hamburg, Germany (Petoukhov et al. 2012). Primus is used for visualizing and working with raw data which includes subtraction, averaging and merging of curves (Konarev et al. 2003) Crysol is used to calculate the experimental curve for the proteins and theoretical curve for the model and to fit them (Svergun et al. 1995). Chi-value represents the quality of data, the lower the chi-value better the fit is. Gnom calculates the distance distribution function from the scattering curve (Svergun 1992) This is further used in dammif for calculating the shape of the protein, using bead model which is optimized by simulated annealing (Franke & Svergun 2009). After this, four programs damsel, damsup, damaver and damfilt are serially used to align and average the output models of several dammif runs (Franke & Svergun 2009). Damfilt.pdb file is for calculated envelop, supcomb20 was run for superimposing the envelope with model structure. The PDB file for superimposed structure was converted into situs file for visualizing in chimera.  3.2.5 Methods for interaction studies 3.2.5.1 Pull downs Pull downs were performed on a small scale level to detect protein-protein interaction. For this, one protein was used to pull down the interacting proteins from the cell lysate. One of the proteins was immobilized on affinity beads (according to the tag on the protein) and was incubated with the cell lysate containing other protein (expected interaction partner) at 4°C for 1 h. Afterwards, beads were centrifuged at 1800 rpm for 1 min. Supernatant was removed and beads were washed using lysis buffer (composition of lysis buffer was dependent of protein) by incubation at 4°C for 30 min. Again, beads were centrifuged down like before followed by removal of the supernatant and quick washing of the beads twice. These beads were mixed with 2 X DTT loading buffer for SDS-PAGE analysis.  Another method used for pull down was to co-express both the proteins with different affinity tag on them. For this, two plasmids for each protein with different antibiotics resistance were chosen. Cells were grown in presence of two antibiotics ensuring the presence of both the plasmid in the cells. Cell lysate was prepared from 10 ml culture similar to small scale test expression. Lysate was split into two and both were incubated with the affinity beads according to the tag on each of the two proteins. After this, beads were washed and followed by mixing with 2 X DTT loading buffer for analyzing on SDS-PAGE.  



                                                                                                                                  Materials and methods  55  3.2.5.2 Isothermal titration calorimetry (ITC) ITC is a highly sensitive method used to detect protein-protein interaction and protein-small ligand interaction. The advantages of this method are: no molecular weight limitation, fluorophore label-free and no protein immobilization.     In the experiment, calorimeter consisting of reference cell, which contained water, and the sample cell, which contained protein, was set to the desired experimental temperature. Both the proteins were dialyzed in the same buffer at 4°C overnight to ensure that buffers are identical. Next, both the proteins were centrifuged at 16000 rpm for 30 min and degassed at 20°C to avoid any aggregates and bubbles which might interfere with signal. The ligand protein is loaded into the syringe, which resides in an injection device.  Ligand is injected into the sample cell in series of small aliquots with certain time duration. During each injection, interactions take place, which either generate energy (exothermic reaction) or absorb energy (endothermic reaction) and changes the temperature difference between cells. The time dependent adjustment of the temperature change between sample cell and reference cell to the zero is detected as signal in the thermogram, the downward (positive) and the upward (negative) signals associate with the exothermic and endothermic binding reaction respectively. The signal detected in ITC is the power deference between the reference cell and sample cell (power to keep both cells at equal temperature) created by generation and/or utilization of heat upon interaction. Heat transfer measurement during binding enables accurate determination of binding constant (Kd), reaction stoichiometry (n), enthalpy (∆H) and entropy (ΔS) which provide a complete thermodynamic profile of the molecular interaction. In this study, ITC was performed for protein-protein or protein-peptide interaction studies using MicroCal™ VP-ITC. For ITC, it is important to choose the right concentration of proteins which is calculated according to C-value around 20-50 and expected affinity. 																																																																			 = 	 �������/��                                                                         Equation 4 This equation is valid only if the syringe protein concentration is 10 times of Mcell. C is the C-value, Mcell is the molar concentration of the protein in the cell and Kd is the binding affinity. 3.2.5.3 Microscale thermophoresis (MST) MST is another powerful method to analyze the biomolecular interaction. This method is based on the fact that molecule moves within temperature gradient, this is called thermophoresis which depends on number of factors such as changes in conformation, hydration shell, charge and size of the molecule. MST uses fluorescence to follow the motion of the molecules in temperature gradient and fluorescence can either be intrinsic to the molecule or from covalently attached dye or fluorescent fusion proteins. 



Materials and methods  56  In the study, MST was performed for measuring the interaction between a protein and a small compound. For this purpose, protein was labelled with Cy5 fluorescent dye (Sigma-Aldrich) according to the Nano Temper protocol. Different buffers and capillary types were tested to avoid self-aggregation or sticking of protein to the inner surface of capillary. Addition to this, fluorescently labeled protein concentration was also optimized in order to avoid super-saturation of fluorescence signal. To perform the experiment, labeled protein concentration was kept constant while the ligand was serially diluted by half. Labeled protein was mixed with the dilution series of the ligand and filled in 16 glass capillaries by simple capillary force. The switched on laser light passes through the capillary and heats it up, thereby creating a temperature gradient leading to the movement of the evenly distributed molecules in temperature gradient. Intermolecular interaction alters the movement the molecules in temperature gradient which is detected as change in the fluorescence intensity upon interaction. Binding event is confirmed by the sigmoidal curve of the graph plotted between changes in the thermophoresis signal against concentration of the ligand. Based on this binding curve binding affinity (Kd) is calculated. In this study, monolith machine was used which was suitable for 16 capillaries corresponding to 16 concentrations of the unlabelled protein or ligand. 3.2.5.4 Peptide spot array Peptide synthesis on cellulose using SPOT technology allowed the parallel synthesis of large numbers of peptides in small amounts (Hilpert et al. 2007). In this study, a peptide array has been synthesized on which each amino acid position has been systematically replaced with one of the 20 proteinogenic amino acids (full mutagenesis screen) to analyze the interaction in detail on single amino acid level. For detection of bound protein (interaction partner), protein was labeled with Cy5 dye (≈650 nm excitation, 670 nm emission) according to the labeling protocol provided by the manufacturer. Before starting the assay, the membrane was covered with 100 % ethanol to enhance its wetting property. Then the membrane was incubated with the 40 ml peptide spot array buffer for 10 min followed by incubation with 25 ml of 50 nM protein (interaction partner) for 30-40 min. After this, the unbound protein was washed off using 20 ml of protein buffer for 10 min followed by visualizing the membrane under Typhoon for analysis. The experiment was repeated with 100 nM, 200 nM and 500 nM concentration of the protein until one of the spots showed saturation.  3.2.6 X-ray Crystallography X-ray crystallography can provide a detailed atomic structure model of macro-molecules. Elucidating atomic details for molecular interaction is important, for example, in clarifying enzymatic mechanisms and in structure based drug design (Rupp 2010).  



                                                                                                                                  Materials and methods  57  3.2.6.1 Protein Crystallization Protein crystallization is one of the major bottlenecks in the protein structure determination by X-ray crystallography. The concept of nucleation during protein crystallization becomes easier to understand if we add the kinetic information to the protein solubility (Figure 15b). In the protein solution, protein molecules are randomly oriented and surrounded by solvent (water and precipitant). Interaction between solvent molecules will be higher than between protein and solvent, keeping the protein in a single and stable phase. Once the solubility line is crossed, metastable phase is reached and the heterogeneous nucleation takes place. Here, collision between the protein molecules leads the formation of transient nuclei unable to reach the critical size and not resulting in crystal formation, thus, crystallization needs external means such as seeding. Further supersaturation approaches a region where nuclei can reach the critical size and become stable, leading to the formation of homogeneous nuclei. After this crystal growth takes place until the equilibrium is reached.  Figure 15: Protein crystallization (a) Schematic view of hanging drop and sitting drop methods for protein crystallization. The sitting drop vapor diffusion is commonly used for high-throughput crystal screening, while hanging drop diffusion is used in small scale manual setups. (b) Crystallization phase diagram. Precipitant is represented as dark blue ovals and water molecules as light blue circles. Usually, high super-saturation is needed for homogenous nucleation; however, at low super-saturation crystallization requires external seeds (in form of microcrystal). At very low concentration of protein or precipitant, protein remains in solution and if it is too high, the protein precipitates out. (Adapted from Rupp, 2009) Mainly two setups of protein crystallization were used in this study, sitting drop vapor diffusion method and hanging drop vapor diffusion method (Figure 15a). In sitting drop setup, crystallization drop is sitting in a well next to the reservoir well filled with precipitant solution. On the other hand, in hanging drop method, crystallization drop hangs under the cover slip, which closes the reservoir well filled with 



Materials and methods  58  precipitant solution. Crystallization drop consists of protein and precipitant solution, usually in 1:1 ratio, resulting in dilution of the precipitant concentration by half compared to the reservoir precipitant solution. This precipitant concentration gradient induces net vapor diffusion from crystallization drop to reservoir until the equilibrium is reached, which results in super-saturation of protein and in best case crystallization of protein. In this study, initial screening of the crystal condition was performed in 96 well intelli plate (Art Robbins Instruments, Hampton Research) having 0.4 µl drop volume (0.2 µl protein and 0.2 µl precipitant solution) and 60-70 µl of reservoir volume (precipitant solution) using a robotic system (honey bee) and later the plate was sealed with a transparent tape. 24 well plates having drop volume 2 µl drop volume (1 µl protein and 1 µl precipitant solution) and 500-600 µl of reservoir volume (precipitant solution) were used for crystal condition optimization. For initial crystallization setups, two protein concentrations (10 and 5 mg/ml) were tested. Thermodynamic of crystallization highly depends on the temperature; therefore after setting up the crystallization plates, they were kept at different temperatures (20°C and 4°C).    3.2.6.2 Crystal optimization As soon as the first crystal appeared, was tested in house for X-diffraction to make sure that they are protein crystal. The details of in house X-ray source used in this study are shown in table 24.  Table 24: In house X-ray generator X-ray home source MX007 (Generator) RA-Micro 7 HFM (Anode) VariMax HF (Optics) Rigaku  Cryostream 700  Oxford Cryosystems  In case of larger and many crystals, crystals were dissolved and loaded onto the SDS-PAGE to confirm their identity. Next, crystal condition optimization was performed to further improve the crystal quality in order to get a good diffraction pattern. After finding the preliminary condition for protein crystallization, a grid and a random screen were designed around this condition. In grid screen, two of the crystallization solution components were varied and the rest were kept constant. Random screen contained the original crystallization solution components as well as some additional ones and all components randomly varied in each condition. In addition to this, different temperatures for crystallization (for example 30° and 12°C) were also be used. Sometimes adding crystal packing enhancer molecules to the previous crystal condition also helps in improving crystal packing. For this purpose, additive screen (Hampton Research) and silver bullet screens (Hampton Research) were used.  Seeding is another method to improve the crystal packing and growth as well. In this method, preliminary crystals are used to make seed stock (according the Hampton seed stock kit and protocol). 



                                                                                                                                  Materials and methods  59  These seeds are seeded into the grid screen designed around the original crystallization screens with lower precipitant concentration (or lower protein concentration), which avoids self-nucleation. These seeds act as nuclei for the growth of the new crystals as discussed above in the phase diagram.  3.2.6.3 Strategies for protein crystallization and crystal optimization The protein itself is the most significant determinant for success of a protein structure determination project. Only in the minority of cases will the first isolate or the first expressed protein construct yields well-diffracting crystals. The inherent properties of the protein decisively determine whether it can be successfully expressed, purified and crystallized (Rupp 2010). In this study, strategies used for improving the chances of crystallizability of the target protein as well as improving the crystal quality for better diffraction are explained below.  Targeted protein design is based on the rational analysis of the protein sequence. Protein sequence is analyzed for disordered termini followed by different extents of terminal truncation. This result in several protein constructs for crystallization (Rupp 2010). Limited proteolysis of exposed termini using different enzymes is also a good approach to modify the protein towards crystallization. How it was done has been explained in section 3.2.4.5. Surface entropy reduction (SER) mutation is one of the most common strategies to enhance crystallization of a protein by reducing the adverse surface entropy. SER mutation works mainly two ways, either by reducing the entropy of protein, a desired effect of SER method, or by simply removing residues with steric hindrance. Protein crystallization depends on the Gibb’s free energy which is derived from enthalpy and entropy of the system. Gibb’s free energy should be negative in order to favor protein crystallization. Enthalpy contribution is weakly negative and derived from the intermolecular contact within the crystal. Therefore, crystallization is mainly entropy driven, which is derived from loss in protein entropy and gain in solvent entropy. Mutating large surface residues reduces the protein entropy and enhances the crystal contact, at the same time the solvent molecules are displaced which gain high entropy. Thereby, SER drives the thermodynamics towards protein crystallization. In this method, residues with high entropy such as Lysine, Aspartate and Glutamate are mutated to Alanine resulting into entropy reduction, which can improve the chances of protein crystallization. However, various other properties such as overall charge, local charge distribution on protein are also varied at the same time. In this study, prediction of the residues to be mutated for surface entropy reduction was done by using UCLA-MBI SERp server.  Surface Lysine methylation, this is chemical side chain modification of surface Lysines, which has been successfully used to improve crystallization. All primary amines (surface Lysine residue and free N-terminus) are converted into tertiary dimethylamines. To perform Lysine methylation in this study, protein was diluted to 1 mg/ml using lysine methylation buffer and incubated with 20 µl/ml of di-



Materials and methods  60  methyle amine borane (ABC) and 40 µl/ml of formaldehyde (from 37 % stock) for 2 h at 4°C and final addition of 10 µl/ml of ABC and 20 µl/ml of formaldehyde into it for overnight. Then protein was centrifuged to remove the precipitate and finally SEC was performed for changing buffer (according to the protein) (Walter et al. 2006). Crystallization with carrier protein, proteins which are not crystallizable are fused with crystallizable carrier protein and this approach is used to accomplish the carrier-driven crystallization of protein of interest. In this study, 4 different variants of MBP protein shown in table below have been used for crystallization of protein (Moon et al. 2010). Table 25: List of MBP variants with different surface mutations used in this study. MBP variants Mutations MBP_A E172A/N173A MBP_B D82A/K83A/K239A MBP_C E172A/N173A/K239A MBP_D D82A/K83A/E172A/N173A/K239A 3.2.6.4 Cryoprotection and flash cooling of crystal Cryoprotection of a crystal is necessary to avoid the amorphous ice crystal formation leading to the ice ring formation, which interferes with the diffraction pattern of the protein and also damages the protein crystal. Furthermore, crystals are very fragile as they contain high solvent content and weak, non-covalent intermolecular interaction and therefore are susceptible to high intensity X-ray beam. Flash cooling protects the crystal from radiation damage during X-ray diffraction experiment. For avoiding these problems, crystal is soaked with a cryoprotectant solution, mixture of reservoir solution and high concentration of precipitant, for example, glycerol and small molecular weight polyethylene glycols (PEGs). In this study, 15-20 % glycerol was used as cryoprotectant. After harvesting the crystal using a nylon loop of an appropriate size, it was washed in the cryoprotectant solution and flash cooled in liquid nitrogen 3.2.6.5 X-Ray diffraction experiment and data collection Preliminary X-ray diffraction experiment was performed using an in-house X-ray source (see section 3.2.6.2). Setup for X-ray diffraction experiment is shown in Figure 16. After cryoprotecting and flash cooling, the crystal was mounted in nylon loop on a goniometer head. The head is mounted to a goniostat, which allows centering of the crystal in the beam, changing the orientation and rotation during data collection. Crystal diffraction was performed in a liquid N2 gas stream (100 K temperature).  



                                                                                                                                  Materials and methods  61   Figure 16: X-ray diffraction by a protein crystal. X-ray is shot to the crystal in loop mounted on goniometer which is rotated during data collection. Incident X-ray hits the crystal and part of it is scattered and can be detected as a distinct diffraction pattern (black dots on detector). Electron density map is obtained from the diffraction pattern by Fourier transform (FT). After this, the structural model can be build. (Rupp, 2009) Monochromatic X-ray beam was shot on the crystal and the diffracted rays hit to the detector while non diffracted rays of the main beam were blocked by beam stop to protect the detector from damage. Before collecting data set we need to ascertain the symmetry, space group, crystal orientation and resolution limit. With these information data collection strategies are derived for the completeness of data set and to maximize resolution. Best diffracting crystal was sent to Berlin Electron Storage ring Society for Synchrotron (BESSY) Radiation, Helmholtz Centre Berlin (HZB), Berlin, Germany. Beam line 14.1 was used for data collection at a wavelength of λ 0.9184 Å. One of the crystals in this study was also sent to the Swiss Light Source (SLS), Switzerland, where beam line PXIII was used for data collection at a wavelength 1.000 Å.  3.2.6.6 Bragg’s law and Ewald construction The Bragg’s equation introduced by Sir William Lawrence Bragg, drastically simplifies the interpretation of X-ray diffraction. Diffraction can be interpreted as the reflection of the wave on the sets of equidistant lattice planes (Miller planes), and the Bragg equation establishes a quantitative relation between the lattice spacing and the diffraction angle of discrete reflections (equation 5).                                       																			�� = �� !" #$% �                                                            Equation 6 



Materials and methods  62  Constructive interference of reflected wave results into diffraction spots. The total path difference between the two reflected waves 2dhklsinϴ must be equal to an integer multiple of λ for the maximum constructive interference (Figure 17).  Figure 17: Graphical interpretation of Bragg’s equation allows treatment of X-Ray diffraction as the reflection on a set of planes in the crystal. d is the distance between two planes, ϴ is the angle of reflection and &0 and &1 are the incoming and diffracted wave vectors, S is the scattering vector. (Adapted from Rupp, 2009) The geometric relations between crystal orientation and fulfillment of the diffraction condition can be readily understood in reciprocal space using a graphic representation of the diffraction process called Ewald sphere (Figure 18).  Figure 18: Reciprocal lattice and Ewald construction. The incident beam (S0) hitting the crystal and reflected as S1. Ewald’s sphere constructed with a radius r = 1/λ on reciprocal lattice (green circle are reciprocal lattice point), coincides with some lattice point (hkl) (shown in red circle points). Coinciding lattice points (hkl) satisfy the Bragg’s equation and constructive interference is observed. This means, that reflection hkl (red circle points) can be observed on the detector, which represents the scattering from the set of direct crystal planes. (Adapted from Rupp, 2009)  



                                                                                                                                  Materials and methods  63  A set of lattice plane in a real space R with miller indices (hkl) is represented in reciprocal space R* by a reciprocal lattice point h, k, l. The magnitude of d* is reciprocal to the magnitude of dhkl, that is, d*hkl= 1/dhkl. The Ewald construction shows that diffraction occurs when reciprocal point lattice hkl intersects with the Ewald sphere of radius 1/λ. According to the Bragg’s equation, the distance of 2(sinϴ/λ) = ΙSΙ also equals 1/dhkl, which is also the length of reciprocal lattice vector d*hkl. Thus, the geometric reflection condition for the set of lattice plans hkl is necessarily fulfilled, when its reciprocal lattice point hkl lies on the Ewald sphere. 3.2.6.7 Data processing  Next step after X-ray diffraction data collection is data processing which is aimed to extracting the relative intensities of diffracted X-rays. The diffraction from a crystal in direction of hkl is determined by the complex structure factor Fhkl, obtained by summation of all partial waves reflecting from each atom of a unit cell. In the process of diffraction data collection, the phase information is lost and each intensity measurement gives scalar structure factor amplitude or Fobs (h).  In order to reconstruct the electron density map of the molecule, two quantities are required, for each data point, the structure factor amplitude Fhkl, which is directly obtained from the experiment and is proportional to the square root of the measured intensity of the diffraction spot; and phase angle αhkl (equation 7). 														'	�(, *, +� = 	 ,-∑ ∑ ∑ |0123|4567.9�1:;2<;3=5>?@A�321 																															Equation7 In this study, for all the data processing, XDS program was used for indexing the spots in images and also to integrate and scale their intensities (Kabsch 2010). XDS log file indicated the possible space group. XDS was re-run using this space group and associated cell dimensions. XSCALE was run for re-scaling the data with provided resolution shell (Kabsch 2010). XSCALE.ahkl output file was converted into a phenix.mtz input file using XDSCONV (Kabsch 2010). XDSCONV also marked 5 % data with R-free flag, meaning these data point were not used in refinement but in structure validation. 3.2.6.8 Crystallographic phase problem During X-ray diffraction data collection, we collect only the intensity which give the information of amplitude but the phase information is lost and need to be calculated using some other sources, this is called phase problem in crystallography. Phase information is essential for solving the crystal structure. There are several ways of recalculating the phases: 



Materials and methods  64  3.2.6.9 Isomorphous replacement and Anomalous dispersion  If there is no starting homologous model available, Isomorphous replacement (IR) method can be used. In this method, heavy metals are soaked into the crystal, ideally without disturbing the crystal lattice. Then, complete data set is collected again and measurable difference in spot intensity of diffraction pattern can be observed since heavy metals are electron dense. These differences in intensity of each spot is measured and used in deriving some estimate of the phase angles by vector summation methods. In some cases one heavy atom derivative is enough and in some more than one heavy atom derivatives are required for good data to calculate the phases, called Single Isomorphous replacement (SIR) and Multiple Isomorphous replacement (MIR) respectively. Another method is single wavelength anomalous dispersion (SAD) or multi wavelength anomalous dispersion (MAD). This method uses the anomalous scattering behaviour of some atoms at or near their X-ray absorption edge for gaining the phase information. Most of the isomorphous replacement atoms can also be used in this method. MAD is often a very effective solution of phase problem and it completely relies on the diffraction of one or more anomalous atoms. Multiple consecutive data sets are collected from the same crystal at different wavelength in the range of X-ray absorption edge of anomalous atom. Since, this method requires tunable X-ray source, it can only be performed at synchrotron. Mostly Se atom is used in this method, which is incorporated into the protein as Selenomethionine during protein expression and purification (van den Ent & Lowe 2003). 3.2.6.10 Molecular replacement (MR) Another very common method is molecular replacement (MR) method, which is used in case of an available structure of homologous protein in Protein Data Bank (PDB). A homologous protein, which has more than 30 % sequence identity, may serve as a good model for MR. This model will be used for the calculation of the phases of structure protein of interest. It needs the correct positioning of the model into the unit cell and this is acquired by performing translational and rotational search, which give the exact position and correct orientation of the molecule in unit cell. Once this is successful, we can calculate the amplitude and the phases which are combined with the experimental data of protein of interest for calculation of the electron density map. For the identification of the correct MR model correlation coefficient, z-scores or the R-factors are used. Correct MR solution will finally be used to refinement and model building. In this study, MR method was used for structure determination and Phenix program Phaser-MR was used for the molecular replacement (Adams et al. 2010). 



                                                                                                                                  Materials and methods  65  3.2.6.11 Model building, refinement and structure validation After obtaining the phase information, this is the step where we interpret the electron density map as set of atomic coordinates. In case of molecular replacement it’s easier as we already have coordinates from the model to work with. Model building becomes easier in case of high resolution data set and quality of phases. Refinement adjusts the atomic position and coordinates of the model so that the differences between observed and calculated diffraction data will minimize. Once we have a preliminary model, it can be refined against our data. This is having an effect of improved phases resulting in clearer electron density map and better model. Several cycle steps of refinement are performed until it does not show any further improvement. The correctly refined structure is validated by R factors; First Rwork which describes how good the refined model fits to our experimental data and it should be below 25 % (but is depending on the resolution), second is Rfree which is same as Rwork but calculated for different data set which are not used in refinement. For a good refined model the difference of Rfree and Rwork should not be higher than 5 %. Higher Rfree - Rwork value represents overfitting of the model.  In this work, Phenix_Autobuild was used for the automated model building (Terwilliger et al. 2008). WinCoot (Emsley & Cowtan 2004) and Phenix_refine were used for the iterative manual model building and refinement (Ten Eyck & Watenpaugh 2006). 



Results  66  4 Results 4.1 Human ATG12-ATG5 conjugate  4.1.1 Constructs designing All the proteins used in this study are human proteins. Structural and biochemical characterization of ATG12-ATG5 conjugate/ATG5 interaction with ATG16L1 and TECPR1_AIR was the main objective of this study. Solving the structure by X-ray crystallography can simply be divided into the following steps: bioinformatics studies and construct designing, cloning, test expression and purification of recombinant protein, crystallization, diffraction data collection, data processing and finally structure determination and model building. Obtaining soluble protein and well diffracting crystals are two of the major bottlenecks in crystallography, which will be addressed later in this study. Protein crystallization is a highly empirical process and it can never be predicted or guaranteed. Structure determination of any protein starts with gathering information about the protein based on its DNA sequence and amino acid sequence. Bioinformatics tools are used to analyze the target protein by prediction of secondary and tertiary structure, sequence alignment with homologous proteins and prediction of domains or protein fold. Based on these studies different constructs of protein of interest are designed by truncating the N and C terminus of full length protein. Even few amino acid differences in protein length can make a profound effect on protein solubility and crystallization. Screening several constructs to generate a stable, compact and soluble protein domain is often an easier and faster approach to protein crystallization than optimizing crystallization conditions for a single specific construct.  For ATG12-ATG5 conjugates, initially two constructs were designed by Dr. Andrea Scrima on the basis of secondary structure prediction (appendix A1) and structure based sequence alignment of AtATG12 (Figure 19a). Structure of AtATG12 showed that the N-terminal 11 residues do not take part in ubiquitin fold, therefore most likely not required for conjugation reaction and based on that the N-terminal flexible part of HsATG12 was excluded in chosen boundaries. Based on sequence alignment of HsATG12 and AtATG12, the ubiquitin fold of HsATG12 begins from K53 (Figure 19a). In addition to this, N-terminal 50 residues of HsATG12 were predicted to be highly flexible and intrinsically disordered by PSIPRED secondary structure prediction (Figure 19b) and DISOPRED disorder prediction tool respectively (http://bioinf.cs.ucl.ac.uk/psipred/). Therefore, other than full length ATG12, an N-terminally truncated ATG12 starting from G49 was generated for ATG12-ATG5 conjugate expression. Final co-expression constructs were ATG121-140-ATG5 and ATG1249-140-ATG5, where ATG5 was full length in both. 



                                                                                                                                                               Results  67   Figure 19: Sequence alignment and disordered region profile of ATG12 (a) Amino acid sequence alignment between Arabidopsis thaliana ATG12 (AtATG12, UniProt ID Q8S924-1) and Human ATG12 (HsATG12, UniProt ID O94817-1) by Clustal Omega. Enclosed sequence of AtATG12 is indicating the region involved in ubiquitin fold formation. (b) Intrinsic disordered profile of ATG12 generated by DISOPRED tool. Blue line higher than 0.5 confidence score indicates highly disordered residues. 4.1.2 Expression and purification of ATG12-ATG5 conjugate from E. coli 4.1.2.1 Test Expression of ATG12-ATG5 conjugate in E. coli Test expressions were performed initially to identify the most favored condition for higher quality and yield of the protein conjugate. For reconstitution of ATG12 conjugation reaction (described in 1.3.1) co-expression of four proteins (ATG12, ATG5, ATG7 and ATG10) was required, which made the expression of ATG12-ATG5 conjugate challenging. Very first experiment to test ATG12-ATG5 expression was performed by Petra Völler (technical assistant in group) using Strep-ATG12, His-ATG5, ATG7 and ATG10 but it was not successful as Strep-ATG12 was not expressed. This was probably due to instability of ATG12 causing its degradation shortly after the expression in E. coli. To solve this problem, ATG12 was expressed as fusion with the large His-maltose binding protein tag (His-MBP ≈ 43 kDa). MBP enhances the expression of protein by promoting folding and solubility of the fusion protein and His tag was used for protein purification. TEV protease cleavage site was introduced between tag and protein for later separation of the tag from the target protein. ATG121-140/ATG1249–140 and full length ATG5 coding DNA were cloned into a modified pET-Duet-1 vector, which expressed His-MBP-ATG121-140/His-MBP-ATG1249–140 and ATG5. Full-length ATG7 and ATG10 coding DNA were cloned into a modified pCDF-Duet-1 vector for the co-expression of ATG7 and ATG10 proteins. Rosetta2 DE3 cells were transformed with both plasmids (Figure 20a) and grown in TB medium. Test expression was performed in small 10 ml culture as described in section 3.2.3.1 followed by analyzing the results on 12 % SDS-PAGE. Only the best expression conditions obtained for both the constructs are shown in Figure 20b. The protein bands observed at 95 kDa and 84 kDa were corresponding to the MW of fusion conjugates. These bands have been identified as ATG5 by tryptic digestion and mass spectrometry. These bands were at much higher MW than ATG5, indicating ATG5 is 



Results  68  conjugated with ATG12. The purity of protein was not satisfactory (Figure 20b), as additional bands at approximately 60 kDa and 53 kDa were present that have been indentified as respective His-MBP-ATG12 constructs alone by mass spectrometry. The most likely cause of the presence of His-MBP-ATG12 alone could be instability or low expression of any of three proteins (ATG5, ATG7 and ATG10). In case of lack of ATG7 or ATG10, conjugation reaction would not occur as they act as E1 and E2 like enzyme for ATG12-ATG5 conjugation. Other than this, low expression of ATG5 in comparison to ATG12 will result in appearance of unconjugated ATG12 due to unavailability of stoichiometric amounts of ATG5.   Figure 20: Expression of ATG12-ATG5 conjugate in E. coli. (a) Representation of two plasmids, co-transformed for ATG12-ATG5 conjugate purification. (b) Coomassie stained SDS-PAGE showing only the best expression of His-MBP-ATG121-140-ATG5, His-MBP-ATG1249-140-ATG5 and His-ZZ-ATG1249-140-ATG5 obtained by test expressions, pellet (insoluble protein fraction), lysate (protein solution after lysis) and Ni-beads (beads after washing following incubation with lysate). (c) Description of best expression conditions, protein constructs co-expressed and their respective MW in kDa. Arrows on gel indicating different proteins, black, red and orange arrows indicate ATG12-ATG5 conjugate, unconjugated ATG12and ZZ-His tag alone, respectively. In addition to His-MBP fusion, His-ZZ fusion ATG1249-140 was used for production of the conjugate. For that purpose, ATG1249-140 and ATG5 were cloned into a pCOLA Duet-1 derived vector that expressed ZZ-His-ATG1249-140 and ATG5. TEV protease cleavage site was present after His-tag. These protein constructs were coexpressed with ATG7 and ATG10 in E. coli for test expression. Protein band at around 55 kDa has been confirmed as ZZ-His-ATG1249-140-ATG5 conjugate by tryptic digestion and mass spectrometry (Figure 20b). Two additional prominent bands were observed which were identified as ZZ-His-ATG1249-140 and ZZ-His tag alone (Figure 20b).  In small scale test expression, both construct of ATG12-ATG5 were well expressed with either tags. However, the yield was higher with His-MBP fusion. Therefore, initially His-MBP-ATG1249-140-ATG5 was used for large scale purification.  



                                                                                                                                                               Results  69  4.1.2.2 Large scale purification of ATG12-ATG5 conjugate from E. coli For crystallization experiment, higher quantity (milligram) of protein is required. Therefore, using the optimized condition obtained from test expression, large scale expression His-MBP-ATG1249-140-ATG5 conjugate was performed. Expressed His-MBP-ATG1249-140-ATG5 conjugate was isolated from cell lysate by Ni-affinity chromatography and analyzed on 12 % SDS-PAGE. In contrast to small scale, in large scale very low expression of His-MBP-ATG1249-140-ATG5 conjugate was observed with much higher expression of His-MBP alone (Figure 21a). Apparently there was excessive premature translation stop, which at the end led to low level of His-MBP-ATG12 and hence less production of ATG12-ATG5 conjugates. Protein was concentrated and loaded onto a size exclusion Superdex200 16/600 column, obtained pure fractions of His-MBP-ATG1249-140-ATG5 conjugate were incubated with 2 % TEV protease at 4°C overnight (Figure 21b, c). Afterwards, cleaved MBP tag and TEV protease were separated from pure conjugate again using Superdex200 16/600 column. All the buffers used in this purification are mentioned in Table 26.  Figure 21: Large scale expression and purification of His-MBP-ATG1249-140-ATG5 from E. coli. (a) Coomassie stained SDS-PAGE with the samples of Ni-sepharose-affinity purification, lysate flow through, wash elution. Eluents were collected in four different fractions. (b) and (c) Coomassie stained SDS-PAGE for analysis of size exclusion chromatography (SEC) before and after tag cleavage. (d) and (e) Protein elution profiles before and after tag cleavage. Protein fraction on the gel and corresponding peak on the SEC profile are color coded. Black arrows show the corresponding ATG1249-140-ATG5 conjugate and orange shows tag alone.  



Results  70  Table 26: List of the buffers used in each purification step of His-MBP-ATG1249-140-ATG5 conjugate. Purification methods Buffers Affinity chromatography (Ni-sepharose) Wash buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 30 mM Imidazole Elution buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 100 mM Imidazole Size exclusion chromatography (SEC)  50 mM HEPES pH 7.4, 300 mM NaCl, 5 mM DTT Since His-MBP-ATG1249-140-ATG5 conjugate did not yield high expression in large scale as per the requirement for crystallization experiment, I tried expressing ZZ-His-ATG1249-140-ATG5 conjugate in large scale. First step of ZZ-His-ATG1249-140-ATG5 purification showed additional protein bands on SDS-PAGE but relatively less intense (Figure 22a). These bands were identified as ATG5 and ZZ-His-ATG1249-140 (green and red arrow in Figure 22a) by mass spectrometry. Next, protein was loaded onto Source 15Q for performing cation exchange chromatography to further purify the conjugate, followed by cleaving the ZZ-His tag with TEV protease and running size exclusion chromatography (SEC) on Superdex200 16/600 column to remove cleaved tag and TEV protease (Figure 22b, c). Most of the tag alone is separated in SEC; however, some uncleaved ZZ-His-ATG1249-140 remained, which has been completely removed by cation exchange chromatography purification (Figure 22g). In each purification steps, ATG5 co-elutes with ATG1249-140–ATG5 conjugate. At the end, approximately 1 mg ATG1249-140-ATG5 conjugate was obtained from 10 l of bacterial culture, which was later used for co-crystallization experiments with ATG16L1. Buffer used in all purification steps of ATG1249-140-ATG5 are mentioned in Table 27. Table 27: List of the buffers used in each purification step of His-ZZ-ATG1249-140-ATG5 conjugate. Purification methods Buffers Affinity chromatography (Ni-sepharose) Wash buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 30 mM Imidazole Elution buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 250mM Imidazole Cation Exchange chromatography (Source S) Buffer A: 50 mM MES pH 6.5, 5 mM DTT, Buffer B: 50 mM MES pH 6.5, 1 M NaCl, 5 mM DTT  Size exclusion chromatography (SEC)  50 mM HEPES pH 7.4, 300 mM NaCl, 5 mM DTT Anion Exchange chromatography (Source Q) Buffer A: 50 mM Tris-HCl pH 8.0, 5 mM DTT, Buffer B: 50 mM Tris-HCl pH 8.0, 1 M NaCl, 5 mM DTT 



                                                                                                                                                               Results  71   Figure 22: Large scale expression and purification of ATG1249-140-ATG5 from E. coli. (a) Coomassie stained SDS-PAGE with the samples of Ni-NTA-affinity chromatography, lysate, flow through, wash and elution as described for previous purifications. (b) and (d) Coomassie stained SDS-PAGE and protein elution profile for AEC. (c) and (e) Coomassie stained SDS-PAGE and protein elution profile for SEC after tag cleavage. (f) and (g) Coomassie stained SDS-PAGE and protein elution profile of CEC. Protein fraction on the gel and corresponding peak on the SEC profile are color coded. Arrows on gel indicating different proteins, black arrow indicates ATG12-ATG5 conjugate while red and green indicate ZZ-His-ATG1249-140 and ATG5 respectively. To enhance the production of ATG12-ATG5 conjugate in E. coli, different bacterial strains, media, temperature, culture volume and flask types were extensively tested but no improvement in conjugate production has been detected.     



Results  72  4.1.3 Expression and purification of ATG12-ATG5 conjugate from insect cells 4.1.3.1 Test expression of ATG12-ATG5 conjugate in insect cells Due to low yield and purity of ATG12-ATG5 conjugate in E. coli, eukaryotic expression system based on insect cells and baculovirus expression vector system (BEVS) was used that might provide better suited conditions for expression of eukaryotic proteins. A naturally occurring polyhedron gene in BEVS is expressed during very late stage of virus replication under control of a strong promotor. For recombinant protein production, polyhedron gene is replaced by DNA encoding protein of interest by homologous recombination. Initially, expression of two constructs of ATG12-ATG5 conjugate were screened in insect cells using three different recombinant baculoviruses for each. Recombinant baculoviruses were generated by cloning ATG121-140/ATG1249-140 and ATG5 coding DNA sequences in two separate pFastbacDual-derived vectors while full length ATG7 and ATG10 coding DNA sequences were cloned in one pFastbacDual-derived vector (Figure 23a).  EmbacY cells were transformed with these plasmids for bacmid preparation which were then used for baculovirus generation as described in section 3.2.2.4. Next, Hi5 insect cells (40 ml culture at 0.8 x 106 cells/ml) were co-infected with P3 generation of all three baculoviruses and grown for 3 days at 27°C. Test expression was performed using 10 ml culture on the 4th day post infection. ATG12 and ATG5 were expressed with N-terminal Strep and His-tags respectively and in test expression Strep-tactin beads were used for pulling the conjugate from cell lysate. Protein band corresponding to ATG121-140-ATG5 was observed at approximately 49 kDa whereas no band was observed for ATG1249-140-ATG5. However, purity and yield of ATG121-140-ATG5 did not seem to be adequate (Figure 23b). Additional bands at approximately 22 kDa (red arrow) in Strep-beads lane and 33 kDa in lysate lane (green arrow) have been identified as Strep-ATG121-140 and His-ATG5, respectively, by tryptic digest and mass spectrometry (Figure 23b). Presence of unconjugated ATG5 and ATG12 is most likely because of inefficient co-infection of insect cells with all three baculoviruses and would cause lack of co-expression all four proteins; hence ATG12-ATG5 conjugation reaction would not take place.   



                                                                                                                                                               Results  73   Figure 23: Test expression of ATG12-ATG5 conjugate in insect cells. (a) Representation of three plasmids used for generation of baculovirus and subsequent co-infection of insect cells for ATG12-ATG5 conjugate expression. (b) Coomassie stained 4-12 % gradient SDS-PAGE showing only the best expression of Strep-ATG121-140-His-ATG5 and Strep-ATG1249-140-His-ATG5 obtained by test expressions, pellet, lysate and Strep-beads. Strep-tactin from the beads is marked with double asterisk (**). Native protein from insect are marked with single (*). (c) Description of best expression conditions, protein constructs co-expressed and their expected MW in kDa. Black, green and red arrows indicate ATG12-ATG5 conjugate, unconjugated ATG5and ATG12 respectively.  Therefore, to ensure the success of co-expression of all four (ATG12, ATG5, ATG7 and ATG10) proteins in insect cells, the number of baculoviruses was reduced to two by cloning ATG12 and ATG5 in one plasmid (Figure 24a). ATG12 was expressed with N-terminal Strep-tag whereas ATG5 had no tag fused. Four separate 40 ml cell cultures (0.8 x 106 cells/ml) were prepared and each was co-infected with 0 % (negative control), 1 %, 2 % and 4 % (v/v) of P3 baculoviruses. They were grown at 27°C and test expressions were done from all four cultures on 4th day post infection. Samples were analyzed on 4-12 % SDS-PAGE, prominent band at approximately 49 kDa was confirmed to be Strep-ATG121-140-ATG5 conjugate by tryptic digest and mass spectrometry (Figure 24b). Apart from mass spectrometry, presence of Strep-ATG121-140-ATG5 was confirmed by western blot against Strep-tag and ATG5 (Figure 24b). Apart from minor unconjugated ATG12 impurity, on SDS-PAGE the ATG12-ATG5 conjugate was highly pure. During the course of this study, structure of ATG12-ATG5 conjugate was published (Otomo et al. 2013) (discussed in section 5.1), based on that a similar construct for truncated ATG12-ATG5 conjugate (GST-ATG1252-140-His-ATG5) was designed.  * * 
* * * * 



Results  74   Figure 24: Test expression of ATG12-ATG5 conjugates by using two baculoviruses. (a) Representation of two plasmids, co--infected for ATG12-ATG5 conjugate expression. (b) Expression of Strep-ATG121-140-ATG5 conjugate was screened using several 10 ml culture co-infected with 0 %, 1 %, 2 % and 4 % (v/v) of each virus respectively. Results were analyzed on 4-12 % gradient SDS-PAGE. Coomassie stained gel is shown only for 4 % infection as best expression was obtained. Western blot confirmed the expression of ATG12-ATG5 conjugate. (c) Expression of GST-ATG1249-140-His-ATG5 was performed similar to Strep-ATG121-140-ATG5. Coomassie stained gel is only shown for 4 % infection as best expression was obtained. Second coomassie stained gel is showing the shift in ATG1252-140-ATG5 band upon cleavage of GST- and His-tag. (d) Description of best expression conditions, protein constructs co-expressed and their expected MW in kDa. Black, green, red and yellow arrows are indicating respective ATG12-ATG5 conjugate, unconjugated ATG5, ATG12 and cleaved GST tag respectively.  First, test expression of GST-ATG1252-140-His-ATG5 was performed in insect cells and analyzed on 12 % SDS-PAGE. A band corresponding to GST-ATG1252-140-His-ATG5 was present at approximately 69 kDa, which was identified as ATG5 by mass spectrometry. Presence of ATG5 at 69 kDa MW suggests that it is in conjugation with GST-ATG1252-140. Next, protein was eluted from Ni-sepharose beads and digested with 2 % (w/w) TEV protease to remove the ≈26 kDa GST-tag. This led to migration of protein band from ≈69 kDa to ≈43 kDa upon tag cleavage, thereby confirming the identity of the band as ATG1252-140-ATG5 * 
****



                                                                                                                                                               Results  75  conjugate (Figure 24c). Another smaller band at around 26 kDa was identified as cleaved GST tag (Figure 24c).  Bands marked by asterisk (*) are native proteins to insect cells, which unspecifically bind to Strep-beads (Figure 23 and Figure 24). Prominent band at the bottom of SDS-PAGE is Strep-tactin (≈14 kDa) from Strep-beads (marked with ** in Figure 23 and Figure 24). Since, protein quality and yield was higher in insect cell, both of these ATG12-ATG5 constructs were used for the subsequent expression and purification in large scale from insect cells.   4.1.3.2 Large scale purification of ATG12-ATG5 conjugate from insect cells First, Strep-ATG121-140-ATG5 was expressed by co-infecting Hi5 cells (0.8 X 106 cells/ml) with 4 % (v/v) viruses (Figure 24a). Cells were incubated at 27°C, 100 rpm for 3 days. Cells were harvested on 4th day post infection and lysed as described in section 3.2.3.4. Lysate (supernatant) was loaded onto 8ml Strep-Tactin® Superflow® high capacity column for isolating Strep-ATG121-140-ATG5 conjugate. Elution fractions containing target protein were analyzed on 12 % SDS-PAGE. Additional bands were observed and identified as unconjugated ATG5, ATG12 and insect ATG16 (green, red arrow and * in Figure 25). Next, anion exchange chromatography (AEC) was performed in 8 ml Source 15Q column. Clear separation of ATG12 and insect ATG16 was obtained, however all unconjugated ATG5 was eluted with Strep-ATG121-140-ATG5 conjugate (Figure 25b, d). Fractions with most pure ATG121-140-ATG5 were pooled (marked with green bar in Figure 25b), concentrated and loaded on Superdex200 16/600 column as final purification and quality control step. Strep-ATG121-140-ATG5 was eluted as monomer in size exclusion chromatography (Figure 25c, e). A small amount of unconjugated ATG5 was still present and co-eluted with Strep-ATG121-140-ATG5. Nonetheless, conjugate was sufficiently pure (apart from some ATG5 impurity) and used for the co-crystallization experiment and interaction studies with ATG16L1 and TECPR1. All buffers used during this purification are mention in Table 28. Table 28: List of the buffers used in each purification step of Strep-ATG121-140-ATG5 conjugate. Purification steps Buffers Affinity chromatography (Strep-Tactin® Superflow® high capacity) Wash buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME  Elution buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 5 mM Desthiobiotin Anion Exchange chromatography (Source Q) Buffer A: 50 mM Tris-HCl pH 8.0, 5 mM DTT Buffer B: 50 mM Tris-HCl pH 8.0, 1 M NaCl, 5 mM DTT Size exclusion chromatography (SEC)  50 mM HEPES pH 7.4, 250 mM NaCl, 5 mM DTT 



Results  76   Figure 25: Large scale expression and purification of Strep-ATG121-140-ATG5 from insect cells. (a) Coomassie stained SDS-PAGE with the samples of Strep-affinity purification step, lysate, flow through, wash and elution (1-7 are different elution fractions). (b) Coomassie stained SDS-PAGE for analyzing the elution fractions corresponding to different peak of anion exchange chromatography. Fractions correspond to green coded were pooled, concentrated and loaded on Superdex200 16/600. (c) Coomassie stained SDS-PAGE for analysis of protein elution fraction in SEC (d) and (e) protein elution profiles of AEC and SEC, elution peaks and corresponding fractions on SDS-PAGE are color coded. Arrows on gel indicating different proteins, black arrow indicates Strep-ATG121-140-ATG5 conjugate while green and red arrows indicate unconjugated ATG5 and Strep-ATG12, respectively. GST-ATG1252-140-His-ATG5 conjugate was also purified from insect cell. Expression of GST-ATG1252-140-His-ATG5 was carried out by co-expressing GST-ATG1252-140/His-ATG5 and ATG7/ATG10. Insect cells have native GST; therefore Ni-sepharose beads were used for affinity purification step to avoid oversaturating GST beads with endogenous protein. Expression of conjugate was observed at a MW of approximately 70 kDa (Figure 26a). The first elution fraction of Ni-sepharose beads was mixed with 2 % (w/w) TEV protease for cleaving the tags (Figure 26b). Afterwards cleaved GST tag was removed by incubating the protein with GST beads and flow through containing ATG1252-140-ATG5 was analyzed on gel (Figure 26c). Despite of several attempts of complete removal of GST, some GST was remained as impurity. Finally, protein was concentrated and loaded on Superdex200 10/300 column. ATG1252-140-ATG5 was eluted as monomer. Due to presence of GST as impurity only last three fractions shown in SDS-PAGE in Figure 26e were used for co-crystallization experiments with ATG16L1 and TECPR1. Buffer used in all purification steps are mentioned in below. * * 



                                                                                                                                                               Results  77  Table 29: List of the buffers used in each purification step of ATG1252-140-ATG5 conjugate. Purification methods Buffers Affinity chromatography (Ni-sepharose) Wash buffer: 50mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 30 mM Imidazole Elution buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM BME, 100 mM Imidazole Size exclusion chromatography (SEC)  50 mM HEPES pH 7.4, 300 mM NaCl, 5 mM DTT   Figure 26: Large scale expression and purification of ATG1252-140-ATG5 from insect cell. (a) Coomassie stained SDS-PAGE with the samples of Ni-affinity purification step, lysate, flow through, wash and elution (1-2 are elution fractions). (b) Coomassie stained SDS-PAGE to check the cleavage of GST tag. (c) Coomassie stained SDS-PAGE with the sample of reverse GST pull down for removing GST tag. (d) and (e) Protein elution profile and coomassie stained SDS-PAGE for SEC, ATG12-ATG5 elution peak and fraction in gel are color coded. Arrows on gel indicating different proteins, black arrow indicates respective ATG1252-140-ATG5 conjugate.  



Results  78  So far, all constructs of ATG12-ATG5 conjugate were successfully expressed. Full-length Strep-ATG121-140-ATG5 conjugate from insect cells resulted in the best quality and yield. 4.2 Human ATG5 ATG16L1 interacts with ATG12-ATG5 conjugate through ATG5 as mentioned above in section 1.3.1. Therefore, in addition to the ATG12-ATG5 conjugate, I also purified ATG5 alone to co-crystallize in complex with ATG16L1 and TECPR1 for gaining a structural insight into complex formation and interaction.  4.2.1 Expression and purification of ATG5 ATG5 coding DNA sequence was cloned in modified pET-Duet 1 vector plasmid, which expressed ATG5 with an N-terminal His-tag. Rosetta2 DE3 cells were transformed with the recombinant plasmid and cells were grown in TB media. ATG5 purification protocol was previously established by Stefan Leupold. For expression of His-ATG5, expression in transformed bacterial cells was induced at OD600 0.6 with 0.05 mM IPTG and cells were incubated at 20°C, 130 rpm for overnight. First purification was executed using Ni-sepharose affinity chromatography as ATG5 had a His-tag attached. In Figure 27a, the band at around 35 kDa MW was identified as ATG5 by tryptic digest and mass spectrometry. ATG5 was eluted with elution buffer containing 250 mM imidazole, which caused precipitation of ATG5 upon longer exposure. Therefore, to remove the imidazole, protein was dialyzed overnight against SEC buffer (Table 30). In parallel, protein was mixed with 2 % TEV (w/w) protease for cleaving the His-tag. Tag cleavage was confirmed on SDS-PAGE (Figure 27b). Lastly, protein was concentrated and loaded onto Superdex200 16/600 size exclusion column for removing cleaved tag and protease (Figure 27c, d). At the end, more than 90 % pure ATG5 was obtained. Buffer used in this purification are mentioned in Table 30. Table 30: List of the buffers used in each purification step of Strep-ATG121-140-ATG5. Purification methods Buffers Affinity chromatography (Ni-sepharose) Wash buffer: 50 mM HEPES pH 7.0, 500 mM NaCl, 5 % (v/v) glycerol, 5 mM BME, 30 mM Imidazole Elution buffer: 50 mM HEPES pH 7.0, 500 mM NaCl, 5 % (v/v) glycerol, 5 mM BME, 250 mM Imidazole Size exclusion chromatography (SEC)  50 mM HEPES pH 7.0, 500 mM NaCl, 5 % (v/v) glycerol, 5 mM DTT  



                                                                                                                                                               Results  79   Figure 27: Large scale expression and purification of ATG5 (a) Coomassie stained SDS-PAGE with the samples of Ni-affinity purification step, pellet, lysate, flow through, wash and elution (1-2 are elution fractions). (b) Coomassie stained SDS-PAGE to check the cleavage of the tag (-TEV, His tagged protein as control and +TEV is protein with TEV after overnight incubation at 4°C). (c) and (d) Coomassie stained SDS-PAGE and protein elution profile for SEC. Protein fraction on the gel and corresponding peak on the elution profile are color coded. Black arrow on SDS-PAGE indicates the band for ATG5. 4.3 Human ATG16L1 I worked with the N-terminal half of ATG16L1, which is lacking the C-terminal WD40 domain. The objective was to determine the structure of the N-terminal half ATG16L1 alone as well as in complex with ATG12-ATG5 or ATG5. After successful expression and purification of ATG12-ATG5 conjugate as well as ATG5, ATG16L1 was purified from E. coli.  



Results  80  4.3.1 Structural and biochemical characterization of ATG16L1 in complex with ATG12-ATG5 conjugate or ATG5 4.3.1.1 Designing of ATG16L1 constructs and their test expression In order to perform crystallization experiment, milligram amount of protein was required. Therefore, to screen for the most soluble and stable protein, various constructs of proteins were designed and tested for their expression to find the best expression condition. Initially, based on predicted secondary structure of ATG16L1, (appendix A2) five various lengths N-terminal ATG16L1 constructs (Figure 28) were designed by Dr. Andrea Scrima.   Figure 28: Construct designing for N-terminal ATG16L1. Domain architecture of full length Human ATG16L1 and five designed N-terminal ATG16L1 constructs including ATG5 binding domain (ATG5_BD) and central coiled-coil domain (CCD). Each ATG16L1 construct was amplified by PCR and inserted into modified pCDF-Duet-1 vectors. E. coli strain Rosetta2 DE3 was transformed with recombinant plasmids and cells were grown in TB media. All constructs were expressed in fusion with N-terminal His tag and N-terminal Strep tag. All ATG16L1 constructs except longest one (ATG16L11-320) were well expressed with either tag. Test expressions were analyzed on 12 % SDS-AGE and expected protein bands were identified as ATG16L1 protein by tryptic digest and mass spectrometry. Only the best expression conditions for each construct are shown in Figure 29. All expressed ATG16L1 constructs appeared at much higher MW than calculated MW on SDS-PAGE. There was always some insoluble protein present in pellet fraction (Figure 29a) that might be due to exceeding solubility limit or misfolding of protein during overexpression. Obtained best expression conditions were further used for the large scale purification of protein. 



                                                                                                                                                               Results  81   Figure 29: Test expression of N-terminal constructs of ATG16L1. (a) Coomassie stained SDS-PAGE showing the best expression of ATG16L1 constructs with different tags, pellet, lysate, Strep-beads and Ni-beads (protein fractions bound to Ni-beads and Strep-beads). (b) List of the best expression conditions for each construct. 4.3.1.2 Large scale purification of ATG16L1 constructs As the longest, soluble construct was ATG16L11-307, large scale purification of this construct was performed to obtain milligram amounts for crystallization experiment. His-ATG16L11-307 was expressed in E. coli by supplying the best expression condition obtained from test expression (Figure 29b). Expressed protein was purified by affinity chromatography using Ni-sepharose resins. Two different elution buffers (Table 31) with 100 mM and 250 mM concentration of imidazole were used for elution. Eluted fractions were analyzed on 12 % SDS-PAGE, most of the protein was eluted with elution buffer 2 (250 mM imidazole). A protein band approximately at 46 kDa was identified to be ATG16L1 by mass spectrometry (Figure 30a). Additional faint protein band was observed at approximately 37 kDa and this was also identified as ATG16L1 by mass spectrometry, suggesting the degradation of the ATG16L1 construct. Next, protein was concentrated and purified by size exclusion chromatography (SEC) on Superdex75 16/600 column (Figure 30b, c). ATG16L11-307 is most likely to be a dimer (through CCD) of ≈68 kDa, but in 



Results  82  SEC column it appeared to be high molecular weight complex. SEC separates the protein according to their molecular size and shape. ATG16L11-307 consists of elongated CCD which probably makes it elute much earlier than similar size globular protein. Protein fractions corresponding to the elution peak of SEC were analyzed on 12 % SDS-PAGE. All the fractions were consisting of two protein bands; ATG16L11-307 and a lower MW band for degradation product. Band for degradation protein was intensified in second purification step, suggesting time dependent degradation of ATG16L1. It could have been assumed as C-terminal degradation because it was bound to Ni-sepharose beads and eluted with target protein meaning that the degradation product still had an intact His-tag.   Figure 30: Large scale expression and purification of ATG16L11-307 from E. coli. (a) Coomassie stained SDS-PAGE with the samples of Ni-affinity purification step, lysate, flow through, wash and elution 1 and elution 2 are protein fractions eluted with elution buffer1 and buffer2, respectively. (b) Coomassie stained SDS-PAGE showing fractions of SEC. (c) Protein elution profile in SEC. Protein fraction on the gel and the closer view of the protein elution peak. SEC profile and corresponding samples on SDS-PAGE are color coded. Black and red arrows on SDS-PAGE are indicating the bands for ATG16L11-307 and degradation product, respectively.  



                                                                                                                                                               Results  83  On the other hand, ATG16L1 tends to dimerize via CCD, therefore the co-elution of degraded protein with ATG16L11-307 could also be due to their dimerization. Closer look to SEC profile reveals many shoulders on the protein elution peak indicating difference in sizes of corresponding elution proteins (Figure 30c). Elution peaks were not well resolved in Superdex75 column. However, based on protein bands intensity on SDS-PAGE, the difference in elution volume could probably be due to co-elution of different dimer combination, for example, homodimers of ATG16L11-307 or degradation product and heterodimer of ATG16L11-307/degradation protein. Degradation protein band marked with red arrow in Figure 30b was identified to be an N-terminally degraded product by N-terminal sequencing and ESI-MS. The degradation product lacks the ATG5_BD on ATG16L1. Because of the degradation this protein was not suitable for crystallization experiment.  Another construct ATG16L11-213 was also cloned and expressed with N-terminal His-tag similar to ATG16L11-307. Protein was expressed by supplying condition obtained from test expression (Figure 29b). After cell lysis protein was purified by affinity chromatography using Ni-sepharose resin similar to ATG16L11-307. Since Superdex75 column was not able to separate elution peaks for ATG16L11-307 and degradation product, herein, Superdex200 16/600 column was used for final purification step (Figure 31). Two peaks were observed in SEC profile and corresponding elution fractions were analyzed on 12 % SDS-PAGE (Figure 31b). On SDS-PAGE, band at approximately 28 kDa and 20 kDa were identified as full ATG16L11-213 and its N-terminally degraded product, respectively, by tryptic digest and mass spectrometry (Figure 31b). ATG16L11-213 runs at around 28 kDa MW and the calculated MW is ≈23 kDa. Based on bands observed on SDS-PAGE, first elution peak was likely to correspond to co-migrated homodimer of ATG16L11-213 and E. coli protein (at ≈47 kDa and identified by mass spectrometry), whereas the second peak contains ATG16L11-213 and degradation product. Similar to ATG16L11-307, ATG16L11-213 also showed N-terminal degradation suggesting highly unstable N terminus of ATG16L1. This protein was also not applicable for crystallization due to degradation. Next, in order to stabilize the N terminus of ATG16L1, co-expression of ATG16L1 with ATG5 was performed. All buffers used in each purification step of ATG16L11-307 and ATG16L11-213 are listed below in Table 31.  Table 31: List of the buffers used in purification of His-ATG16L11-307 and His-ATG16L11-213. Purification methods Buffers  Affinity chromatography (Ni-sepharose)  Wash buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM DTT, 30 mM Imidazole Elution buffer1: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM DTT, 100 mM Imidazole Elution buffer2: 50 mM Tris-HCl pH 8.0, 200 mM NaCl,5mM BME, 250 mM Imidazole, 5 mM BME Size exclusion chromatography (SEC) buffer 50 mM HEPES pH 7.4, 200 mM NaCl, 5 mM DTT 



Results  84   Figure 31: Large scale expression and purification of ATG16L11-213 from E. coli. This purification includes Ni-affinity chromatography and size exclusion chromatography (Superdex200 16/600 column) as final step. (a) Protein elution profile in SEC (b) Coomassie stained SDS-PAGE. Protein fraction on the gel and corresponding peaks on the elution profiles are color coded. Black and red arrows on SDS-PAGE are indicating the bands for ATG16L11-213 and degradation product respectively. 4.3.1.3 Test expression of ATG5/ATG16L1 complex For testing the expression of ATG5/ATG16L1 complex, initially full length ATG5 and two constructs of ATG16L1 (ATG16L11-307 and ATG16L11-213) were used. Cloning of ATG5 and ATG16L1 constructs has been explained in previous sections (4.2.1 and 4.3.1.1). Rosetta2 DE3 cells were co-transformed with each construct of ATG16L1 (N-terminal Strep tag) and ATG5 (N-terminal His tag) and cells were grown in TB media. Test expression was performed at different expression conditions as described in 3.2.3.1. To test for protein expression, cells were lysed and lysate was split into two parts and each was used for Strep (Strep-beads) and His (Ni-sepharose beads) pull down. Both ATG16L11-307 and ATG16L11-213 constructs were co-pulled with ATG5 and vice versa (Ni-beads and Strep-beads lane in Figure 32), indicating that ATG16L1 forms a stable complex with ATG5. After testing several conditions for the expression of ATG5/ATG16L1 complex, 20°C temperature, expression induction with 0.5 mM IPTG concentration and overnight incubation (number 8 and 16 in Figure 32e,f) was chosen as best condition for large scale purification. On SDS-PAGE, Strep-beads lane appeared to be purer than Ni-beads lane (Figure 32a, b), therefore in large scale purification, Strep-affinity chromatography was used as first step of purification.   



                                                                                                                                                               Results  85   Figure 32: Test expression of ATG5/ATG16L1 complex in E. coli. (a) Coomassie stained gel for the test expression of ATG5/ATG16L11-307 complex using 8 different conditions. (b) Coomassie stained gel for the test expression of ATG5/ATG16L11-213 complex using 8 different conditions. Pellet, Ni-beads and Strep-beads (protein fractions bound to Ni-beads and Strep-beads). Black and green arrows are indicating ATG16L1 and ATG5, respectively. (c) and (d) List of conditions used for the test expression of both the complexes.  



Results  86  4.3.1.4 Large scale purification of ATG5/ATG16L1 complex To produce milligram amount of protein for crystallization experiment large scale purification of protein was performed. ATG5/ATG16L1 complex was expressed in Rosetta2 DE3 cells by inducing protein expression with 0.5 mM IPTG at 20°C and overnight incubation (best condition obtained from test expression). After cell lysis, protein complex was purified by affinity chromatography using Strep-Tactin® Superflow® high capacity column (Figure 33a). The complex was expressed with high quality and yield. Finally, complex was purified by SEC using Superdex200 16/600 column (Figure 33b, c).   Figure 33: Large scale expression and purification of ATG5/ATG16L11-307 complex from E. coli. (a) Coomassie stained SDS-PAGE with the samples of affinity chromatography, wash, elution (1-12 are protein fractions eluted using elution buffer). (b) and (c) Coomassie stained SDS-PAGE and protein elution profile for SEC. Protein fraction on the gel and corresponding peaks on the elution profile are color coded. Black and green arrows on SDS-PAGE are indicating the bands for ATG16L1 and ATG5 respectively. E. coli protein Hsp70 is marked with asterisk (*).  In SEC, ATG5 and ATG16L1 co-migrate as a strong stable complex (peak marked with red bar in Figure 33) and extra ATG5 elutes in a separate peak (marked with green bar in Figure 33). On Superdex200 16/600 column, the dimer of ATG5/ATG16L1 heterodimers (due to dimerization of complex via ATG16L1_CCD) of 136 kDa elutes with an apparent MW of a ≈300 kDa globular protein (Figure 33c). An * 



                                                                                                                                                               Results  87  additional band was observed at approximately 70 kDa, which was identified as E. coli heat shock protein 70 (Hsp70) by mass spectrometry (Figure 33a). E. coli protein, Hsp70 seems to bind unspecifically to ATG16L1 protein. However, based on band intensity on SDS-PAGE, amount of Hsp70 seemed to be very little compared to complex. Other than this, no degradation of ATG16L1 was detected here suggesting that ATG5 is stabilizing ATG16L1. Buffers used in this purification are mentioned below. Table 32: List of the buffers used in purification of ATG5/ATG16L11-307 complex. Purification methods Buffers  Strep-Affinity chromatography  Wash buffer: 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM BME,  Elution buffer: 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM BME, 5 mM Desthiobiotin Size exclusion chromatography (SEC) buffer 50 mM HEPES pH 7.4, 300 mM NaCl, 5 mM DTT Additionally, a new construct of ATG16L1 (ATG16L111-307) was designed based on the published ATG12-ATG5/ATG16L1 peptide structure (Otomo et al. 2013). This construct lacks the N-terminal 10 residues which are also predicted to be random coil by online PSIPRED tool (appendix A2). ATG16L111-307 was cloned into pCOLA Duet-1 vector. N-terminally Strep tagged ATG16L111-307 was co-expressed with His-ATG5 in Rosetta2 DE3. Expression conditions for this complex were similar to ATG5/ATG16L11-307. Complex was first purified using Strep-Tactin® Superflow® high capacity column (Figure 34a). Strep and His tags were cleaved from respective proteins with TEV protease. Final purification was carried out on Superdex200 26/600 column (Figure 7b, c). Purified complex was concentrated and applied to crystallization. Buffers used for this purification are listed below in Table 33. Table 33: List of the buffers used in purification of ATG5/ATG16L111-307 complex. Purification methods Buffers  Strep-Affinity chromatography  Wash buffer: 50 mM HEPES pH 7.0, 300 mM NaCl, 5 % (v/v) Glycerol, 5 mM BME Elution buffer: 50 mM HEPES pH 7.0, 300 mM NaCl, 5 % (v/v) Glycerol, 5 mM BME, 5 mM Desthiobiotin Size exclusion chromatography (SEC) buffer 50 mM HEPES pH 7.0, 300 mM NaCl, 5 % (v/v) Glycerol, 5 mM DTT 



Results  88   Figure 34: Large scale expression and purification of ATG5/ATG16L111-307 complex from E. coli. (a) Coomassie stained SDS-PAGE with the samples of Strep-affinity chromatography, lysate wash and elution (1-6 are protein fractions eluted using elution buffer). (b) and (c) Coomassie stained SDS-PAGE and protein elution profile for SEC. Protein fractions on the gel and corresponding peaks on the elution profile are color coded. Black and green arrows on SDS-PAGE are indicating the bands for ATG16L111-307 and ATG5 respectively. 4.3.1.5 Thermofluor assay of ATG5/ATG16L11-307 complex The stability of ATG5/ATG16L11-307 complex was further tested by thermoflour assay. Purified ATG5, ATG16L1 and ATG5/ATG16L1 complex were subjected to thermofluor experiment. All proteins (3 mg/ml) were mixed with three different buffers; Tris-HCl pH 8.0, HEPES pH 7.4 and HEPES pH 7.0. After supplementing 100X sypro orange dye, melting curves of each protein was measured (Figure 35a). Figure 35b is representing the melting peaks of each proteins derived from their melting curves. Minimum of melting peak indicates melting point of the protein. The higher the melting point (Tm) the higher the stability of that protein is. Here, based on melting curves (Figure 35a) and peaks (Figure 35b) of each protein, it is concluded that different buffers do not affect the stability of ATG5, ATG16L1 or the complex. The stability of the ATG5/ATG16L1 complex however is much higher than of the individual 



                                                                                                                                                               Results  89  proteins (Figure 35). Herein most of ATG16L1 is an extended CCD; therefore, there was no distinct melting curve (derived from temperature dependent unfolding of protein) of ATG16L1 observed. There was only a very shallow curve and peak (marked with red arrows) for ATG16L1. In contrast, ATG5 and ATG5/ATG16L1 complex showed perfect melting curves/peaks and a large difference in melting point of 20°C (≈33°C Tm of ATG5 and ≈53°C Tm of complex) was observed. Thermofluor results confirmed that ATG5 and ATG16L1 form a stable and strong complex.   Figure 35: Thermofluor assay for ATG5/ATG16L11-307 stability test. (a) and (b) Melting curves and melting peaks of ATG5, ATG16L1 and ATG5/ATG16L1 complex at three different pH (8.0, 7.4, 7.0). Black arrow is indicating the difference in melting point of ATG5 and ATG5/ATG16L1. Red arrows are indicating to the melting curves and peaks for ATG16L1 alone. 4.3.1.6 Crystallization and structure determination of ATG5/ATG16L1 complex  Purified ATG5/ATG16L11-307 complex and ATG5/ATG16L111-307 complex were applied to crystallization. In addition to this, each construct of ATG16L1 was mixed with purified ATG12-ATG5 conjugate in 1:1 molar ratio and subjected to crystallization using commercial screens (3.1.14). Initial crystallization setups of complexes (10 mg/ml) were performed in 96 well sitting drop plates at 4°C and 20°C. For ATG5/ATG16L111-307, two different crystal forms (crystal 1 and 2) appeared after 15 days in JCSG core I condition (0.1 MES pH 6.5, 12 % PEG 20,000) and JCSG core II condition (0.2 M Potassium chloride, 20 % PEG 3350) at 20°C (Figure 36b). Both crystals were tested in house for X-ray diffraction, the needle-shaped crystal form did not show any diffraction but the tetragonal bipyramid shape crystal form diffracted to 6-7 Å. Crystallization condition for crystal 2 was further optimized by using grid screen and random screen around the original condition. Under these conditions bigger and nicer crystals were grown in 21 days at 20°C (Figure 36c). The crystals were cryoprotected with 0.1 M MES pH 5.76, 0.378 M KCl, 21.7 % PEG 3350 and 25 % Glycerol (for crystal 3) and 0.4 M KCl, 18 % PEG 3350 and 25 % Glycerol (for crystal 4) and flash-frozen in 



Results  90  liquid nitrogen. Crystal 3 diffracted to 3.3 Å resolution and data set was collected in house using CCD detector SATURN944++, at X-ray wavelength of 1.541 Å and temperature of 100 K. Crystal 4 diffracted to a resolution of 3.1 Å and data was collected at SLS using PILATUS 2M detector, at X-ray wavelength of 1.0 Å and temperature of 100 K.   Figure 36: Crystallization of ATG5/ATG16L111-307 complex. (a) Coomassie stained SDS-PAGE, showing the purified ATG5/-ATG16L111-307 complex used for crystallization. (b) Two different crystal forms (1 and 2) were obtained from Initial screening. (c) New crystals obtained by optimizing the condition for crystal 2. Purple arrows are pointing to the crystals used for determining the structure of the complex. Crystal conditions are mentioned at the bottom of the crystal picture. All X-ray diffraction data for both crystals were indexed and integrated using XDS and scaling was done using XSCALE. The structures were solved by molecular replacement method using Phaser-MR. Published ATG12-ATG5/ATG16L111-43 structure (PDB code 4GDK) was used as search model to solve the structure of ATG5 in complex with the ≈33 kDa ATG16L111-307 protein, which would provide additional structural insight into the central region of ATG16L1. However, when structures (Figure 37 and Figure 38) were solved, no electron density was observed for ATG16L1 after residue 48. Other than this, crystal geometry also did not allow incorporation of the C-terminal part (beyond residue 48) of ATG16L1 into 



                                                                                                                                                               Results  91  the crystal lattice. Thus, ATG16L1 was C-terminally degraded during crystallization process and this might be the same degradation which was also observed during purification of N-terminal ATG16L1. Crystal 3 and crystal 4 contained two and four complexes in the asymmetric unit, respectively. Structures were refined by iterative model building in Coot and refinement using Phenix_refine.  The quality of the final model were assessed with Molprobity; 95-97 % of all ɸ and Ψ geometries were in the most favored region, with almost no outliers in the Ramachandran statistics. All structure figures (Figure 37 and Figure 38) were generated using PyMOL. Data collection and refinement statistics for both the structures are listed below in Table 35.  Figure 37: Structure of ATG5/ATG16L111-48 complex from crystal 4. ATG5 in green and ATG16L111-48 in dark blue, N and C are indicating the N and C terminus of ATG16L1. 



Results  92   Figure 38: Structure of ATG5/ATG16L111-48 complex from crystal 3. ATG5 in teal and ATG16L111-48 in magenta, N and C are indicating the N and C terminus of ATG16L1.        



                                                                                                                                                               Results  93  Table 34: Data collection and refinement statistics for both ATG5/ATG16L1 complexes. Data collection ATG5/ATG16L1 (crystal 4) ATG5/ATG16L1 (crystal 3) X-ray source PXIII, SLS In-house Wavelength [Å] 1.000 1.542 Resolution [Å] 48.3-3.1 (3.2-3.1) 45.4-3.1 (3.2-3.1) Space group C2 I4 Cell dimensions  a, b, c [Å] α, β, γ [°]  200.8, 75.9, 142.4  90.0, 131.4, 90.0  143.5, 143.5, 62.3  90.0, 90.0, 90.0 Rmerge [%] 12.6 (74.5) 16.7 (72.3) Rmeas [%] 14.7 (86.5) 18.5 (79.9) CC1/2 [%] 99.2 (68.7) 99.2 (76.1) ‹I/σ(I)› 9.5 (2.1) 11.5 (2.2) Completeness [%] 99.1 (99.3) 99.6 (100.0) Unique reflections 29428 (2643) 11680 (1069) Redundancy 3.7 (3.8) 5.5 (5.5) Refinement   Resolution [Å] 48.3-3.1 45.4-3.1 No. of reflections 29416 11670 Rwork 0.218 0.253 Rfree 0.264 0.278 No. non hydrogen of atoms (total/protein) 9952/9945 4634/4623 Avg. B factor [Å2] 63.3 45.7 R.m.s. deviations       Bond length [Å]  Bond angles [°]  0.003 0.504  0.003 0.489 Ramachandran [%] (favored/allowed/disallowed)  97.23/2.77/0.00  94.99/5.01/0.00     Values in parentheses refer to the highest resolution shell.  BCDEFD = ∑ ∑ GH?@A,I5〈H?@A〉GI?@A∑ ∑ H?@A,II?@A and BCDLM = ∑ N OOPQ∑ GH?@A,I5〈H?@A〉GOIRQ?@A ∑ ∑ H?@A,II?@A . With I being the measured intensity and <I> being the averaged intensity of each unique reflection with indices hkl. I/σ(I) corresponds to the average of the intensity divided by its average standard deviation. BSTE2/UEDD = ∑ GV?@AWXY5V?@AZ[AZG?@A∑ V?@AWXY?@A 	, where Fobs and Fcalc are the observed and calculated structure factors, respectively. Rfree is the same as Rwork, calculated for the 5 % of the data that was randomly omitted from refinement.  



Results  94  4.3.1.7 Stability test of ATG16L1 in ATG5/ATG16L111-307 complex Stability assay was performed to find out the cause of ATG16L1 degradation during crystallization and then to accordingly make the strategy for crystallizing the full ATG16L111-307 construct in complex with ATG5. Structures of the complexes from both crystal forms reveal degradation of ATG16L1. The possible reason could be presence of flexible loops within ATG16L1 protein, which are easy targets of proteases. In order to test this, time dependent stability assay was performed. For that purpose, 2 mg/ml protein complex was split into 4 aliquots; one aliquot was kept at 4°C, two aliquots were supplemented with 1 mM protease inhibitors (PI) and 2 mM EDTA, respectively, at 20°C and last aliquot was kept as such at 20 °C. Next, 5 µl of protein from each part was collected after 1 day, 5 days, 8 days and 13 days followed by mixing with 2X DTT loading buffer and analyzed on 15 % SDS-PAGE (Figure 39). Unlike ATG16L1, ATG5 is very stable through 13 days under all provided conditions. At 20°C, ATG16L1 alone and even with PI showed degradation products after 5 days (band marked with blue arrow). The degradation band at approximately 27 kDa lacks N-terminal ATG5_BD as determined by tryptic digestion and mass spectrometry. Degradation point was identified to be between residues 60-70. At 4°C, ATG16L1 stays stable for 8 days but then it starts degrading. On the other hand, ATG16L1 in presence of EDTA is stable even after 13 days. This suggests that there might be some metalloproteases, which cleave ATG16L1 between ATG5_BD and CCD. Metalloproteases require metal ions for their activity, which are chelated by EDTA. Therefore, in presence of EDTA metalloproteases are not activated and cannot function to cleave ATG16L1 (+EDTA lanes in Figure 39). Next, ATG5/ATG16L111-307 complex was purified with 2 mM EDTA in buffer and applied to crystallization, however, no crystal was observed.  Figure 39: Time dependent stability test of ATG5/ATG16L111-307 complex. Coomassie stained SDS-PAGE is showing the status of all four samples collected on same day, after 2 days, 5 days, 8 days and 13 days. Black and green arrows are indicating the full constructs of ATG16L1 and ATG5 respectively while blue arrow is indicating the degraded ATG16L1.  



                                                                                                                                                               Results  95  4.3.2 Structural and biochemical characterization of ATG16L1  So far structural information for human ATG16L1 is only available for the N-terminal ATG5-BD (38 amino acid peptide) and the WD40 domain (structure determined by (Bajagic n.d.), detailed structural information for the central more than 250 amino acids of ATG16L1 is thus still lacking. The objective of this part was to determine the structure of central region of ATG16L1 in order to obtain structural information for all the domains of ATG16L1. 4.3.2.1 Construct design and test expression of ATG16L1 central region  Initially, based on ATG16L1 degradation (appeared during crystallization of ATG5/ATG16L111-307 complex) and predicted secondary structure for N-terminal half of ATG16L1, two constructs (ATG16L158-307 and ATG16L172-307) were designed (Figure 40a). Later, on the basis of further degradation observed and limited proteolysis, one additional construct (ATG16L172-260) was designed (Figure 40a).  Figure 40: Designed constructs of ATG16L1 central region and their initial expression. (a) Domain representation of full length ATG16L1 and designed constructs for its central region. (b) List of the best condition for ATG16L158-307 and ATG16L172-307 obtained from test expressions. (c) Coomassie stained SDS-PAGE for analyzing the expression of both constructs in pellet, lysate and Strep-beads. Bands for Strep-tactin protein from Strep-beads are indicated with asterisk (*).  * * 



Results  96  DNA sequences encoding ATG16L1 constructs were amplified by PCR and inserted into modified pCOLA Duet-1 vector. All constructs were expressed as N-terminal Strep-tag fusion protein in E. coli Rosetta2 DE3. Test expressions were performed for ATG16L158-307 (≈29 kDa) and ATG16L172-307 (≈27 kDa) at all the conditions used for ATG5/ATG16L1 test expression. The buffer used here was same as wash buffer in ATG5/ATG16L111-307 complex purification (Table 33). Expression of ATG16L1 constructs was analyzed on 15 % SDS-PAGE. Both constructs showed high quality expression in almost all the conditions, only best expression conditions are shown in Figure 40b, c. However, some of the protein was observed in the pellet also. Insolubility of some protein could also be due to improper folding of protein during overexpression in E. coli.  4.3.2.2 Large scale purification of ATG16L158-307 and ATG16L172-307 Like other proteins, these protein constructs (ATG16L158-307 and ATG16L172-307) were also purified in large scale to obtain milligram amount of protein for crystallization purpose. Strep-ATG16L158-307 was expressed in E. coli by supplying the best expression condition (Figure 40b) obtained from test expression. After protein expression, cells were lysed and protein was purified by affinity chromatography using Strep-Tactin® Superflow® high capacity column (Figure 41a). Protein was eluted off the column using elution buffer (Table 35) and analyzed on 15 % SDS-PAGE. On SDS-PAGE, ATG16L158-307 protein band (marked with black arrow) was observed at around 35 kDa (expected MW= ≈29 kDa) and additional lower MW protein bands (marked with red arrow) were identified to be ATG16L1 by mass spectrometry. Next, Strep tag from protein was cleaved with TEV protease and success of tag cleavage was confirmed by SDS-PAGE analysis (Figure 41b). Another noticeable point was that upon tag cleavage, also the degradation band was shifted on SDS-PAGE, suggesting further C-terminal degradation. Analysis of the degradation band by tryptic digestion and mass spectrometry confirmed a C-terminal truncation. The degradation protein could be separated by anion exchange chromatography in Source 15Q column using a shallow gradient of salt (buffer B concentration 3-50 % for 20 CV) (Figure 41c, d). Next, pure protein fractions (marked with green bar on SDS-PAGE) were pooled, concentrated and purified by SEC in Superdex200 16/600 column. In SEC, two prominent overlapping peaks were observed (Figure 41e). Elution fractions corresponding to both elution peaks were analyzed on 15 % SDS-PAGE and identified as pure ATG16L1 protein (Figure 41f) by mass spectrometry. In Superdex200 16/600 column, two elution peaks of ATG16L158-307 resemble the elution peaks for ≈158 kDa and ≈75 kDa globular proteins. Since all protein bands were running at the same MW on SDS-PAGE, these two peaks apparently belonged to different oligomeric states of ATG16L158-307. Additionally, due to presence of an extended ATG16L1_CCD, it was difficult to calculate exact MW of ATG16L1 on the basis of elution volume in SEC. Protein fractions corresponding to first and second peaks were separately concentrated and applied to crystallization. All buffers, used in this purification are listed below in Table 35.  



                                                                                                                                                               Results  97   Figure 41: Large scale expression and purification of ATG16L158-307 from E. coli. (a) Coomassie stained SDS-PAGE with the samples of Strep-affinity purification, flow through, wash and elution (1-5 are elution fractions). (b) Coomassie stained SDS-PAGE with sample of protein with tag (-TEV) and protein without tag (+ TEV). (c) and (d) Protein elution profile and coomassie stained SDS-PAGE for AEC, green coded peak fractions were pooled, concentrated and loaded on Superdex200 16/600. (e) and (f) Protein elution profile and coomassie stained SDS-PAGE for SEC. Protein fractions on the gel and corresponding peak on the elution profiles are color coded. Arrows on gel indicating different proteins, black arrow indicates full protein construct while red indicates ATG16L1 degradation product band. ATG16L172-307 was also purified in three steps similar to ATG16L158-307. This construct was also well expressed with high yield. Similar to ATG16L158-307, ATG16L172-307 also resulted in a degradation product, which was separated by anion exchange chromatography (Figure 42a, b). Boundaries of degradation protein (band indicated with red arrow) were identified as ATG16L172-260 by N-terminal sequencing and 



Results  98  full mass determination. In Superdex200 16/600 column, similar to ATG16L158-307, ATG16L172-307 was also eluted in two prominent elution peaks (Figure 42c, d). Protein fractions corresponding to both peaks were separately concentrated and applied to crystallization.  Figure 42: Large scale expression and purification of ATG16L172-307 from E. coli. (a) and (b) Protein elution profile and coomassie stained SDS-PAGE for AEC, green coded peak fractions were pooled and loaded on Superdex200 16/600. (c) and (d) Protein elution profile and coomassie stained SDS-PAGE for SEC. Protein fraction on the gel and corresponding peak on the elution profiles are color coded. Black and red arrows are indicating full protein construct band and degraded protein band, respectively. Concentrated protein from each peak was separately analyzed on analytical gel filtration using Superdex75 10/300 column (Figure 43), as Superdex75 column would show better separation for proteins ˂75 kDa MW. The purpose of this experiment was to obtain a better separation of the two elution peaks of ATG16L158-307 and to check if protein oligomers corresponding to different elution peaks are inter-convertible or not. In analytical gel filtration, both proteins run clearly at different volume and as single peak. This suggests the oligomers are stable and separable. However, based on elution volume in SEC column exact oligomerization state of protein cannot be judged due to presence of CCD. Therefore, to further investigate the exact molecular weight of content of these two peaks multi angle light scattering (MALS) experiment was performed. 



                                                                                                                                                               Results  99   Figure 43: Analytical gel filtration. Overlay of two gel filtration profiles of ATG16L158-307 in Superdex75 10/300 column. Table 35: List of the buffers used in purification of ATG16L158-307 and ATG16L172-307. Purification methods Buffers Affinity chromatography (Strep-tactin)  Wash buffer: 50mM HEPES pH 7.0, 300 mM NaCl, 5 % (v/v) Glycerol, 5mM BME Elution buffer: 50 mM HEPES pH 7.0, 300 mM NaCl,5 % (v/v) Glycerol, 5 mM BME, 5 mM Desthiobiotin Anion exchange chromatography (Source 15Q) Buffer A: 50 mM HEPES pH 7.0, 5 % (v/v) Glycerol, 5 mM BME Buffer B: 50 mM HEPES pH 7.0, 1 M NaCl, 5 % (v/v) Glycerol, 5 mM BME Size exclusion chromatography  20 mM HEPES pH 7.0, 300 mM NaCl, 5 % (v/v) Glycerol, 5 mM DTT 4.3.2.3 Multi angle light scattering (MALS) of ATG16L158-307 MALS was performed to confirm the oligomerization status of ATG16L158-307 belonging to both elution peaks in SEC (Figure 43). Proteins from both the peaks were separately run in MALS. Protein corresponding to the first peak showed two populations with average MW of 55.2 kDa (≈65 % of population) and 51.8 kDa (≈35 % of population) (Figure 44a). On the other hand, protein corresponding to second peak of SEC consists of only one population of 51.7 kDa (Figure 44b). MW of proteins is underestimated by 2-3 kDa due to presence of 5 % glycerol in buffer. Calculated MW of ATG16L158-307 is 28.8 kDa. MALS data therefore suggests that ATG16L158-307 exists as a dimer in solution. Second population of first peak and second peak seemed to be degradation product. However this degradation could not be detected on SDS-PAGE. Therefore to identify the exact degradation, N-terminal sequencing 



Results  100  and MALDI-MS was performed. N-terminal sequencing and ESI-MS reveal that ATG16L1 from both peaks has intact N terminus and C terminus. MALDI further confirmed it by showing the MW of proteins from both peaks is ≈28.8 kDa (Figure 44c). MALDI-MS result thus suggests that the first and second peaks of SEC (ATG16L158-307 purification) correspond to ATG16L158-307 with no degradation. The possible reason for two separate peaks for same protein in SEC could be slight difference in protein conformation. While, based on these results, it is difficult to explain the smaller MW population of ATG16L1 in MALS, the average MW of 51.8-55.2 kDa confirms the dimerization of ATG16L158-307.  Figure 44: MALS and MALDI of ATG16L1 belonging to two elution peaks of ATG16L158-307 in SEC. (a) and (b) MALS of ATG16L1 correspond to first and second elution peak in SEC respectively. (c) MALDI of ATG16L1 protein corresponding to both elution peaks of ATG16L158-307 in SEC.  



                                                                                                                                                               Results  101  4.3.2.4 Crystallization of ATG16L1 central domain constructs As shown above, ATG16L1 central domain constructs seem to have different species; therefore they were separately used for crystallization setups. Initial crystals of ATG16L158-307 (15 mg/ml) were observed in JCSG IV condition (0.1 M tri-sodium citrate pH 5.5, 15 % Ethanol and 0.2 M Lithium sulfate) at 20°C after 2 days (Figure 45a). Proteins of both the peaks gave similar crystals at similar condition. They were tested in house and did not show any diffraction, which could be due to the small size of crystals. Therefore, to grow larger crystals of better quality, grid and random screening around the original condition was performed. Larger crystals could be obtained (Figure 45b); however still no X-ray diffraction was observed. Most likely reason for this could be poor packing and disordered content of these crystals.   Figure 45: Crystallization of ATG16L158-307. (a) Picture of initial crystals. (b) Picture of crystals obtained after optimizing the condition of initial crystals. Crystal conditions are mentioned below the pictures. (c) Coomassie stained SDS-PAGE showing the protein bands obtained from dissolved crystals. Black arrow is indicating the full construct similar to the one used for crystallization and red arrow is marking a faint band of ATG16L1 which is a degradation product.  



Results  102  Several of these crystals were dissolved and loaded onto SDS-PAGE to check the crystal content (Figure 45c). Two bands (prominent and faint band marked with black and red arrow) were observed on SDS-PAGE, which were identified as ATG16L158-307 and degradation product of ATG16L1 (marked with red arrow) respectively by mass spectrometry (Figure 45c). One reason of non-diffracting behavior of these crystals could be that both ATG16L158-307 and degradation product are crystallized together, which might lead to improper crystal packing.  In addition to this, two different forms of ATG16L172-307 (15-10 mg/ml) crystals were obtained at three different conditions from initial screening (Figure 46a).   Figure 46: Crystallization of ATG16L172-307. (a) Pictures of initial crystals of ATG16L172-307 obtained in three different conditions. (b) Picture of new crystals obtained from the optimization of initial crystal conditions. (c) Coomassie stained SDS-PAGE with the protein used for crystallization and dissolved crystals 4.  



                                                                                                                                                               Results  103  Crystal 1 and crystal 2 were similar crystal forms observed in conditions from the Midas screen (0.1 M di-sodium malonate, 0.1 M MES pH 5.5 and 25 % (w/v) Jaffamine@SD-2001 and 0.1 M Tris-HCl pH 8.0, 5 % methanol and 20 % Sokalan@CP-42) at 20°C after 3 days. They were big and single crystals, however did not show X-ray diffraction in-house. Spherulites (crystal 3) were observed in Morpheus screen condition (Morpheus buffer 1 pH 6.5, 30 % (w/v) GOL-P4K (mixture of Glycerol and PEG 4000) and 0.12 M Monosaccharides) at 20°C after one day. These were clustered small crystals which also did not show X-ray diffraction. Optimization of crystal 1 and crystal 2 conditions using random screen around the original condition resulted in crystal forms 4 and 5, respectively (Figure 46b). Even these crystals did not show any diffraction in house, they were also tested under high intensity beam in BESSY and SLS but no diffraction was observed. To confirm the identity of crystals, many of crystal 4 were dissolved and loaded onto SDS-PAGE (Figure 46c). A single band at the MW of full-length protein construct (ATG16L172-307) was observed and identified as ATG16L1 by mass spectrometry.  4.3.2.5 Strategies to improve crystal packing for better diffraction So far, ATG16L172-307 construct seemed to be better for crystallization as it looked quite stable during crystallization. Additionally, this construct showed several crystal conditions and forms, indicating ATG16L172-307 construct was more prone to crystallization. But crystal packing was not good to achieve the better X-ray diffraction in order to solve the structure of this protein. Therefore, to further improve the crystal packing or to find a different crystal form, several strategies were used as described below: So far, best crystallization condition (0.1 M Tris-base pH 7.0, 10 % (v/v) sokalan@ CP42) of ATG16L172-307 (crystal 5) was used for additive screening and micro seeding. Two additives, 1 M di-Sodium malonate and 12 % (w/v) Myo-inositol were found where crystals appeared, however, the crystal forms looked the same as previous one (Figure 47a). Therefore, it was less likely that these crystals would diffract better, however they were tested under X-ray and showed diffraction to ≈20 Å resolution only. Moreover, with micro-seeding, two different forms of crystals were obtained (Figure 47b); one of them was a different crystal form (rod shaped) but seemed to be cluster of multiple crystals. These crystals also did not show improved X-ray diffraction. For the rod shaped crystals, consecutive rounds of micro seeding were performed to obtain single crystals, but no single crystal could be obtained.   



Results  104   Figure 47: Optimization of ATG16L172-307 crystals. (a) Pictures of crystal obtained from two additives mentioned below the pictures. (b) Pictures of the crystals obtained from micro-seeding under the condition mentioned below the picture. Next, three ATG16L172-307 constructs with surface entropy reduction (SER) mutations were generated (Figure 48a). All constructs carrying SER mutations were purified similar to wild type protein and gel pictures with the final purity of these purified constructs is shown in Figure 48b. Purified proteins were applied to initial crystallization, however, only two of them gave crystals. Crystals 10 and 11 were from ATG16L172-307-SER1 while crystals in picture 12 were obtained from ATG16L172-307-SER2. These crystals were tested under X-ray showing no diffraction.  Lysine methylation of ATG16L172-307 was also performed (described in section 3.2.6.3). Approximately 30 % of the protein was precipitated out during lysine methylation reaction; still enough protein could be obtained for the crystallization setups. However, no crystal was obtained with this method. 



                                                                                                                                                               Results  105   Figure 48: Surface entropy reduction (SER) mutation in ATG16L172-307. (a) Predicted SER mutations combinations for three constructs are represented by cluster #1, #2 and #3, which are named as SER1, SER2 and SER3 respectively. (b) Coomassie stained SDS-PAGE showing the three purified ATG16L1 constructs with SER mutations. (c) Pictures of crystals obtained for ATG16L172-307 constructs with SER mutations. 4.3.2.6 Stability test of ATG16L158-307  ATG16L158-307 showed degradation during crystallization, therefore, a time dependent stability test was performed. All samples were prepared as described previously (in section 4.3.1.7) after 1 day, 5 days, 8 days and 13 days. After 8 days, at 20°C protein was completely degraded even in presence of protease inhibitors. But at 4°C and with EDTA at 20°C, protein was still present with 50 % of degradation products (marked with red and blue arrows in Figure 49a). After 13 days, protein bands on SDS-PAGE became fainter probably due to further degradation of protein. In conclusion, ATG16L158-307 seems to be more stable with EDTA and at 4°C temperature. Protein band (marked with red arrow) was identified to be N-terminally degraded based on peptide coverage upon tryptic digestion in mass spectrometry. Similar assay was performed for ATG16L172-307 as well. Samples only after 8 and 13 days are shown here in Figure 49b, which do not show a band for N-terminal degradation. However, only degradation band was observed for ATG16L172-307 which was detected as C-terminal degradation by tryptic digest and mass spectrometry. By this assay, position 72 seemed to be better N-terminal boundary, which has been used in designing new C-terminally truncated ATG16L1 constructs (ATG16L172-260).  



Results  106   Figure 49: Time dependent stability test of ATG16L1. (a) Coomassie stained SDS-PAGE showing the status of all four samples of ATG16L158-307 collected after 1 day, 5 days, 8 days and 13 days. Black arrow is indicating the full constructs of ATG16L1 while red and blue arrows were pointing to 1st and 2nd degradation product of ATG16L158-307, respectively. (b) Coomassie stained SDS-PAGE showing the status of all four samples of ATG16L172-307 collected after 8 days and 13 days. Based on this assay, ATG16L172-260 was purified in similar buffer with 2 mM EDTA and applied to crystallization; however no crystal of ATG16L172-260 appeared in presence of EDTA. 4.3.2.7 Limited proteolysis of ATG16L172-307 A proteolysis approach was used for further improving the construct boundaries of ATG16L172-307 for enhancing the crystallization. Since the domain boundaries were decided based on secondary structure prediction, it is still possible that some flexible loop is present which might prevent crystal formation. Proteolysis might help in two ways: first by limited proteolysis, providing information about compactness and domain boundaries of the protein of interest, which can be used for designing new construct; second by in-situ proteolysis where catalytic amounts of protease are mixed with protein in crystallization setups, resulting in slow cleavage and accumulation of stable fragments that potentially separate out of the solution and lead to crystal formation.  For ATG16L172-307, limited proteolysis was performed using 12 enzymes of Proti-Ace kits I and II. Purified ATG16L172-307 was mixed with each enzyme and samples were collected (described in section 3.2.4.5) after 30 min and 3 h (Figure 50). All samples were analyzed on 15 % SDS-PAGE. ATG16L172-307 was almost completely digested by all the enzymes (apart from papain-PA and pepsin-PE) after 3 h. After 30 min, several promising lower MW protein bands (marked with red arrows in Figure 50) were observed, but they were not stable after 3 h. Many additional shorter bands (MW between 18.4 kDa-14.4 kDa) were obtained after 30 min, which also degraded after 3 h (Figure 50). At the end, no prominent stable band for ATG16L1 central part was detected that could be used as boundaries for new construct. None of the enzymes could be used for in situ proteolysis to support crystallization of ATG16L172-307.  



                                                                                                                                                               Results  107   Figure 50: Limited proteolysis of ATG16L172-307. Undigested protein (control) was loaded in the first lane as a control. Proteases from Proti Ace Kit I (Hampton Research) were diluted to 0,005 mg/ml and 10 µl of each protease was mixed with 10 µl of each protein (10 mg/ml) and incubated at 25°C for 30 min and 3 h. Reaction was stopped by mixing the sample with 2X SDS loading buffer. Samples were analyzed on 15 % SDS PAGE. (Legend: α-C: α-chymotrypsin; TR: trypsin; PA: papain; EL: elastase; SU: subtilisin; EG-C: endoproteinaseGlu-C; PK: proteinase K; CL: clostripain (endoproteinase-Arg-C); PE: pepsin; TH: thermolysin; BR: bromelain; AE: actinase). 4.3.2.8 Purification and crystallization of ATG16L172-260 As mentioned before, the C-terminal boundary of the degradation products of ATG16L158-307 and ATG16L158-307, observed during their purification (Figure 41 and Figure 42), was identified to be located at position 260. Based on this data, ATG16L172-260 construct was designed. Cloning, expression and purification of ATG16L172-260 was performed similar to ATG16L158-307 and ATG16L172-307. Unlike other two ATG16L1 constructs, ATG16L172-260 did not show degradation product after Strep affinity and anion exchange chromatography and eluted as a single peak in Superdex200 10/300 (Figure 51a). ATG16L172-260 seemed to be more stable and homogenous which is good for protein crystallization.  Purified protein was applied to crystallization using several commercial screens. Initial crystals (Figure 51b) appeared in a condition (0.1 M Sodium cacodylate pH 6.5, 0.2 M Lithium sulfate and 30 % (w/v) PEG 400) from JCSG III screen. They were tested in-house and showed no X-ray diffraction. These crystals were further optimized using grid and random screens designed around the original condition. Bigger crystals were obtained by optimization which diffracted to 15 Å resolution in-house. Under high intensity beam at BESSY, these crystals diffracted to ≈8-10 Å. Structure determination could not be performed at this time point, however, these crystals are currently being optimized in order to solve the structure.    



Results  108   Figure 51: Purification and crystallization of ATG16L172-260. (a) and (b) Protein elution profile and coomassie stained SDS-PAGE for size exclusion chromatography on Superdex200 10/300. Black arrow is indicating band for ATG16L172-260. (c) Picture of initially obtained crystals of ATG16L172-260. (d) Picture of crystals obtained by optimizing initial crystal conditions.  4.3.2.9 Biochemical characterization of ATG16L1 central region 4.3.2.9.1 Thermofluor assay of ATG16L172-307 Stability and solubility of protein is very much dependent on the surrounding environment it is present in. Among many factors the pH and ionic strength of the protein buffer play a major role. The calculated pI of ATG16L172-307 is 5.01 meaning at pH 5.01 protein has no net charge. Buffer pH impacts net charge on the protein and salt ions affect interaction of protein with water or protein itself which ultimately has influence on protein solubility. Each protein behaves differently in different buffer condition. ATG16L1 was purified in HEPES pH 7.0, 300 mM NaCl buffer. Since no diffracting crystal could be obtained even after so many attempts, ATG16L172-307 was subjected to thermofluor assay to screen for a better buffer condition. Buffer of rows B and D from thermofluor screen were tested (screen is shown in section 



                                                                                                                                                               Results  109  3.2.4.4). Melting peaks of protein at different buffers are shown in Figure 52, which are derived from the melting curves of protein. In acetate buffer at pH 4 and pH 4.4, around 20°C shift in melting point temperature was observed which suggests higher stability of protein at low pH. ATG16L172-307 looked stable in these buffers. Therefore, to test the crystallization at these conditions ATG16L172-307 was diluted in Sodium acetate buffer (at pH 4 and pH 4.4) and subjected to crystallization. However, no crystal was appeared. Interestingly, when the protein buffer was exchanged into lower pH buffer by dialysis, protein was precipitated out after some time. The reason behind this could be that during slow dialysis (pH conversion) protein hit the pI (5.05), where de-stabilization of protein led to precipitation. Moreover, ≈4°C temperature shift was observed upon increasing NaCl concentration from 100 mM to 500 mM (B1 to B2 and D1 to D2) (Figure 52), which is not very significant. Considering thermofluor results, purification buffer (pH 7.0 with 300 mM salt) for this protein seemed to be a good choice.   Figure 52: Thermofluor assay of ATG16L172-307 construct. Melting peaks of ATG16L172-307 in different buffer conditions. Different colors of melting peaks are for different buffers. B1, B2….D10 correspond to the well number of thermofluor buffer screen. Black and red arrows are pointing to the melting temperature of ATG16L158-307 in HEPES pH 7.0 buffer (similar to native buffer) and acetate pH 4, respectively. 4.3.2.9.2 CD spectrum of ATG16L172-307 The protein was further tested using CD spectroscopy to asses quantitatively the secondary structures content present in ATG16L172-307. CD spectrum of ATG16L172-307 was measured in CD buffer with 100 mM NaF, since ATG16L172-307 was precipitating out without salt. ATG16L172-307 seems to have mostly alpha-helical secondary structure (Figure 53). The perfect two minima at around 208 nm and 222 nm and one 



Results  110  maximum at around 190 nm are characteristic of an alpha-helical secondary structure (Figure 53). K2D2 program (Perez-Iratxeta et al. 2008) was used to estimate the secondary structure content which was 87.76 % of α-helices, 0.47 % of β-strands and rest random coil. While these values are not absolute values, the CD spectrum confirms the α-helical nature of ATG16L172-307.  Figure 53: CD spectrum of ATG16L172-307. Molar ellipticity plotted against wavelength indicates a helical protein. 4.4 Human TECPR1 4.4.1 Structural and biochemical characterization of TECPR1_AIR in complex with ATG12-ATG5 conjugate or ATG5 In order to determine the structure and biochemical characterization of the interaction of ATG12-ATG5 conjugate or ATG5 with TECPR1_AIR, purification and crystallization of TECPR1_AIR in complex with ATG12-ATG5 conjugate and ATG5 was performed.  4.4.1.1 Designing of AIR constructs and their test expressions To find the minimal AIR construct for co-crystallization with ATG12-ATG5 and ATG5, AIR constructs of various lengths were designed. AIR domain (AIR566-611) boundary was already known from a published study (Chen et al. 2012). AIR566-611 was considered as full AIR domain. Two additional constructs; AIR566-595 and AIR577-595 (Figure 54) were designed based on secondary structure prediction of TECPR1 (appendix A3) and sequence alignment with ATG5_BD of ATG16L1 (Figure 91). 



                                                                                                                                                               Results  111   Figure 54: Full length TECPR1 and designed constructs of ATG5 interacting region (AIR).   Figure 55: Test expression of AIR constructs. (a) Coomassie stained SDS-PAGE showing the best expression of respective constructs. (b) List of best expression conditions. Black arrows are marking the fusion AIR protein and red arrow is indicating to GST alone.  



Results  112  First, AIR566-611 was amplified by PCR and inserted into modified pCOLA Duet-1 vector. Rosetta2 DE3 cells were transformed with recombinant plasmid and cells were grown in TB media. Test expression was analyzed on SDS-PAGE where only a slight band of His-AIR566-611 was present (Figure 55a). Next, all three constructs (Figure 54) were cloned in modified pGEX vectors and pCOLA Duet-1 vectors to express them as N-terminal GST and His-MBP fusion proteins, respectively. GST and His-MBP tags improved the expression yield and quality of AIR (Figure 55a). Only, best expressed AIR constructs and corresponding expression conditions are shown in Figure 55a, b. His-MBP-AIR566-611 construct was used for large scale purification. In case of other two constructs (AIR566-595 and AIR577-595); GST fusions were used for large scale purification. 4.4.1.2 Large scale purification of AIR constructs AIR constructs were separately purified for two purposes; first, purified AIR constructs will be mixed with purified ATG5 and ATG12-ATG5 conjugate to obtain the pure complexes, second, purified AIR protein would be used for interaction studies. His-MBP-AIR566-611 was expressed in E. coli by using the condition obtained from test expression (Figure 55b). Protein purification was executed by Ni-affinity chromatography and size exclusion chromatography (Figure 56a). His-MBP-AIR566-611 band at approxi-mately 45 kDa MW was identified by tryptic digest and mass spectrometry. Protein band just below His-MBP-AIR566-611 was His-MBP alone (probably due to premature translation termination during protein expression). Purity and yield of target protein was adequate. Lastly, protein was concentrated and loaded on Superdex200 16/600 column for further purification and quality assessment (Figure 3b, c). His-MBP-AIR566-611 was eluted as monomer in Superdex200 16/600 column and His-MBP alone was eluted slightly later (bands marked with red arrow) Figure 56.  His-MBP-AIR566-611 was also expressed to purify AIR566-611. For this purpose, His-MBP tag was cleaved from protein using TEV protease after Ni-affinity chromatography and cleaved His-MBP tag and TEV protease was separated from the protein by Superdex200 26/600 column (Figure 56d, e). Pure AIR566-611 eluted at the end (310 ml) in column, which was analyzed on 18 % SDS-PAGE and identified as TECPR1_AIR by mass spectrometry. AIR566-611 protein was used for co-crystallization with ATG12-ATG5 conjugate and ATG5 (Figure 58c). The buffers used in this purification are listed in Table 36. Table 36: List of the buffers used in purification of His-MBP-AIR566-611 and AIR566-611. Purification methods Buffers used Affinity chromatography (Ni-sepharose) Wash buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 mM DTT, 30 mM Imidazole Elution buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl,5 mM BME, 100 mM Imidazole Size exclusion chromatography (SEC) buffer 50 mM HEPES pH 7.4, 200 mM NaCl, 5 mM DTT 



                                                                                                                                                               Results  113   Figure 56: Large scale expression and purification of AIR566-611 from E. coli. (a) Coomassie stained SDS-PAGE with the samples of affinity chromatography; lysate, flow through, wash and elution (1-4 are protein fractions, eluted with elution buffer). (b) and (c) Coomassie stained SDS-PAGE and His-MBP-AIR566-611 elution profile for SEC (Superdex200 16/600 column). (e) and (f) Coomassie stained SDS-PAGE and AIR566-611 elution profile for SEC (Superdex200 26/600 column). Protein fractions on the gel and corresponding peaks on the elution profiles are color coded. Black arrow is indicating the bands for His-MBP-AIR566-611 and AIR566-611 on respective SDS-PAGE gel and red arrow indicates His-MBP alone.  MBP tag alone 



Results  114  4.4.1.3 Purification of GST fused AIR constructs GST-AIR566-595 and GST-AIR577-595 were expressed in E. coli using the best expression conditions obtained from test expressions (Figure 55b). Expressed proteins were purified by affinity chromatography using Glutathione-sepharose resin. Finally, proteins were purified using Superdex200 26/600 column. Despite of using all similar conditions, yield of GST-AIR566-595 was lower than GST-AIR577-595 (Figure 57a, b). Similar to His-MBP-AIR566-611 expression, GST fusion constructs also showed premature translational stop with expression of GST alone (protein band marked with red arrow). In SEC (Superdex200 26/600 column), all pure GST-AIR566-595 was eluted in void volume (aggregated protein at ≈110 ml) and some of the fusion protein was eluted as monomer (at ≈210 ml) but with GST alone (Figure 57a). On the other hand, in case of GST-AIR577-595, all protein (GST-AIR577-595) was eluted as monomer in SEC. However, GST alone was also present which was co-eluted with GST-AIR577-595 (Figure 57b). Among both GST fusion AIR constructs, GST-AIR577-595 appeared to be more stable, based on purification where no aggregation of GST-AIR577-595 was observed. Buffers used in this purification are listed in Table 37.  AIR577-595 was purified for the purpose of co-crystallization with ATG12-ATG5 and ATG5. Additionally, it was also used for interaction measurement with ATG12-ATG5 and ATG5 using ITC. AIR577-595 peptide was purified from purified GST-AIR577-595 protein by cleaving the GST tag using 2 % (w/w) TEV protease followed by separation of cleaved GST using Superdex200 26/600 (Figure 57c). AIR577-595 peptide was eluted at the end in Superdex200 26/600 (Figure 57c). As shown in Figure 57, large peak at around 230 ml corresponds to GST alone. Similarly, AIR566-595 peptide was also purified. Table 37: List of the buffers used in purification of GST-AIR constructs and AIR577-595. Purification methods Buffers used GST-Affinity chromatography  Wash buffer: 1 X PBS pH 7.4, 5 mM BME Elution buffer: 1 X PBS pH 7.4, 5 mM BME, 20 mM Glutathione reduced Size exclusion chromatography (SEC) buffer 1 X PBS pH 7.4, 5 mM DTT SEC buffer for AIR577-595 50 mM HEPES pH 7.4, 200 mM NaCl, 5 mM DTT   



                                                                                                                                                               Results  115   Figure 57: Purification of AIR constructs. (a) Size exclusion chromatography of GST-AIR566-595, SEC profile and coomassie stained gel of the protein containing fractions. (b) Size exclusion chromatography of GST-AIR577-595, SEC profile and coomassie stained gel of the protein containing fractions. (c) After purification of GST-AIR577-595, GST tag was cleaved using TEV protease followed by SEC for removing the GST tag. Protein elution peaks and those fractions in SDS-PAGE are color coded.  GST tag alone 



Results  116  4.4.1.4 Preparation of ATG12-ATG5/AIR complex and ATG5/AIR complex Purified ATG5 was mixed with purified GST-AIR577-595 in 1:1.5 ratio followed by cleaving GST tag with TEV protease. Next, to remove the cleaved GST, protein was incubated with GST beads. Finally, ATG5/AIR577-595 complex was purified using Superdex200 26/600 column. Buffer used in SEC is listed in Table 38. ATG5 and AIR577-595 were co-eluted as 1:1 complex (denoted by shift in elution peak of complex towards higher volume) in Superdex200 26/600 column (Figure 58a), indicating strong interaction between both proteins. Elution fractions were analyzed on 18 % SDS-PAGE (Figure 58b); ATG5/AIR577-595 (marked with red arrow) and ATG5 (marked with green arrow) were observed in same lanes. The fractions containing ATG5/AIR577-595 complex (marked with red bar in Figure 58b) were concentrated and applied to crystallization.  Figure 58: Preparation of ATG12-ATG5/AIR and ATG5/AIR complexes. (a) and (b) Overlay of SEC profile of ATG5/AIR complex (in black) and ATG5 (in green) and coomassie stained gel to analyze the elution fractions of ATG5/AIR577-595 from Superdex200 26/600 column. Complex (peak marked with black arrow in SEC profile) elutes slightly earlier than ATG5 (peak marked with green arrow in SEC profile) in SEC column. (c) Coomassie stained 15 % SDS-PAGE gel showing final purification of ATG12-ATG5/AIR and ATG5/AIR complexes. (d) Description of the samples (1-5) on SDS-PAGE.  



                                                                                                                                                               Results  117  Based on band intensity on SDS-PAGE (Figure 58b), the ratio of ATG5 and AIR in complex does not appear to be 1:1, however, the reason behind this is that small AIR peptide has lesser coomassie dye bound than bigger ATG5 protein. Coomassie brilliant blue dye binds to the positively charged residues in protein, therefore, different proteins might show different staining with this dye (Tal et al. 1985). Similar to ATG5/AIR577-595, ATG12-ATG5/AIR566-611 and ATG5/AIR566-611 complexes were purified. Final quality of both purified complexes is shown in lane 4 and 5, respectively in Figure 58c. Other protein complexes including ATG5/AIR566-595, ATG12-ATG5/AIR566-595 and ATG12-ATG5/AIR575-595 were prepared by simply mixing both proteins (purified) in 1:1.5 ratios. Final purity of all these complexes is shown in lane 1, 2 and 3, respectively in Figure 58c. All these prepared complexes were applied to crystallization.  Table 38: List of the buffer used in purification of ATG5/AIR complexes. Purification methods Buffers used Size exclusion chromatography (SEC) buffer 50 mM HEPES pH 7.4, 300 mM NaCl, 5 % Glycerol, 5 mM DTT 4.4.1.5 Thermofluor assay  Thermofluor assay was carried out for visualizing the effect of AIR interaction on ATG5 stability (similar to ATG5/ATG16L1 complex). Purified ATG5 alone and ATG5/AIR566-611 complex were subjected to thermofluor assay in buffer (HEPES pH 7.0). Figure 59 is showing the melting curves and melting peaks obtained for both ATG5 (in green) and ATG5/AIR566-611 complex (in black). Perfect melting curve of ATG5/AIR566-611 complex suggests its existence as nicely folded protein complex (Figure 59a). Melting point (Tm) of ATG5 is ≈34°C while ATG5/AIR566-611 has higher melting point of ≈40°C.   Figure 59: Thermofluor assay for ATG5/AIR stability test. (a) and (b) Melting curves and melting peaks of ATG5 (in green) and ATG5/AIR complex (in black) at pH 7.0. Black and green dotted lines are indicating the melting point of ATG5 and ATG5/AIR on X-axis.  



Results  118  Increased Tm (by ≈6°C) of ATG5/AIR566-611 complex suggests that binding of AIR is enhancing the stability of ATG5. However, in case of ATG16L1 interaction, Tm of ATG5 was increased by ≈20°C (Figure 35) which is indicating that ATG5/ATG16L1 complex is stronger and more stable than ATG5/AIR complex. 4.4.1.6 Crystallization of ATG5/AIR complex All purified ATG5/AIR complexes were applied to crystallization at 4°C and 20°C. Among all only ATG5/AIR577-595 complex gave crystals which appeared in JCSG+ screen condition at 4°C after 2 days (Figure 60a). They were small in size and diffracted X-rays to 8-9 Å resolution only. In order to check the crystal content, several of these crystals were dissolved and analyzed on SDS-PAGE. An intense band of ATG5 was observed (Figure 60c). However, no band for AIR577-595 had been observed (expected position of AIR577-595 in gel is marked with red arrow). Absence of AIR indicates that the obtained crystals are ATG5 crystals. There could also be the possibility that the amount of AIR peptide was not enough to be detected with coomassie brilliant blue staining. Therefore, I still continued with the optimization of these crystals. A new crystal form (Figure 60b) was obtained using additive screening.  Figure 60: Crystallization of purified ATG5/AIR577-595 complex. (a) Picture of initial crystals obtained for the complex. (b) Picture of different crystals obtained from the additive screen. (c) Coomassie stained SDS-PAGE showing the band for dissoved initial crystals. Black arrow is showing band for ATG5 and red arrow is indicating the expected position of AIR577-595 which did not appear on the gel. These crystals were cryoprotected with 15 % ethylene glycol and they diffracted to ≈3.0 Å. Structure could be solved by molecular replacement using the published ATG12-ATG5/ATG16L1 structure (PDB-entry 4NAW) as search model, however, these crystals turned out to contain only ATG5 with no additional electron density for AIR peptide. Despite of the strong interaction between ATG5 and AIR (elutes as complex in SEC), here, ATG5 crystallized without AIR.  



                                                                                                                                                               Results  119  4.4.1.6.1 Another strategy to crystallize ATG5/AIR complex Another strategy to crystallize the ATG5/AIR complex was to generate fusion constructs of ATG5 and AIR. ATG5 was fused with AIR constructs through two thrombin cleavage sites (Figure 61a) and resulted in three new fusion constructs; ATG5-thr-thr-AIR566-611, ATG5-thr-thr-AIR566-595 and ATG5-thr-thr-AIR577-595. Two thrombin sites were used to ensure the flexibility of AIR peptide to reach the binding site on ATG5. DNA seqences for fusion constructs were cloned into modified pET-Duet-1 plasmids. Rosetta2 DE3 cells were transformed with recombinant plasmids and fusion proteins were expressed with N-terminal His-tag. Test expression for ATG5-thr-thr-AIR577-595 was performed (buffer composition: 50 mM HEPES pH 7.0, 300 mM NaCl, 5 % glycerol and 5 mM BME) and analyzed on 15 % SDS-PAGE. The fusion of AIR to ATG5 showed a large improvement in solubility of ATG5 (Figure 61a) along with an increased protein yield.   Figure 61: Test expression and purification of ATG5-thr-thr-AIR constructs. (a) Schematic representation of ATG5 and AIR fusion through two thrombin sites. (b) Coomassie stained SDS-PAGE for analyzing test expression of ATG5-thr-thr-AIR577-595 and the protein band is marked with black arrow. Pellet and Ni-beads samples are shown for four different expression conditions. (c) List of four expression conditions. (b) Coomassie stained SDS-PAGE showing the three purified ATG5-thr-thr-AIR constructs. 



Results  120  The fusion constructs were purified in large scale by inducing the E. coli cells with 0.5 mM IPTG and incubation overnight at 20°C. Bacterial cells were lysed and fusion proteins were purified similar to ATG5 (see section 4.2.1) using buffers listed in Table 33. Fusion proteins were verified by cleaving the fusion protein with thrombin protease that produces two protein bands on SDS-PAGE, which were confirmed to be ATG5 and AIR (not shown). Final purity of purified fusion proteins is shown in Figure 61b. Purified fusion proteins were concentrated and applied to crystallization with thrombin enzyme (300 µl of 10 mg/ml protein + 0.5 µl of 1 U/µl thrombin) and without thrombin as well. Initial crystal setups were carried out at both 4°C and 20°C. Crystals of ATG5-thr-thr-AIR577-595 (10 mg/ml) with thrombin (Crystals 1) and without thrombin (Crystals 2) appeared in JCSG core III and Midas screen conditions, respectively, at 20°C after 2 days (Figure 62a). Both crystals were cryoprotected with reservoir solution supplemented with 20 % glycerol and tested for X-ray diffraction. Crystal 1 showed X-ray diffraction to 8-9 Å resolution, however, crystals 2 did not diffract at all. Furthermore, to detect the content of crystal 1, several crystals were dissolved and loaded on SDS-PAGE. Three bands were observed and identified as fusion protein (black arrow), ATG5 (green arrow) and TECPR1 peptide (red arrow) by mass spectrometry (Figure 62b). As control, purified ATG5-thr-thr-ATG5577-595 was also loaded next to dissolved crystals on SDS-PAGE (Figure 62b). Based on bands observed in SDS-PAGE, it seems like fusion protein and cleaved ATG5/AIR complex are crystallizing together and linker (two thrombin sites) does not seem to influence the crystallization.   Figure 62: Crystallization of ATG5-thr-thr-AIR577-595. (a) Initial crystals: crystals 1 were obtained in protein drop with thrombin and crystals 2 were obtained in protein drop without thrombin. (b) Coomassie stained SDS-PAGE with fusion protein used for crystallization setups and dissolved crystals of fusion protein with thrombin. Black arrow is indicating fusion protein while green and red are indicating ATG5 and AIR peptide, respectively.  



                                                                                                                                                               Results  121  Crystal 1 was optimized by using grid and random screens around the original crystal condition. Several conditions yielded the similar crystals (Figure 63) which also diffracted to 8-9 Å resolution.   Figure 63: Optimized crystals. New crystals obtained by optimizing crystals 1 using grid and random screens. Crystal conditions are mentioned at the bottom of each picture. Therefore, to further improve the crysal packing, serial microseeding was performed using both crystal 8 and 9 as seeds. The best crystals, obtained from microseeding are shown in Figure 64b. These crystals also diffracted to ≈3.5 Å resolution, however the diffraction pattern remained smeary and anisotropic. Bad choice of cryoprotectant could also have been the cause of bad diffraction pattern, therefore several cryoprotectants such as higher concentration of PEG 3350, PEG 400, ethylene glycol and glycerol were tested. Apart from this, X-ray diffraction was also performed at room temperature without using any cryoprotactant. This showed no improved X-ray diffraction. In addition to normal seeding, random matrix microseeding (rMMS) was also performed. rMMS comprises automatic seeding into random screens (Stewart et al. 2011). Here, the crystal seeds were 



Results  122  seeded into commercially available JCSG, PEGs and Midas screens in 96 well plates. Theses plates were incubated at 4°C and 20°C for months. But, none of the conditions produced any crystal.  Crystals were also dehydrated for reducing their water content and enhancing the close and tight packing of molecules in crystal. This was done by increasing the precipitant concentration of reservoir after crystal was appeared and had stopped growing. However, none of these strategies worked to improve the diffraction quality.  Figure 64: Pictures of optimized crystals obtained in 24 well plates. (a) Best obtained crystals of ATG5-thr-thr-AIR577-595 with thrombin. (b) Best obtained crystals ATG5-thr-thr-AIR577-595 with thrombin using serial micro-seeding. Another strategy was introducing surface entropy reduction (SER) mutations in ATG5 (ATG5SER) and fusing them to AIR. Three different combinations of SER mutations (Figure 65a) in ATG5 were predicted using the online server (UCLA MBI-SERp Server). DNA sequences encoding three fusion constructs of ATG5SER-thr-thr-AIR577-595 were inserted into pET-Duet-1 plasmids using PIPE cloning method. All three 



                                                                                                                                                               Results  123  fusion proteins (ATG5SER-thr-thr-AIR577-595) were expressed in E. coli and purified similar to wildtype fusion protein (ATG5-thr-thr-AIR577-595). Final purity of these proteins is shown in Figure 65b. Purified proteins were applied to crystallization with and without thrombin, but none of them could be crystallized.   Figure 65: Surface entropy reduction (SER) mutation in ATG5. (a) Predicted SER mutations combinations for three constructs are represented by cluster #1, #2 and #3 respectively (referred as ATG5SER1, ATG5SER2 and ATG5SER3). (b) Coomassie stained SDS-PAGE showing the final purity of three ATG5SER-thr-thr-AIR577-595 constructs with various SER mutations in ATG5. During the crystal optimization process, the crystal structure of ATG5 bound to the AIR domain of TECPR1 had been published online by a competitor in December 2014 (Kim et al. 2015). Therefore, the work on the structural characterization of ATG5 and AIR was discontinued. 4.4.2 Towards understanding the autoinhibition release mechanism of TECPR1  Published studies had proposed that TECPR1 is present in an autoinhibited conformation, which is released upon interaction with ATG12-ATG5 conjugate during autophagy (Chen et al. 2012). The objective of this part was to solve the structure of TECPR1_AIRPH alone and in complex with ATG12-ATG5 conjugate or ATG5 in order to gain a detailed insight into the mechanism of autoinhibition regulation. 4.4.2.1 Construct designing and test expression of TECPR1_AIRPH in E. coli and insect cells Initial boundaries of AIRPH566-719 were designed on the basis of a previously published study (Chen et al. 2012). AIRPH566-719 was cloned in pET15b-derived plasmid. Rosetta2 DE3 cells were transformed with recombinant plasmid and the protein was expressed with N-terminal His-tag. Test expression was performed in various conditions where protein was well expressed but it was completely insoluble (in pellet) (Figure 66b). To improve the solubility of AIRPH, large soluble protein tags such as GST, His-MBP, 



Results  124  His-T7Lysozyme (His-T7Lys) and small ubiquitin like modifier (Sumo) were used. GST-AIRPH566-719, His-MBP-AIRPH566-719, His-T7Lys-AIRPH566-719 and His-Sumo-AIRPH566-719 were expressed in E. coli.   Figure 66: Test expression of TECPR1_AIRPH. (a) Full length TECPR1 and initially designed AIRPH construct. (b) Coomassie stained SDS-PAGE for various AIRPH fusion constructs expressions in E.coli. (c) Coomassie stained SDS-PAGE for various AIRPH fusion protein expressions in insect cells. (d) List of the expression conditions for soluble AIRPH constructs. 



                                                                                                                                                               Results  125  AIRPH566-719 was expressed as both N-terminal and C-terminal GST fusion protein but neither of them was soluble. Only, AIRPH566-719 with N-terminal His-MBP and His-Sumo tag resulted into soluble protein (Figure 66b). Additionally, expression of AIRPH566-719 was tested in insect cells as well. For this purpose, AIRPH566-719 was cloned in modified pFastbac-Dual vectors and expressed as N-terminal His, Strep and His-MBP fusion protein. Recombinant plasmids were transformed in EmBacY cells for bacmid preparation which were further used for baculoviruses generation (see section 3.2.2.4). P3 baculoviruses were used to infect Hi5 cells (0.8 x 106 cells/ml) for protein expression. Protein expression was tested 3 days post-infection, however none of the constructs was expressed (Figure 66c). At the end, His-MBP and His-Sumo fusion protein were used for large scale purification of AIRPH566-719 from E. coli. 4.4.2.2 Large scale purification of AIRPH566-719 His-MBP-AIRPH566-719 was purified from E. coli by inducing the cells at OD600 0.8 with 0.5 mM IPTG and incubating them at 20°C for overnight. Expressed protein was purified by affinity chromatography using Ni-sepharose resin. On SDS-PAGE, with well-expressed soluble His-MBP-AIRPH566-719 His-MBP alone was also observed (premature translational stop). Next, SEC was performed using Superdex200 16/600 column to separate the impurities including His-MBP. In Superdex200 16/600 column, pure His-MBP-AIRPH566-719 was eluted very early as large oligomer (indicated with green bar in Figure 67a), however, His-MBP eluted as monomer (indicated with green bar in Figure 67a). This observation suggested that AIRPH566-719 is forming aggregates, which are kept soluble (but aggregated) because of fused MBP protein. Buffer used in this purification are mentioned below in Table 39. Another fusion construct (His-Sumo-AIRPH566-719) was purified from E. coli. His-Sumo-AIRPH566-719 was also purified using Ni-sepharose resins and Superdex200 10/300 column (Figure 67b). Premature translational stop resulted high expression of His-Sumo alone (Figure 67b). His-Sumo-AIRPH566-719 also forms soluble aggregates similar to His-MBP-AIRPH566-719.  Table 39: List of the buffers used in purification of His-MBP-AIRPH566-719 and His-Sumo-AIRPH566-719  Purification methods Buffers used Affinity chromatography (Ni-sepharose) Wash buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 % Glycerol, 5 mM BME, 50 mM Imidazole Elution buffer: 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 5 % Glycerol, 5 mM BME, 250 mM Imidazole Size exclusion chromatography (SEC) buffer 20 mM HEPES pH 7.4, 300 mM NaCl, 5 % Glycerol, 5 mM DTT   



Results  126   Figure 67: Purification of His-MBP-AIRPH566-719 and His-Sumo-AIRPH566-719. (a) SEC profile and coomassie stained SDS-PAGE for His-MBP-AIRPH566-719 purification. (b) SEC profile and coomassie stained SDS-PAGE for His-Sumo-AIRPH566-719 purification. Black arrow is indicating fusion AIRPH and red is indicating tag alone (His-MBP and His-Sumo). One of the most common reasons for protein insolubility during protein expression is inappropriate protein buffer condition (pH and salt concentration). Therefore, AIRPH566-719 purification was tested in several buffers. For this purpose, His-Sumo-AIRPH577-719 was expressed and purified by Ni-sepharose affinity chromatography. Next, proteins were loaded onto Superdex200 10/300 column (Figure 68). In all buffers, protein was eluted in void volume as large oligomer. Another reason of AIRPH insolubility could have been that the domain boundaries were not correct. Considering this problem, three new AIRPH construct (Figure 69a) were designed based on predicted secondary structure (appendix A3).   



                                                                                                                                                               Results  127   Figure 68: Purification of His-Sumo-AIRPH566-719 in various conditions. Buffer components in bold and underlined are repres-enting the variation from original buffer.  4.4.2.3 Expression and purification of new constructs of TECPR1_AIRPH Three additional AIRPH constructs were cloned in a plasmid, which expressed AIRPH as His-Sumo fusion protein (Figure 69a). Expression and purification of new constructs were performed similar to His-Sumo-AIRPH566-719 (see section 4.4.2.2). After Ni-affinity chromatography same amount of each protein was loaded on Superdex200 10/300 column (Figure 69b). Gel filtration profiles of these constructs showed two peaks. Elution fractions corresponding to these two peaks were analyzed on SDS-PAGE. Most of His-Sumo-AIRPH566-730 (apart from some which eluted in void) was eluted as monomer (≈16-17 ml volume) indicating no aggregation. SDS-PAGE in Figure 69c is showing His-Sumo-AIRPH577-730 fractions only; gels for other two are not shown here. His-Sumo-AIRPH577-730 seemed to be the more stable construct than 



Results  128  other two as those constructs showed a bigger void peak and smaller monomer peak (SEC profiles in blue and black Figure 69). Therefore only AIRPH566-730 was selected for crystallization and biophysical characterization. For purifying AIRPH577-730 alone, His-Sumo tag was cleaved from protein using 2 % (w/w) TEV protease. However, as soon as the tag was cleaved off AIRPH was precipitated out suggesting this construct is not stable without Sumo tag. Buffer used in purification are listed in Table 39.  Figure 69: New constructs of AIRPH. (a) Full length TECPR1 and designed constructs of AIRPH domain. (b) Overlay of gel filtra-tion profiles of AIRPH577-730 (in red), AIRPH577-739 (in blue) and AIRPH577-748 (in black). (c) Coomassie stained gel picture showing the elution fractions of AIRPH577-730 (green and red bars marking the samples of void and monomer peak).   4.4.2.4 Testing stability of AIRPH577-730 at different buffers The possible reason of protein precipitation after cleaving the tag could be that the pH of the buffer is suitable for the fusion protein but not for AIRPH alone. Therefore, tag was cleaved at different pH. For this purpose, His-Sumo-AIRPH577-730 buffer was first exchanged with four different buffers (listed in Figure 70b) by overnight dialysis. Then His-Sumo tag was cleaved with TEV protease followed by 



                                                                                                                                                               Results  129  centrifuging the protein to pellet down the insoluble fraction. Pellet and supernatant fractions were analyzed on SDS-PAGE (Figure 70a). AIRPH577-730 was completely precipitated in all buffer conditions. In Figure 70a black and red arrows are indicating insoluble AIRPH577-730 in pellet and soluble His-Sumo in supernatant, respectively. The identity of protein bands was determined by mass spectrometry.  Figure 70: Testing stability of AIRPH577-730 at different buffers (pH). (a) Coomassie stained SDS-PAGE to analyze supernatant and pellet fraction after cleaving Sumo tag from AIRPH. (b) List of different buffers corresponding to the samples on SDS-PAGE. Black and red arrows are indicating AIRPH and His-Sumo, respectively. 4.4.2.5 CD spectroscopy of AIRPH577-730 To determine the secondary structure content of AIRPH, CD spectroscopy was performed. CD spectrum of AIRPH577-730 was obtained by subtracting CD spectrum of His-Sumo from His-Sumo-AIRPH577-730. CD spectra were measured in CD buffer. Result suggests that AIRPH577-730 seems to have mostly β-sheet contents with few α-helices (Figure 71). A local minimum (marked with black arrow in Figure 71) at around 218 nm represents ≈80.87 % beta-strands in protein. Another local minimum (marked with green arrow in Figure 71) at approximately 208 nm might indicate presence of ≈5.15 % α-helices in protein. K2D3 program (Louis-Jeune et al. 2012) was used to estimate the secondary structure contents in AIRPH577-730. These estimations are consistent with secondary structure prediction (see appendix A3). 



Results  130   Figure 71: CD spectrum of AIRPH577-730. Black and green arrows are representing local minima for β-strands and α-helices, respectively. 4.4.2.6 Thermofluor assay of AIRPH577-730 AIRPH577-730 was subjected to thermofluor to find a compatible buffer condition. Since AIRPH577-730 was not soluble alone, melting curves of AIRPH577-730 were obtained by subtracting the melting curve of His-Sumo from His-Sumo-AIRPH577-730.   Figure 72: Thermofluor assay of AIRPH577-730 construct. (a) Melting peaks of AIRPH577-730 in different buffer conditions. Different colors of melting peaks are representing different buffers. B2, B3….D11 correspond to the well number of thermofluor buffer screen. (b) Melting peaks of AIRPH577-730 in different additives.  



                                                                                                                                                               Results  131  Melting peaks of AIRPH577-730 in several buffers and additives are shown in Figure 72a and b, respectively. No better buffer condition or additives could be detected. Considering the results of thermofluor assay, the buffer used initially for purification of AIRPH577-730 was optimal. The buffers tested here are addressed by well numbers (B2, B3, B4….D11) in 96 well thermofluor buffer screen (Table 22). 4.4.2.7 Purification of AIRPH in complex with ATG5 Another part of this project was to solve the structure of AIRPH in complex with ATG5. Therefore, complex of ATG5/AIRPH577-730 was purified. Initially, by assuming ATG5 might stabilize AIRPH, co-expre-ssion of His-ATG5 and Strep-AIRPH577-730 was performed in E. coli. However, both expressed Strep-AIRPH577-730 and His-ATG5 were insoluble and observed in pellet.  Figure 73: Purification of ATG5/AIRPH577-730 complex. (a) Gel filtration profile picture of ATG5/AIRPH577-730 complex purification (in black). Gel filtration profile of ATG5 is shown in green. Complex (peak marked with black arrow) elutes slightly earlier than ATG5 (peak marked with green arrow) in SEC column. (b) Coomassie stained SDS-PAGE analyzing elution fraction of gel filtration of ATG5/AIRPH577-730 complex. Green and black arrows indicate bands of ATG5 and AIRPH, respectively. In another method, separately purified His-ATG5 and His-Sumo-AIRPH577-730 were mixed in 1:1.2 ratio followed by cleaving the tags using TEV protease. This showed AIRPH577-730 was soluble and stable even without tag, indicating that ATG5 interaction stabilizes AIRPH577-730. Protein was loaded on Superdex200 26/600 to separate cleaved tags and TEV proteases (Figure 73). AIRPH577-730 co-migrates with ATG5 and elutes as complex before uncomplexed ATG5 (Figure 73a). Purified protein complex was concentrated and applied to crystallization. Buffer used in this purification are shown in Table 40.    



Results  132  4.4.2.8 Purification of ATG5-thr-thr-AIRPH As alternative strategy to crystallize the AIRPH in complex with ATG5, ATG5 and AIRPH were fused via two thrombin cleavage sites similar to ATG5 and AIR. ATG5-thr-thr-AIRPH577-730 was cloned and expressed as N-terminal Strep and C-terminal His tag fusion protein. Strep and His tags were used for double affinity purification steps. Strep-ATG5-thr-thr-AIRPH577-730-His was first purified by Ni-sepharose affinity chromatography followed by Strep-tactin affinity chromatography. Next, tags were cleaved from the protein using 2 % (w/w) TEV protease. Cleaved tags and proteases were separated using Superdex200 16/600 column (Figure 74). Protein band at approximately 48 kDa (Figure 74b) was identified to be ATG5-thr-thr-AIRPH by tryptic digest and mass spectrometry.  Pure fusion protein (ATG5-thr-thr-AIRPH577-730) was obtained which was applied to crystallization with and without thrombin protease. Thrombin was supplemented for cleaving the linker between both proteins during crystallization. So far, no crystals for ATG5/AIRPH complex could be obtained. Similarly, three ATG5SER-thr-thr-AIRPH577-730 constructs were also purified and applied to crystallization.  Figure 74: Purification of ATG5-thr-thr-AIRPH577-730. (a) Size exclusion chromatography profile of ATG5-thr-thr-AIRPH577-730 elution. (b) Coomassie stained SDS-PAGE for analyzing the elution fraction corresponding to fusion protein (color coded elution peak).  



                                                                                                                                                               Results  133  Table 40: List of the buffers used in purification of ATG5/AIRPH577-730 complex and ATG5-thr-thr-AIR-PH577-730 Purification methods Buffers used Affinity chromatography (Ni-sepharose and Strep-tactin)  Elution buffer for Ni-sepahrose column: 50 mM HEPES pH 7.4, 300 mM NaCl, 5 % Glycerol, 5 mM BME, 250 mM Imidazole Elution buffer for Strep-tactin column: 50 mM HEPES pH 7.4, 300 mM NaCl, 5 % Glycerol, 5 mM BME, 5 mM Desthiobiotin Size exclusion chromatography (SEC) buffer 50 mM HEPES pH 7.4, 300 mM NaCl, 5 % Glycerol, 5 mM DTT 
4.4.2.9 Purification of MBPSER-AIRPH alone and in complex with ATG5 A carrier protein driven crystallization strategy was also applied to crystallize the AIRPH and ATG5/AIRPH complex. For this purpose, AIRPH577-730 was cloned in four different pMALX plasmids (pMALX_A, pMALX_B, pMALX_C and pMALX_D described in section 3.2.6.3). These plasmids expressed AIRPH in fusion with N-terminal MBPSER1, MBPSER2, MBPSER3 and MBPSER4. These fusion proteins were purified by affinity chromatography using amylose resins followed by SEC using Superdex200 16/600 column (Figure 75a). Purified proteins are shown in Figure 75a. In addition to this, MBP-AIRPH577-730 fusion constructs were also purified in complex with ATG5 (Figure 75b). For this purpose, purified ATG5 and MBPSER-AIRPH577-730 were mixed in 1:1.2 ratio and loaded on Superdex200 16/600 column. Final purified protein complexes are shown in Figure 75b.  Figure 75: Purified MBPSER-AIRPH577-730 alone and in complex with ATG5. (a) AIRPH577-730 was purified in fusion with MBPSER1, MBPSER2, MBPSER3 and MBPSER4. Coomassie stained SDS-PAGE gels are showing the final purity of these fusion proteins. (b) Coomassie stained SDS-PAGE gels are showing the final purity MBPSER-AIRPH577-730 fusion proteins in complex with ATG5. Black and green arrows are indicating MBPSER-AIRPH577-730 and ATG5 respectively.  



Results  134  Table 41: List of the buffers used in purification of MBPSER-AIRPH577-730 and ATG5/MBPSER-AIRPH577-730 complex Purification methods Buffers used Affinity chromatography (Amylose resins) Wash buffer: 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM BME Elution buffer: 50 mM Tris-HCl pH 8.0, 300 mM NaCl, 5 mM BME, 20 mM Maltose Size exclusion chromatography (SEC) buffer 20 mM HEPES pH 7.5, 300 mM NaCl, 20 mM Maltose, 5 mM DTT 4.4.2.10 Crystallization of AIRPH and ATG5/AIRPH complex His-Sumo-AIRPH577-730 was applied to crystallization with and without TEV protease. TEV protease was used for in situ tag cleavage. MBPSER-AIRPH577-730 fusion proteins (Figure 75a) were subjected to crystallization as well. Additionally, Lysine methylated His-Sumo-AIRPH577-730 was also prepared to promote crystallization. All proteins were incubated at 4°C and 20°C temperature for months. But none of them gave any crystal. Similarly, ATG5/His-Sumo-AIRPH577-730 complex was setup for crystallization with and without TEV protease. AIRPH577-730 in complex with three ATG5SER (see Figure 65) as well as ATG5/MBPSER-AIRPH577-730 complexes were also subjected to crystallization. So far, none of the constructs and strategies led to crystallization of AIRPH alone or ATG5/AIRPH complex. Crystallization setups of ATG5/AIRPH complex have also been done with inositol 3-phosphate (I3P). However, no crystal was obtained. 4.4.3 SAXS analysis of ATG5/AIRPH complex Since no crystals were obtained for ATG5/AIRPH complex, SAXS experiment was performed to analyze the status of ATG5/AIRPH577-730 complex in solution. For this purpose, ATG5/AIRPH577-730 complex and ATG5 alone was used to measure the SAXS. To detect the effect of AIRPH interaction on ATG5, the theoretical SAXS scattering curve of crystallographic ATG5 was fitted to the experimental curve of ATG5/AIRPH577-730 complex (Figure 76a). Additionally, theoretical SAXS scattering curve of ATG5 was also fitted to the experimental curve of ATG5 (Figure 76b). Fit of ATG5 scattering curve and ATG5 experimental curve was in very good agreement with a χ value of 1.7. As expected due to the interaction with AIRPH577-730, the fit of ATG5 scattering curve and ATG5/AIRPH577-730 complex experimental curve resulted in a χ value of 8.5 and distinctly deviated at lower scattering length as well as at higher scattering length (corresponding to lower and higher resolution). Envelopes for ATG5 alone and ATG5/AIRPH577-730 complex were calculated and protein models were fitted into them (Figure 77).  



                                                                                                                                                               Results  135   Figure 76: SAXS analysis of ATG5/AIRPH577-730 complex. (a) Fitting of the calculated SAXS scattering curve (in red) of the ATG5 to the experimental curve (in blue) of ATG5. (b) Fitting of the calculated SAXS scattering curve (in red) of the ATG5 to the experimental curve (in blue) of ATG5/AIRPH577-730 complex. (c) Fitting of the calculated SAXS scattering curve (in red) of the predicted ATG5/AIRPH577-730 complex from SAXS envelop to the experimental curve (in blue) of ATG5/AIRPH577-730 complex. As expected, the envelope for ATG5/AIRPH577-730 complex was bigger than ATG5 envelope. Fitted ATG5 model (used from the structure of ATG5/AIR573-610 with PDB-entry 4tq1) was in very good agreement with the calculated ATG5 envelope (apart from some flexible loop).  To obtain a model for the ATG5/AIRPH577-730, ATG5/AIR573-610 (PDB-entry 4tq1) and predicted TECPR1_-PH611-730 model (Phyre2 model) were manually fit into the ATG5/AIRPH577-730 SAXS envelope. In the best achieved fit, C terminus of AIR was ≈19.4 Å (calculated in PyMOL and shown by red dotted line in Figure 77b) away from N terminus of PH611-730. When the calculated scattering curve for ATG5/AIRPH577-730 model was used to and this curve was compared with experimental curve of ATG5/AIRPH577-730, the χ value obtained was 4.3 (Figure 76c). While scattering curve of this model fits better to the experimental curve at lower resolution than for ATG5 alone, the fit deviates significantly at higher resolution, 



Results  136  suggesting that the generated model is not in full agreement with the real structure of the ATG5/AIRPH577-730 complex in solution and/or that deviation might be due to dynamic conformation of protein complex in solution. The noticeable point is that ATG5/AIRPH577-730 envelope is very different and bigger (Figure 77b) than ATG5 (Figure 77a) with elongated form. Comparison between these envelopes suggests that ATG5 and AIRPH577-730 form a 1:1 complex which is stable in solution, in agreement with the stoichiometry obtained from ITC data using ATG5 and AIR peptide.    Figure 77: SAXS envelops and model fit. (a) and (b) Envelopes calculated from the SAXS data and fitted structures and models for ATG5 and (ATG5/AIR+PH), respectively. ATG5 is represented in green, AIR in orange and PH in black. 4.5 Towards designing specific inhibitors of autophagy To date, modulators of autophagy mainly target the upstream regulatory kinases in the autophagy activation process or the acidification of the autolysosome. Thus, the current modulators are rather unspecific and influencing other processes apart from autophagy. With the aim of obtaining a highly specific autophagy modulator, ATG12-ATG5 interactions were targeted. The objective of this part was to design a peptide inhibitor based on ATG16L111-43 and AIR566-611 which could compete with ATG5 interaction partners, ATG16L1 and TECPR1 in vivo, and thereby would specifically inhibit autophagy. 



                                                                                                                                                               Results  137  Such inhibitors may in future serve as a potential drug against the diseases associated with autophagy induction. 4.5.1 Selection of smallest ATG5 interacting ATG16L1 and AIR peptide To identify the smallest ATG16L1 and AIR peptide, which still retains strong affinity with ATG5, several constructs of N-terminal ATG16L1 (ATG5_BD of ATG16L1) were designed (Figure 78a). ATG16L111-43 was used first, based on which four new C-terminally truncated ATG16L1 constructs were designed, the smallest one with a length of 20 amino acids. Hereafter, these constructs will be referred to as ATG16L1-C1, C2, C3 C4 and C5 (Figure 78a). All designed constructs were cloned into modified pGEX vectors. Rosetta2 DE3 cells were transformed with recombinant plasmids and grown in LB media. These constructs were expressed as N-terminal GST fusion peptides. Purification protocol similar to GST-AIR purification was followed (see section 4.4.1.3). These ATG16L1 fusion peptides were used in pull down assay to qualitatively test for their interaction with ATG12-ATG5 conjugate (Figure 78). All truncated peptides were able to interact with ATG12-ATG5 conjugate, whereas GST alone did not show any interaction with ATG12-ATG5 conjugate (last lane in SDS-PAGE of Figure 79).  Figure 78: Selection of smallest ATG12-ATG5 interacting ATG16L1 peptide. Five constructs of ATG16L1 designed by truncating 3-4 residues from C terminus. Coomassie stained SDS PAGE for the pull down assay of ATG12-ATG5/ATG16L1 constructs. Strep-ATG12-ATG5 bound to Strep-tactin beads were incubated with cell lysate containing different N-terminal GST-fused ATG16L1 constructs followed by washing to remove unspecifically bound proteins. Beads were loaded on the SDS PAGE for analysis. Black and red arrows are indicating ATG12-ATG5 conjugate and GST fused ATG16L1 constructs, respectively. 



Results  138  A similar experiment was done to find the smallest AIR peptide with strong affinity for ATG5. In case of AIR peptide, longest construct was AIR566-611 (45 aa). Using this as template, four new C-terminally truncated constructs were designed. Later, based on ATG16L111-30 and AIR sequence alignment (Figure 91), the smallest N-terminally truncated construct (AIR577-595) was designed. All these constructs were designed prior to any structural information of ATG5/AIR complex. Similar to ATG16L1 constructs, these constructs were also named as AIR-C1, C2, C3, C4, C5 and C6. These new AIR constructs were cloned, expressed and purified as GST fusion peptides similar to GST-ATG16L1 fusion peptides. They all showed interaction with ATG12-ATG5 conjugate in a pull down assay (Figure 79c). Using systematic truncations, a minimal 20 amino acid peptide of ATG16L1 and AIR retaining binding activity to ATG12-ATG5 conjugate was identified.  Figure 79: Selection of smallest ATG12-ATG5 interacting AIR peptide. Six initially designed constructs of AIR by random truncation of 3-4 residues. Coomassie stained SDS-PAGE for the pull down assay of ATG12-ATG5/AIR constructs. Strep-ATG12-ATG5 bound to the Strep-tactin beads were incubated with cell lysate containing different N-terminal GST fused AIR constructs followed by washing the unspecifically bound proteins. Beads were loaded on the SDS PAGE for analysis. Black and red arrows are indicating ATG12-ATG5 conjugate and GST fused AIR constructs respectively. It was very important to ensure that smallest peptides, ATG16L1-C5 and AIR-C6, still retain their strong affinity with ATG5 as seen for the longer ones. Pull down assay only confirms the interaction qualitatively; it cannot tell a difference in affinities. Therefore, several ITC experiments were performed to further quantify the interaction of ATG5 with smallest ATG16L1-C5 and AIR-C6 construct and with longest ATG16L1-C1 and AIR-C1 constructs. ATG16L1-C1 and ATG16L1-C5 peptide used for ITC were synthetic peptides; however, AIR-C1 and AIR-C6 used were GST fusion peptides. Both ATG16L1 peptides 



                                                                                                                                                               Results  139  and AIR peptides showed nM range affinity with ATG5 (Figure 80). ATG16L1 peptides appeared to have ≈3X higher affinity compared to AIR peptide. On the other hand, both ATG16L1 peptides have almost similar affinity with ATG5 (Figure 80a and b). Also both AIR peptides interact with ATG5 with almost   Figure 80: ITC data on ATG5 interaction with the longest (>30 aa) and shortest (20 aa) ATG16L1/AIR peptides. (a) and (b) ATG5 interaction with synthetic ATG16L1-C1 and C5 peptides, respectively. (c), (d) and (e) ATG5 interaction with GST, GST-AIR-C1 and GST-AIR-C6 respectively. n is stoichiometry of the complex and and Kd is dissociation constant. same affinity (Figure 80d and e). As a negative control, GST and ATG5 interaction was measured in ITC, which clearly showed no interaction (Figure 80c). 



Results  140  4.5.2 Competition assay ITC results suggest that ATG16L1-C5 (ATG16L111-30) is the strongest binder of ATG5 among ATG16L1-C1 (ATG16L111-43), AIR-C1 (AIR566-611) and AIR-C6 (AIR576-595). Among AIR peptides both AIR-C1 and AIR-C6 have similar affinity with ATG5. To further validate these interaction affinities, competition assay was performed using MST. Here, C-terminal GFP fusion to ATG16L1-C5 (ATG16L1-C5-GFP) in complex with ATG5 was titrated against different dilutions of ATG16L111-30, ATG16L111-43 and AIR566-611 in separate experiments (Figure 81). ATG5/ATG16L1-C5-GFP complex was purified from Superdex200 16/600 column to ensure that no free ATG5 is left. Fraction bound (Y-axis) has been normalized from 0 % (0) to 100 % (1). The curves in Figure 81 are indicating binding of unlabeled peptide (competitor) to the ATG5 thereby releasing previously bound GFP-labelled ATG16L1 peptide. Half maximum effective concentration (IC50) value represents 50 % fraction bound (herein, 50 % ATG16L1-C5-GFP replaced by competitor). The lower the IC50 value, the stronger the binding of the competitor will be. MST results also confirm that ATG16L1-C5 has almost similar affinity with ATG5   Figure 81: Competition assay performed in MST. Red curve is showing the binding curve of ATG16L111-30 peptide with ATG5, which is in complex with ATG16L111-30-GFP. Purple and green are binding curves of ATG16L111-43 and AIR566-595 peptide with ATG5 in complex with ATG16L111-30-GFP. The table is showing IC50 values with error for each graph. 4.5.3 Cell based assay to test inhibitory effect of ATG16L1-C5 peptide As observed in competition assay, almost equal concentration of ATG16L1 peptides and high concentration of AIR566-611 is required for in vitro disruption of ATG5/ATG16L1-C5 complex. Based on this, we hypothesized that 20 amino acid ATG16L1-C5 peptide might be sufficient for competing with endogenous ATG16L1 and TECPR1 for ATG12-ATG5 conjugate interactions and ultimately inhibit 



                                                                                                                                                               Results  141  autophagy. Therefore, to test this hypothesis, a cell culture based assay was performed by Dr. Manfred Wirth (senior scientist in group). The assay is explained in following section:  4.5.3.1 Tandem fluorescent-tagged LC3B (mRFP-EGFP-LC3B) assay This is an established cell based assay for monitoring autophagic flux that relies on differential pH stability of enhanced green fluorescent protein (eGFP) and red fluorescent protein (mRFP) (Zhou et al. 2012). LC3B is a phagophore and autophagosome marker protein, which in this assay is fused mRFP and eGFP. Red fluorescence is stable in phagophores, autophagosomes and autolysosomes (Figure 82). Green fluorescence vanishes in autolysomes due to the low pH and is only detectable at phagophores and autophagosomes (Figure 82). The parallel readout of red and green fluorescence can therefore be used to follow individual maturation stages during autophagy and can distinguish between phagophores + autophagosomes (mRFP+, eGFP+) and autolysosomes (mRFP+, eGFP-). Thereby, this cell based assay allows a direct detection, identification and quantification of the different autophagic particle types. In this study, the assay was performed in mouse embryonic fibroblast (MEF) cells transfected with a plasmid expressing ATG16L1-C5 peptide.   Figure 82: Representation of function of tandem fluorescent proteins in investigating autophagic flux in mammalian cells. (Adapted from Zhou et al, 2012). For the assay, ATG16L1-C5 peptide was fused to Turquoise. Turquoise is a modified cyan fluorescent protein exhibiting improved properties compared to its ancestor and allows localization and quanti-fication of the transfected peptide fusion. Our hypothesis was that the peptide interferes with binding of endogenous ATG16L1 and competes with TECPR1 for binding to ATG5. Thus, the peptide interaction with 



Results  142  ATG5 is expected to reduce phagophore/autophagosome generation and to inhibit autophagosome maturation into autolysosomes. After transfection of a Turquoise-ATG16L1-C5 peptide expression plasmid and tandem reporter plasmid into fed MEF cells, vesicular expression of the fusion peptide was observed (Figure 83a), where Turquoise-ATG16L1-C5 majorly co-localized with phagophores/auto-phagosomes (mRFP+, eGFP+ particles). Additionally, expression of Turquoise-ATG16L1-C5 peptide fusion resulted in >60 % co-localization of the mRFP and eGFP signal (representing phagophores + autophagosomes), lack of ATG16L1-C5 peptide results in less than 10 % co-localization (Figure 83b). In conclusion, the ATG16L1-C5 peptide can direct the Turquoise-ATG16L1-C5 fusion to non-mature autophagic particles, namely phagophores + autophagosomes (mRFP+, EGFP+) (Blue particle in Figure 83a). Furthermore, expression of Turquoise-ATG16L1-C5 markedly shifts the ratio of (phagophore + autophagosome)/(autolysosome) towards (phagophore + autophagosome) and is thus clearly disrupting and inhibiting the autophagosome and lysosome fusion step.   Figure 83: Analysis of autophagy inhibition in cell culture. (a) Fed MEFs transiently expressing tFPrLC3B with or without Turquoise-ATG16L1-C5 peptide fusion. (b) Quantitative analysis of mRFP-eGFP co-localization. (ColocGFPv=co-localization of eGFP signal with RFP signal, ColocRFPv = co-localization of RFP signal with eGFP signal).  



                                                                                                                                                               Results  143  4.6 Further optimization of ATG16L1-C5 peptide  The ultimate aim of this study was designing a small peptide which could be used as potential drug for autophagy upregulation associated diseases. ATG16L1-C5 showed interference with endogenous ATG5/ATG16L1 and ATG5/TECPR1 interaction. Further optimization of ATG16L1-C5 peptide was performed to achieve even stronger and specific binding to ATG5. The stronger the binding of ATG16L1 peptide (inhibitor) with ATG5, the more specific the inhibition will be. Stronger binder will have a lower IC50 value and drugs with lower IC50 value are required in low dose to be effective which reduces the chances of undesired side-effects of drug.  Therefore, a full mutagenesis approach was performed using a peptide spot array as shown below. 4.6.1 Peptide spot array assay for ATG16L1-C5 and AIR-C6 peptides ATG16L1 and AIR interacts with ATG5 at the same binding site as shown in Figure 85a and black box is marking the 20 aa ATG16L1 and AIR peptides spotted onto the membrane. Their interaction is mutually exclusive; therefore both ATG5/AIR and ATG5/ATG16L1 interactions were deeply studied to find the mutations which can highly improve the affinity of ATG16L1-C5 with ATG5. For that purpose peptide spot arrays were used for both ATG16L1-C5 and AIR-C6 peptide (Figure 84). Each peptide array comprises 412 spots. 400 spots (A1-P12) on membrane correspond to the peptides derived from replacing all 20 positions in peptide with 20 proteinogenic amino acid (20x20) and additional 12 spots on the membrane (Q14-Q25) correspond to N-terminally and C-terminally truncated peptides.   Figure 84: Peptide spot array test for ATG16L1-C5 and AIR-C6 peptide. (a) ATG16L1-C5 peptide spot array membrane after ATG5 incubation. (b) AIR-C6 peptide spot array membrane after ATG5 incubation. Amino acid sequences of ATG16L1-C5 (ATG16L111-30) and AIR-C6 (AIR576-595) peptides are mentioned in blue boxes. Red bars are showing mutation in peptide which disrupt/weaken the ATG5 interaction. Green circled mutation are indicating improved/strengthened interactions. 



Results  144  Each spot corresponds to one mutated or truncated peptide and their analyses are shown in appendix A4 and A5. In Figure 84, intensity (darkness) of spots is representing the fluorescent signal for bound ATG5. The darker the spot, the higher the affinity is of ATG5 with the corresponding peptides. Both peptide arrays were carefully analyzed and the intensity of bound ATG5 on each spot was estimated using ImageJ (appendix A4 and A5). In AIR-C6 peptide, R579 and R589 residues (graph 4 and 14 in appendix A5) seem to play an important role as mutation (enclosed in red boxes) in these R residues shows almost no interaction or weaker interaction with ATG5 (see image 4 and 14 in appendix A5). On the other hand, some mutations (green circled spots in Figure 84) increased the intensity of bound ATG5 and these mutations were considered for optimization of the inhibitory peptide (see appendix A5). In contrast to AIR peptide spot array, ATG16L1 peptide array did not show a large difference in spot intensities (Figure 84a). One explanation could be that the ATG16L1 has been naturally optimized for ATG5 binding, and single point mutations have only a minor influence on the interaction.  Figure 85: Designed ten new ATG16L111-30 peptides. (a) Structure of ATG5/ATG16L111-48 and overlaid AIR573-610 peptide. ATG5 is shown as cartoon with a green transparent molecular surface, ATG16L1 and AIR helices are in yellow and orange respectively. (b) Sequence of wtATG16L111-30 and ten new ATG16L1 peptides with single point mutation (mutation in red). (c) and (d) Histograms showing the effects of ten selected mutations in ATG16L111-30 and AIR576-595 on ATG5, respectively. 



                                                                                                                                                               Results  145  Truncation of N-terminal residue in ATG16L1-C5 disrupts the interaction; however, in AIR peptide deletion of A576 to W578 does not affect the interaction, whereas in ATG16L1 deletion of P11 is tolerated, but removal of R12 already diminishes binding. At the C-terminal end residues R27-Q30 in ATG16L1-C5 peptide do not seem to contribute significantly to the interaction (graph 21 in appendix 4), similarly residues K591-E595 of AIR peptide seem to have no/only minor contribution to ATG5 binding (graph 21 in appendix A5). Even though, based on the analyzed truncations, the core binding peptide of ATG16L1 and AIR appears to cover residues R12-R26 and R579-T590, increased affinities upon mutation of residues outside of the core region were still observed in the peptide spot array. Therefore, for the improvement of the inhibitory peptide, the 20 aa length has been retained for further studies.  Based on truncation results 20 aa ATG16L1 was used and further mutations were analyzed. Once the analysis was completed, the 10 most effective mutations were selected based on both peptide arrays. Some mutations are positive in both and some are positive only either in ATG16L1 or in AIR as shown in Figure 85c and d (discussed in section 5.7). These mutations were used to design 10 new ATG16L1 peptides with one single mutation in each (Figure 85b). Figure 85c and d are representing the effect of ATG5 binding (ATG5 fluorescence intensity) on ten chosen mutations in ATG16L1 and AIR respectively. All these mutation are discussed in detail in section 5.7. 4.6.2 Testing ATG5 interaction with ATG16L1-C5 peptides carrying single point mutations  In order to test the newly designed inhibitors in vitro, they were recombinantly purified from E. coli. For this purpose, DNA constructs encoding these 10 new ATG16L1 peptides were cloned into pGEX derived plasmid. Rosetta2 DE3 cells were transformed with these recombinant plasmids and cells were grown in LB media. All ATG16L1 peptides were purified using N-terminal GST fusion peptides similar to GST-AIR fusion peptide (see section 4.4.1.3).  Final purity of 10 GST-ATG16L111-30 fusion peptides is shown in Figure 86. In some purifications two bands were observed (indicated with black and red on SDS-PAGE) which were identified as fusion ATG16L1 peptide and GST alone (premature translation stop). Accurate concentrations of fusion peptides were required for further interaction analysis. Therefore, exact concentrations of GST-ATG16L111-30 peptides were determined by calculating the GST-ATG16L1/GST ratio as correction factor using ImageJ program. As shown in Figure 86b, all peptides were able to interact with ATG5. Pull down assay was only a qualitative measurement of their interaction in vitro.  



Results  146   Figure 86: Purified 10 new GST-ATG16L1-C5 fusion peptides. (a) Coomassie stained 15 % SDS-PAGE showing the final purified new GST-ATG16L1-C5 fusion peptides. Black and red arrows are indicating GST fused ATG16L1 peptide and GST alone, respectively. (b) Pull down assay to qualitatively analyze the interactions of ten new ATG16L1-C5 peptides with ATG5. Strep-ATG5 immobilized on Strep-tactin beads were incubated with cell lysate containing new GST-ATG16L1-C5 fusion proteins. Beads were washed and then analyzed on SDS-PAGE.  The further quantitative analysis of the interactions was not possible within the time frame of my PhD. Interaction of these new peptides with ATG5 needs to be analyzed in the future in order detect mutations, which improve the affinity of the respective peptide with ATG5. At next step, the combination of such mutations could be introduced in one ATG16L1-C5 peptide in order to potentially achieve a lower Kd (higher affinity).   



                                                                                                                                                         Discussion  147  5 Discussion 5.1 Expression and purification of ATG12-ATG5 conjugate In the beginning only two constructs of ATG12-ATG5 conjugate, full length ATG12-ATG5 and ATG1249-140-ATG5, were designed. Expression of both N-terminally strep tag fused ATG12-ATG5 conjugates has been tested in insect cells using two baculoviruses carrying ATG12/ATG5 and ATG7/ATG10. However, only full length ATG12-ATG5 conjugate has been successfully expressed and purified, ATG1249-140-ATG5 did not show any expression. In the beginning of this project (July 2012), no structural information of ATG12-ATG5 conjugate was available. Until, Dec 2012, successful expression and purification of ATG12-ATG5 conjugate had been obtained, but in December 2012, the structure of human ATG12-ATG5 conjugate in complex with a 33 amino acid peptide of ATG16L1 (ATG5_BD) was published by Otomo and co-workers. Since the published structure was still lacking the structural information of rest of the ATG16L1 domains (other than ATG5_BD), the project was continued in order to solve the structure of ATG12-ATG5 in complex with N-terminal half of ATG16L1 (≈33 kDa). Based on the published structure, a new construct of the ATG12-ATG5 conjugate (ATG1252-140-ATG5) was designed. ATG1252-140-ATG5 construct was nicely expressed in insect cells as N-terminal GST fusion protein. Even though it has been observed that N-terminally truncated ATG12 requires a large fusion tag for successful expression, once ATG1252-140-ATG5 has been expressed, it is stable without N-terminal GST tag. In this work, both full length ATG12-ATG5 and ATG1252-140-ATG5 were used for co-crystallization experiments with ATG16L111-307 and TECPR1_-AIR577-595; however, despite of stable and purified protein, none of these resulted in any crystal.  5.2 Structure of ATG5/ATG16L1 complex According to Otomo et al., conjugated ATG12 does not have any influence on ATG5 and ATG16L1 interaction. Here, in order to investigate the structure of N-terminal half of ATG16L1 (ATG16L111-307) as well as to detect if ATG16L1 undergoes any conformational change upon ATG12-ATG5 binding, ATG16L111-307 protein construct was applied to crystallization in complex with ATG5. Crystals appeared under two different conditions and exhibited space groups C2 and I4, respectively. However, both structures (Figure 37 and Figure 38) revealed that only part of ATG16L1 (ATG16L111-48) was crystallized in complex with ATG5 (Figure 87). Here, a time dependent stability test of ATG5/ATG16L111-307 complex has shown that both at 4°C and 20°C, ATG16L111-307 is stable only up to 3-4 days. According to disorder prediction and stability test, the region of ATG16L1 between residues at position 60-70 is highly flexible/disordered (Figure 87b and c) and prone to degradation. No crystals appeared within 3-4 days, both the crystals obtained appeared only after 13-21 days. These results suggest that most likely the flexible ATG16L1 region and the central predicted CCD were hindering the crystallization of the full complex. It has been shown that EDTA (metal ion chelator) positively influences the stability of ATG16L111-307 protein. This finding suggests that ATG16L111-307 is probably sensitive to metalloprotease. 



Discussion  148  In presence of EDTA, metalloproteases are inactive; therefore ATG16L111-307 remains unaffected and becomes more stable. Crystallization of full ATG5/ATG16L111-307 complex was attempted using EDTA in buffer; however no crystal has been obtained.  As already discussed in other published ATG12-ATG5/ATG16L1 (Otomo et al. 2013) and ATG5/ATG16L1 structures (Kim et al. 2016; Kim et al. 2015), ATG5/ATG16L1 structures solved in this work have also shown the non-covalent interaction of ATG16L111-48 with UFD1, UFD2 and NAH of ATG5. In I4 space group crystal structure, four residues at the C terminus of ATG16L111-48 have not been built due to poor electron density. In both structures, an internal loop from 228-234 is not modelled due to missing electron density.   Figure 87: ATG16L1 degradation through putative flexible disorder coil region. (a) Summary of ATG16L1 degradation during ATG5/ATG16L1 crystallization. ATG5/ATG16L111-307 was applied to crystallization, only ATG16L111-48 was crystallized in complex with ATG5 and structure was solved revealing the ATG16L1 degradation. (b) Intrinsic disorder prediction of N-terminal ATG16L1. (c) Secondary structure prediction of N-terminal ATG16L1 region (aa 1-120) including the region close to aa 60-70 predicted to lack any secondary structure.   



                                                                                                                                                         Discussion  149  Additionally, both of ATG5/ATG16L111-48 complex structures from this work represent same crystallo-graphic homodimer formation through C terminus of ATG16L111-48 as shown in published ATG12-ATG5/ATG16L1 (Otomo et al. 2013) and ATG5/ATG16L1 structures (Kim et al. 2016; Kim et al. 2015) (Figure 88). High similarity between dimers of ATG5/ATG16L1 structures from this work and dimers of other published structures is confirmed by low r.m.s.d. values (Table 42). As ATG16L1 comprises a CCD in the central part, which is likely to mediate dimerization, dimerization of ATG5/ATG16L111-48 might represent the physiological state, extending the dimer from the CCD towards the ATG5_BD of ATG16L1.  Figure 88: Overview of structures of human ATG5/ATG16L1 complexes and human ATG12-ATG5/ATG16L complexes. (a), (b), (c) and (d) are the structure solved by other groups. (e) and (f) are the structure solved in this work. ATG5 is shown in green, ATG16L1 in blue and ATG12 in pink. Space group of each structure is mentioned in brackets below the image.  



Discussion  150  Table 42: List of r.m.s.d. of all Cα atoms between ATG5/ATG16L1 structures from this work and structures of ATG12-ATG5/ATG16L1 or ATG5/ATG16L1 complexes solved by other research groups. § structures solved in this work, *structures from (Otomo et al. 2013), #structures from (Kim et al. 2016), &Structure from (Kim et al. 2015) 5.3 ATG16L1 crystallization and biochemical characterization Yeast ATG16 has been extensively studied (Fujioka et al. 2008; Fujioka et al. 2010; Matsushita et al. 2007). Yeast ATG16 and human ATG16L1 are functionally similar proteins with distinct domain organization. Yeast ATG16 contains the N-terminal ATG5_BD followed by the CCD region. On other hand, human ATG16L1 is consisting of N-terminal ATG5_BD followed by a linker leading to CCD, then second linker and WD40 domain (Figure 6). The structure of yeast ATG16_CCD revealed that it forms a parallel coiled-coil homodimer (Fujioka et al. 2010). Minimal stable boundaries of human ATG16L1_CCD (M126-A207) had been defined and biochemically characterized previously (Parkhouse et al. 2013). In this study, I aimed to characterize the full central region of ATG16L1 (insert 1+CCD+insert 2) in order to investigate whether these insertions (linkers) form a structured subdomain with a physiological relevance or they just serve as linkers between two domains. Herein, full central region of ATG16L1 has been successfully purified and characterized using various biophysical techniques. During the purification of various constructs for N-terminal half of ATG16L1 (ATG16L11-307 and ATG16L11-213), degradation was noticed; therefore, these constructs could not be used for crystallization experiment. For ATG16L11-307 purification Superdex75 column was used, which turned out to be not ideal for estimating the size of protein, therefore later for purification of other ATG16L1 constructs Superdex200 column was used. The ATG16L1 degradation point was identified to lie between N-terminal residues 60-70. This degradation has been identified to be same as observed during ATG5/ATG16L111-307 complex crystallization.  Protein complexes (space groups) r.m.s.d. (all Cα) between dimers ATG5/ATG16L1 structures from this work (C2 and I4) 1.458 Å ATG5/ATG16L1 (C2)§ and ATG12-ATG5/ATG16L1* (C2) 0.484 Å ATG5/ATG16L1 (C2)§ and ATG12-ATG5/ATG16L1* (P212121) 0.953 Å ATG5/ATG16L1 (C2)§ and ATG5/ATG16L1# (C2) 1.321 Å ATG5/ATG16L1 (C2)§ and ATG5/ATG16L1& (P41212) 0.944 Å ATG5/ATG16L1 (I4)§ and ATG12-ATG5/ATG16L1*  (C2) 1.258 Å ATG5/ATG16L1 (I4)§ and ATG12-ATG5/ATG16L1* (P212121) 2.053 Å ATG5/ATG16L1 (I4)§ and ATG5/ATG16L1 (C2)# 2.217 Å ATG5/ATG16L1 (I4)§ and ATG5/ATG16L1 (P41212)& 1.399 Å 



                                                                                                                                                         Discussion  151  Based on these observations, two new constructs for central part of ATG16L1, ATG16L158-307 and ATG16L172-307, were designed. These constructs were not stable at 20°C for long duration and prone to be digested by metalloprotease (similar to ATG16L1 in complex with ATG5). During purification of ATG16L158-307 and ATG16L172-307 constructs, on Superdex200, both were eluting in two peaks at approximately 158 kDa and 75 kDa which were corresponding to an apparent hexamer and trimer of proteins, respectively (Figure 41 and Figure 42). Since in SEC columns MW of non-globular protein can be overestimated because of their elution at much lower volume than expected (Monie et al. 2005), MALS was used to correctly determine the molecular status of ATG16L1 protein in both the peaks. Both peaks of ATG16L158-307 have been determined to be dimer in solution. Proteins corresponding to both the peaks were identified to be full ATG16L1 construct by N-terminal sequencing and full mass calculation. Intriguingly, despite of being same size proteins they were eluting at slightly different volume in SEC. The possible reason behind this could have been that ATG16L1 constructs are adapting different conformations. In contrast, C-terminally truncated construct ATG16L172-260 eluted as single peak in Superdex75 column. These observations indicate that most likely C-terminal ATG16L1260-307 is influencing the elution of longer constructs of ATG16L1 in SEC column. Structural information of these ATG16L1 constructs might reveal the reason for the different behavior on SEC. Furthermore, ATG16L172-307 construct has been analyzed in CD spectroscopy, which suggested that ATG16L1 central region is mostly α-helical. Previously, Parkhouse et al. had expressed and characterized a small 81 aa long ATG16L1126-207 construct with 80 % α-helices, 5 % turns and 15 % disordered region. In this work, a longer ATG16L1 construct of 235 aa (ATG16L172-307) construct has been shown to contain approximately 88 % α-helices and predicted secondary structure agrees to this result (see appendix A2). Crystal structure of these ATG16L1 constructs will provide further details regarding the secondary structure composition and extent of the CCD. All constructs ATG16L158-307, ATG16L172-307 and ATG16L172-260 have been successfully crystallized. All crystals have been identified as ATG16L1 crystals. Currently, these crystals are being optimized in order to determine the structures. 5.4 ATG5/AIR complex crystallization and associated diffraction problems In the beginning of the project the information about ATG5 and AIR was limited to co-immuno precipitation assays showing ATG5 interaction with TECPR1_AIR (Chen et al. 2012). Here, the objective was the structure determination of ATG5/AIR complex and its biophysical characterization. Furthermore, the aim was to investigate the handover mechanism of ATG16L1 to TECPR1 during autophagosome maturation. Direct interaction between ATG5 and AIR with high affinity has been confirmed in this work and Kd falls in nM range. In order to determine the structure of ATG5/AIR complex, first the complex was purified by mixing prepurified ATG5 and AIR and applied to crystallization. This complex resulted in crystal which diffracted to 3.5 Å resolutions. However, crystal content turned out to be only ATG5 with no bound AIR. 



Discussion  152  In the next crystallization strategy, the complex was purified as fusion construct where AIR was fused with ATG5 via two thrombin cleavage sites (ATG5-thr-thr-AIR). This construct was applied to crystalli-zation with and without thrombin protease. Crystals appeared in the protein drop with thrombin protease. These crystals were confirmed to be ATG5/AIR complex and they diffracted to 3-3.5 Å. This is sufficient resolution for solving the structure by MR method. But, there were several problems associated with these crystals that led to smeared (diffraction spots are not separately distinguished) and anisotropic X-ray diffraction pattern (Figure 89). Disordered crystal packing might be the reason of smeared diffraction pattern. Moreover, disorder in protein crystals is also frequently anisotropic because adequate crystal contacts might exist in two dimension or layers, while contact in third dimension or layer is poor. Dehydration of crystals was performed to lower the solvent content of water which resulted in the better resolution with unaltered anisotropy and smeared diffraction.  These crystals seemed to have severe intrinsic disorder problem. In this case, screening for a different crystal form could have been the solution. Therefore, new constructs of ATG5-thr-thr-AIR with SER mutations in ATG5 were applied to crystallization. In addition to this, surface lysine methylation, micro seeding and random matrix seeding were used for obtaining new crystal form. However, none of them resulted into new crystal forms or improved diffraction pattern. During the course of the crystal optimization, structure of ATG5/AIR573-610 complex was published by another group (Kim et al. 2015). Therefore, hereafter this part of the project was terminated.  Figure 89: Diffraction pattern of ATG5-thr-thr-AIR577-595. (a) Complete image of diffraction pattern of ATG5-thr-thr-AIR577-595 showing anisotropy. In one direction (top to bottom) resolution is better than 3.2 Å while in other direction resolution is around 6 Å. (b) Enlarged picture of the part of the diffraction pattern showing smeared spots.  



                                                                                                                                                         Discussion  153  5.5 ATG5/TECPR1_AIRPH complex Chen et al. had previously proposed the model of autoinhibited conformation of TECPR1, which is released upon ATG5 interaction (Figure 7). Kim et al. had determined the structure of ATG5 in complex with TECPR1_AIR, which suggested the mutually exclusive binding of ATG16L1 and TECPR1_AIR to ATG5. However, the mechanism of activation by which the C-terminal PH domain of TECPR1 undergoes a proposed conformational change (in respect to AIR) upon ATG5 interaction, remained uncharacterized. Structural information of AIRPH alone and ATG5/AIRPH complex would help to further confirm the autoinhibition model. According to Chen et al. the full PH domain boundaries are PH605-719 and therefore AIRPH577-719 was considered as very first construct for crystallization. In this study, during expression and purification AIRPH577-719 construct underwent aggregation even with large solubility tags. However, a new C-terminally longer AIRPH577-730 construct was successfully purified as monomer with N-terminally fused Sumo tag. Considering the predicted tertiary structure of PH577-730 (using Phyre2 program), the extended C terminus of PH seems to adapt a coil structure (encircled in Figure 90). However, it has been noticed that cleaving the Sumo tag triggers the precipitation of AIRPH577-730. These observations suggest a positive role of C-terminal coil (PH716-726) in disrupting the aggregation of AIRPH in solution, while not being sufficient to stabilize the AIRPH domain without large tag. Despite of attempting several strategies, soluble and stable AIRPH577-730 alone could not be obtained. Although the AIRPH577-730 seemed to be properly folded and the secondary structure determination by CD showed that it consists of mostly beta strands with few helical regions, consistent to predicted tertiary structure of AIRPH577-730 (Figure 89).   Figure 90: Predicted model of AIRPH577-730. α-helices are presented in red, β-strands in yellow and coils in green. The extended C-terminal coil region of PH domain is encircled.   



Discussion  154  On the other hand, stable and soluble ATG5/AIRPH577-730 complex has been successfully purified from E. coli. Interestingly, ATG5 interaction seems to have a dramatic effect on solubility and stability of AIRPH577-730. During the purification of ATG5/AIRPH complex, both proteins co-migrate in Superdex200 as a tight complex. In SAXS analysis, fit of ATG5/AIRPH experimental curve and calculated scattering curve of ATG5 also suggest stable interaction between ATG5 and AIRPH577-730 in solution. SAXS envelope analysis suggests that ATG5 and AIRPH577-730 exist as 1:1 complex in solution. Based on SAXS envelope the position of AIRPH577-730 with ATG5 in complex has been predicted. The envelope suggests an elongated structure of the complex. Since AIRPH577-730 alone was not soluble, no SAXS measurement could be performed for that, which would have revealed information about conformational changes in AIRPH upon ATG5 interaction. For deep understanding of the TECPR1 autoinhibition release mechanism, high resolution structures of AIRPH alone and in complex with ATG5 are required. ATG16L1 and TECPR1 bind on ATG5 at same site at different time points of the autophagy process. During autophagosome maturation ATG16L1 on ATG5 is replaced by TECPR1. A model for ATG16L1 to TECPR1 handover mechanism had been proposed by Kim and co-workers based on structural and functional characterization of ATG5/AIR complex. According to that model, low pH (pH 6.0) in vicinity of lysosomal membrane dramatically enhances the binding between ATG5 and TECPR1, and thereby during autophagosome maturation ATG5 swaps the binding partner from ATG16L1 to TECPR1. In this work, ATG5 has been shown to have nM range affinity with both ATG16L1 and TECPR1 peptides (Figure 80). Between two interaction partners, ATG16L1 peptides interact more strongly than any construct of AIR (used in this study). Based on these interaction studies, it is difficult to imagine the handover of ATG16L1 to TECPR1 on ATG5 by simple competition. However, the binding constant calculated here are using small peptides which may not be exactly representative of binding properties of full length ATG16L1 and TECPR1. Additionally, herein, interactions have been analyzed at pH 7.0, which is not comparable with the interaction studies shown by Kim et al. So far with the available knowledge of ATG5/ATG16L1 and ATG5/TECPR1_AIR, the exact handover mechanism is not clear and yet to be validated.  5.6 ATG16L111-30 peptide as autophagy inhibitor TECPR1_AIR573-610 has been introduced as ATG5 interacting region by Kim et al. who also confirmed the same binding site of ATG16L111-43 and AIR573-610 on ATG5. In this study, 20 aa AIR576-595 and ATG16L111-30 have been identified and validated as minimal AIR and ATG16L1 peptides interacting with ATG5 (Figure 91b). Despite of being small peptides they retain strong affinity with ATG5 (Figure 80). ATG16L111-30 binds slightly stronger to ATG5 than the longer ATG16L111-43 construct and it has approximately 5-fold higher ATG5 binding affinity than AIR576-595. Moreover, in vitro competition assays showed that ATG16L111-30 is able to disrupt the ATG5/ATG16L111-30 complex with lower IC50 value than ATG16L111-43 and AIR576-595 (Figure 81), in line with the previously observed higher affinity to ATG5. With the stronger affinity the ATG16L1 peptide might compete with endogenous ATG16L1 or TECPR1 and disrupt 



                                                                                                                                                         Discussion  155  downstream processes. To confirm this hypothesis, ATG16L111-30 peptide was further tested in cell culture based assay, where it could clearly interfere with ATG5/TECPR1 interaction, and inhibit autolysosome formation (Figure 83). ATG16L111-30 peptide might have negative effect on autophago-some formation as well but it is difficult to draw that conclusion since both, phagophore and autophagosome, are detected by green fluorescence and their sizes cannot be distinguished with confocal laser-scanning fluorescence microscope (CLSM). Additional experiments are required to show the effect of ATG16L111-30 on autophagosome formation. Further cell culture experiments are currently being performed by Dr. Manfred Wirth to detect the effect of ATG16L1 peptide on autophagosome formation.   Figure 91: ATG16L1-C5 and AIR alignment and important interactions of ATG16L1 and AIR with ATG5. (a) ATG16L1-C5 and AIR sequence alignment. (b) ATG5/ATG16L1 structure and overlaid AIR peptide from ATG5/AIR complex (PDB code 4TQ1). Surface diagrams representing the electrostatic potential of ATG5. Negatively charged surface is shown in red and positively charged surface in blue. ATG5 interacting ATG16L1 (yellow helix) and AIR (orange helix) residues are shown as sticks and are labelled in black and orange, respectively. The surface potential is contoured from –87.3 to 87.3 kBT/e (kB is the Boltzmann constant, T is temperature in Kelvin, e is charge on the electron). ATG16L111-30 and AIR576-595 peptides share only 25 % identity and 35 % similarity (Figure 91a). Despite of the sequence diversity, ATG16L1 and AIR strongly interact with ATG5. Figure 92 is representing the 



Discussion  156  helical wheel of ATG16L1 and AIR peptide. All the residues involved in direct interaction with ATG5 are marked with arrows and among them conserved residues are marked with black arrows. ATG5 interacting motif in ATG16L1 and AIR helices contain a W-x3-I-x3-L-x2-R-x3-Q/E motif, which is conserved among different species (Kim et al. 2015). However, Kim and coworker has also suggested that the primary sequence is not sufficient for ATG5 interaction as the helical structure is necessary for binding in ATG5 cleft (Figure 91). Conserved W, I and L are main residues that bind to the hydrophobic binding cleft of ATG5; on the other hand, conserved R and Q/E are involved in interaction with ATG5 most likely by forming ionic bonds and H-bonds. Main ATG5 interacting residues on ATG16L1 and AIR seem to have conserved positions; however the properties of these residues differ (Figure 92). Residues with different properties contribute differently in interaction with ATG5 and that lead to the different affinities. Therefore, a strategy of introducing mutations to ATG16L111-30 peptide was applied in order to design even stronger ATG5 binder. In nature, ATG16L1 is a strong binder of ATG5 but likely not the strongest as it needs to be replaced for ATG5 and TECPR1 interaction during autophagosome maturation. Artificially, ATG16L111-30 might be turned into a stronger binder by introducing mutations, which might serve for obtaining a better inhibitor of autophagy. To find the mutations, ATG5/ATG16L1 and ATG5/AIR interactions were further dissected by performing peptide spot arrays (Figure 84). The selected mutations are discussed in detail in next section. 
 Figure 92: Helical wheel representation of ATG16L111-30 and AIR576-595 peptides. (a) ATG16L111-30 peptide and (b) AIR576-595 peptide. All arrows are indicating to the residues involved in direct interactions with ATG5. Black and red arrows are indicating conserved and non-conserved residues in both peptides. Green curves are covering the helical region which is majorly involved in interaction with ATG5. Circle=hydrophilic residue, Diamonds=hydrophobic, Triangle=negative charged, Pentagons=potentially positive charged, Hydrophobicity is color coded as well: the most hydrophobic residue is green, and the amount of green is decreasing proportionally to the hydrophobicity, with zero hydrophobicity coded as yellow. Hydrophilic residues are coded red with pure red being the most hydrophilic (uncharged) residue, and the amount of red decreasing proportionally to the hydrophilicity. The potentially charged residues are light blue.   



                                                                                                                                                         Discussion  157  5.7 Ten new ATG16L111-30 peptides with single point mutation  In this work, it has been successfully shown that the 20 aa ATG16L1 peptide interferes with the autophagy maturation process. Even though the affinities between the ATG16L111-30 peptide and ATG5 are already quite high in vitro, we aimed at optimizing the peptide towards a stronger binding sequence. For the improvement of the affinity between ATG5 and ATG16L111-30, we used peptide spot arrays for both ATG16L111-30 and AIR576-595. On these peptide spot arrays, each amino acid position on the ATG16L1 and AIR peptides has been systematically replaced with one of the 20 proteinogenic amino acids. Additionally, these peptide arrays were also including N- and C-terminally truncated peptides (see section 4.6.1 and appendix A4, A5). In ATG16L111-30, four most C-terminal residues (L27-Q30) do not seem to be necessary for ATG5 interaction (see image 21 in appendix A4). In contrast, N-terminal R12, W13 and R15 appear to be important for ATG16L1 interaction with ATG5 (Figure 93f). In AIR-C6 peptide, truncating the residues K591-E595 at C terminus and A576-W578 at N terminus does not seem to affect ATG5 interaction. On the other hand, residues R579 and K580 at N terminus in AIR peptide appear to be important for ATG5 interaction. Although, based on truncation analysis of peptides, ATG16L112-26 and AIR579-590 seem to be the core ATG5 binding peptides, improved affinities upon mutations at residues outside core peptides were observed in peptide array test. Therefore, in this work the 20 aa peptide was not further truncated and used as such to insert modifications in order to improve the binding with ATG5. Based on peptide array result, mutations on ATG16L1 peptide also affect the binding with ATG5 (Figure 84a). However, the influence of ATG16L1 mutations on ATG5 binding seems to be weaker than influence of AIR peptide mutation (Figure 84b). These observations suggested that ATG16L111-30 peptide is most likely naturally optimized in a way that adverse effects of single point mutations are balanced by neighboring residues, therefore no large effect has been observed. On the other hand, single point mutation in AIR peptide appeared to drastically improve/disrupt the binding of ATG5. Therefore, most of the chosen mutations were based on AIR peptide. After careful analysis of ATG16L111-30 and AIR576-595 peptide spot array test, several mutations were identified to enhance ATG5 interaction. Based on ATG5/ATG16L1 and ATG5/AIR structures, 10 predicted most effective mutations were selected to design ten new ATG16L111-30 peptides. The sequences of ten new designed ATG16L111-30 peptides are shown in Figure 85. The detailed explanation of ten selected mutations is discussed below: In ATG16L111-30 peptide, W13 (d) majorly contributes in interaction with ATG5 and most mutations were causing reduced affinity with ATG5. However, two mutations W13F and W13Y showed equally strong affinity as wtATG16L1 (see image 3 in appendix A4), suggesting the need for an aromatic residue at this position in ATG16L1. Similarly in AIR576-595 peptide, W578 is important for ATG5 interaction (see image 3 in appendix A5), however, here W578Y mutation appears to further improve the interaction with ATG5 (Figure 93e). “W” is a hydrophobic residue and interacting with ATG5 by hydrophobic interaction in binding cleft.  



Discussion  158   Figure 93: Important ATG5 interacting ATG16L111-30 residues and mutations introduced in ten new ATG16L111-30 peptides based on peptide spot array test. (a) Magnified view for ATG16L111-30 residues facing outwards ATG5 and their mutation. (b) Magnified view showing mutated residues at C terminus. (c) Magnified view showing hydrophobic interaction in ATG5 binding cleft. (d) Magnified view for N-terminal ATG16L111-30 residues in ATG5 interaction and selected mutations. The surface potential is contoured from –87.3 to 87.3 kBT/e. (e) ATG16L1-C5 spot array analysis for ATG5-ATG16L111-30 interactions for wild type and mutations. (f) ATG16L111-30 spot array analysis for ATG5 interactions with truncated ATG16L1 peptides. Mutations at certain position are indicated with red color.  



                                                                                                                                                         Discussion  159  Similarly, “Y” is also hydrophobic but with partial polar property (due to -OH group), therefore, might contribute to the hydrophobic interaction as well as additional H-bonding via –OH group. Since, “Y” is less bulky than W, this might be involved in more stable interaction also. Since the environment on ATG5 is same for both ATG16L1 and AIR peptide, mutation W13Y in ATG16L1 should contribute to ATG5 interaction similar to mutation W578Y in AIR, but this is not the case and the explanation could be due to influence of different neighboring residues on each peptide. As explained above ATG16L1 seems to be a naturally optimized ATG5 binder, therefore the effect of single mutation might be compensated by the neighboring residues and may thus not show a large effect. At the end, based on both ATG16L111-30 and AIR576-595 peptide array results, “W13Y” mutation was chosen.  Hydrophobic interaction through residues I17 and L21 and in ATG16L1 (Figure 93c) and I582 and L586 residues (Figure 94b) in AIR peptide are very important for ATG5/ATG16L1 and ATG5/AIR interaction. Importance of these residues has been noticed in peptide spot array tests where most of the mutations in these residues significantly reduce the binding of ATG5 but none of the mutation improves the binding (appendix A4 and A5). Therefore, I17 and L21 were kept unchanged during ATG16L1 mutants designing.  Mutations E19, R26 in ATG16L1 and similar mutations at position Q584, T591 in AIR are not directly involved in interaction with ATG5. Still some mutations on these residues are positively affecting the ATG5 interaction. Among all mutations E19I and R26F were selected for new ATG16L1 peptide designing. In ATG16L1, E19 and R26 are facing outwards from ATG5 hydrophobic cleft and they also have higher helix propensity than I and F, so most likely these mutations are not even enhancing stability of ATG16L1 peptide. Thus, while experimental analysis shows enhanced binding, with the currently available data it is difficult to explain that how E19I and R26F mutations are improving the ATG5 binding. D25R mutation appeared to show almost similar effect on both ATG16L1 and AIR peptide array test. D25 in ATG16L1 is in close proximity to a negatively charged surface (Figure 93d); therefore replacing this with positively charged “R” might improve the binding of ATG16L1 to ATG5. On the other hand, similar position in AIR is occupied by “T” (T590 in Figure 94a), a polar residue, and it is present near to negative charge surface but not facing towards that. With the extended side chain and the positively charged head group, T590R mutation in AIR probably contributes to additional ionic interactions with the negatively charged patch, which might lead to improved binding between AIR and ATG5. With this, finally, D25R mutation was also selected.  At the end, a total of ten mutations (W13Y, R15Y, E19I, R24Y, D25R, R26F, Q28N, Q28L, Q28K and Q30Y) were selected, which were introduced as single point mutation in each of ten new ATG16L111-30 (ATG16L1-C5) peptides. The selected mutations are briefly summarized in Table 43.  



Discussion  160   Figure 94: Important ATG5 interacting AIR residues and mutations introduced in new ten ATG16-C5 based on peptide spot array test. Structure of ATG5/AIR complex (PDB code 4TQ1) is taken from Kim et al. (a) Magnified view for AIR residues facing outwards ATG5 and their mutation. (b) Magnified view showing mutation in AIR residues involved in interaction in ATG5 binding cleft. (c) Magnified view showing very important “R” residues for ATG5 interaction. (d) Magnified view for N- and C-terminal AIR residues in ATG5 interaction and selected mutations. The surface potential is contoured from –77.9 to 77.9 kBT/e. (e) AIR-C6 spot array analysis for ATG5-AIR interactions for wild type and mutations. (f) AIR-C6 spot array analysis for ATG5 interactions with truncated AIR peptides. Selected mutations at certain position are indicated with red color. 



                                                                                                                                                         Discussion  161  Table 43: List of ten mutations on ATG16L1 peptide and their expected effect on ATG5 interaction. Mutations based on ATG16L111-30  Mutations based on AIR576-595 Expected effect on ATG5 binding  W13Y Hydrophobic interaction and additional H-bonds R15Y R15Y Stabilizing ATG16L1 and AIR helices E19I E19I Stabilizing the helices/hydrophobic interaction with ATG5 binding cleft  R24Y  Hydrophobic interaction and additional H-bonds D25R D25R Building Ionic interaction R26F R26F Stabilizing the helices/hydrophobic interaction with ATG5 binding cleft  Q28N  Stabilizing the helix by to lower conformation entropy of N  Q28K Stabilizing the helix due to higher helical propensity of K  Q28L Stabilizing the helix due to higher helical propensity of L  Q30Y Stabilizing the helix So far, these ten peptides have only been qualitatively tested for interaction with ATG5 and all of them have shown interaction. However detailed analysis of these peptides with their comparative affinity measurement is required in the future.  



Conclusion and Outlook  162  6 Conclusion and Outlook The main objective of this work, understanding the role of ATG12-ATG5 conjugate in autophagy regulation, has partially been achieved with designing a small peptide as autophagy inhibitor based on ATG12-ATG5 interactions. Partially, because the further optimization of this inhibitor is ongoing in order to obtain more specificity and bio-stability inside the cell.  Structures of ATG5/ATG16L111-48 have been solved in two different space groups, for both crystals packing showed homodimerization of the complex through ATG16L1 similar to other human ATG12-ATG5/ATG16L1 and ATG5/ATG16L1 complex structures published during the course of this work. ATG5/TECPR1_AIR complex was successfully expressed, purified and crystallized. However, before the structure could be solved, ATG5/AIR573-610 was published by Kim et al. These structures confirmed that ATG16L1 and TECPR1 bind at the same site on ATG5.  20 amino acid small ATG5 interacting ATG16L111-30 and AIR576-595 peptides were identified by generating systematic truncations of ATG16L111-43 and AIR566-611 peptides. Pull down assays and biophysical studies established ATG16L111-30 as strongest binder among all ATG16L1 and AIR peptides. All ATG16L1 and AIR peptide showed nM range affinity with ATG5. Strong binding of ATG16L111-30 has been confirmed in an in vitro competition assay as well. Further validation of strong binding of ATG16L111-30 has been done in cell culture based assays where this peptide showed competition with endogenous ATG16L1 and TECPR1_AIR. In cell culture, ATG16L111-30 resulted in reduced number of autolysosomes. Although, ATG16L1 is apparently a naturally optimized strong ATG5 binder, further mutagenesis has been done in order to turn the wtATG16L111-30 peptide into an even stronger ATG5 binder. Therefore, ten new ATG16L111-30 peptides have been designed based on peptide spot array assays and structures of ATG5/ATG16L111-48 and ATG5/AIR573-610. These ten new peptides carry single point mutation and appear to exhibit stronger interaction with ATG5 based on a peptide spot array, however additional experiments to further validate their stronger binding are ongoing.  Additional biochemical characterization of ATG5/ATG16L1 complex and N-terminal half of ATG16L1 showed that ATG16L1 has a flexible linker between ATG5_BD and CCD which is prone to degradation. Three different constructs of ATG16L1 (ATG16L158-307, ATG16L172-307 and ATG16L172-260) central region were expressed and purified. All three constructs were successfully crystallized in several crystal forms in order to solve the structure of central unknown part of ATG16L1. ATG16L172-260 was identified as most stable construct. Biophysical studies of ATG16L158-307 reveal that this construct exists as homodimer in solution and consists of mostly α-helical secondary structure. A complete information of N-terminal half of ATG16L1 requires the structure of ATG16L1 central part. Crystals for this part have been obtained, which in future need further optimization for good diffraction data in order to solve the structure.  



                                                                                                                                 Conclusion and Outlook  163  Towards understanding the role of TECPR1 autoinhibition mechanism, soluble and stable complex of ATG5/AIRPH577-730 has been successfully purified from E. coli. ATG5 and AIRPH share strong interaction as observed during purification of complex. Several strategies were applied for obtaining the crystals of ATG5/AIRPH complex, but none of them crystallized the complex. SAXS analysis of ATG5/AIRPH complex and ATG5 alone showed that ATG5 and AIRPH exist in 1:1 complex in solution. The complex most likely exhibits an elongated conformation. However, with the current result the autoinhibition mechanism of TECPR1 is not clear. This needs high resolution structure of ATG5/AIRPH complex and AIRPH alone in combination with further mutagenesis and biochemical/biophysical studies to disrupt/modulate the putative autoinhibition mechanism. 
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