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Abstract
ATPase Family AAA Domain -containing protein 3 (ATAD3) is a nuclear-encoded

mitochondrial transmembrane protein encompassing three isoforms; ATAD3A, ATAD3B and
ATAD3C. ATADS3 is involved in several cellular process and available data predict that
ATAD3A and ATAD3B proteins may have potential roles in regulating autophagy and
mitophagy. Preliminary data from our research group identified interactions between ATAD3A
and ATAD3B with ATG8 proteins, p62, NDP52 and CALCOCOL1. However, whether these
interactions play any role in autophagy is not known. This study sought to characterise these
interactions and evaluate their roles in autophagy or mitophagy. In vitro GST pulldown analysis
together with autoradiography were used to probe the interaction between ATAD3 proteins and
some autophagy-related proteins including LC3B, GABARAP, p62, NDP52 and CALCOCO1.
Western blot analysis was employed to evaluate ATAD3A levels following starvation-induced
autophagy, while immunostaining and confocal microscopy were used to assess ATAD3
colocalization with p62 and LC3B. Results showed that interaction between ATAD3 and LC3B
and GABARAP is not mediated by a LIR motif. Instead, the interaction is dependent on the C-
terminal ATPase domain. Likewise, the interaction with the autophagic receptors: p62, NDP52
and CALCOCOL is mediated by the C-terminal region which has been reported to be embedded
in the mitochondrial matrix. Moreover, ATAD3A is not degraded by starvation-induced

autophagy; rather, its translation is upregulated.
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Chapter 1
Introduction

1.1 Autophagy

1.1.1 Overview of autophagy

Autophagy is an evolutionary conserved catabolic process in eukaryotic cells for the
degradation of cytoplasmic cellular constituents, such as damaged and superfluous organelles,
microorganisms or protein aggregates in the lysosome (1-3). Besides basal autophagy that
occurs continuously in cells to maintain cellular homeostasis, autophagy is also induced by
cellular stresses such as nutrient starvation and intracellular pathogens (4). Autophagy plays a
role in recycling nutrients in the cytosol during starvation for proper cell growth. In addition,
autophagy is an important cytoprotective machinery which prevents toxic proteins from
accumulating within the cell. It also plays a critical role in cellular immunity by eradicating

invading micro-organisms (3).

Initially, autophagy was widely known to be a random non-selective and bulk
degradation process during nutrient shortage to replenish nutrients in cells. However, recent
studies have firmly established that this process is at least partially selective and highly
regulated when it occurs in non-starved cells, where invading pathogens, damaged organelles
and proteins are selectively degraded (5, 6). Different types of autophagy occur in mammalian
cells namely: macroautophagy, chaperon-mediated autophagy (CMA), microautophagy. All
forms entails lysosomal degradation of the sequestered cargo and recycling of released
products into the cytosol (7). In microautophagy, the cytoplasmic cargo is taken up directly
into the lysosome through lysosomal membrane invagination, while in CMA, soluble proteins
with pentapeptide motifs are recognised by chaperones that subsequently deliver them to the
lysosome through the lysosomal membrane translocation complex. Neither vesicles nor
membrane invagination is required for CMA. Macroautophagy, commonly called autophagy,
involves cargo recognition and engulfment in a double membraned vesicles called

autophagosomes which subsequently fuse with lysosomes to degrade their contents (3, 7, 8).



1.1.2. Macroautophagy

Macroautophagy, hereby referred to as autophagy, is a multi-stage process that is orchestrated
by a core autophagic proteins commonly known as autophagy-related proteins (ATG) (8, 9).
These ATGs are conserved from yeast to mammals (9). In mammals, the mammalian
autophagy-activating kinase 1(ULK1) protein kinase complex, comprising of ULK1, ATG13,
ATG101 and focal adhesion kinase family interacting protein of 200kDa (FIP200) proteins
regulates the initiation of autophagy by determining the site for the formation of the
phagophore. Next is the nucleation phase, initiating the formation of a double membrane
phagophore on the endoplasmic reticulum. Nucleation is mediated by the class Il
phosphatidylinositol -3-kinase (PI3K) (class 11l PI3K) complex, comprising the vacuolar
protein sorting 34 (Vps34), ATG14, vacuolar protein sorting 15 (Vpsl5), and Beclin-1.
Following activation of the PI3K complex by the ULK1 complex (10), PI3K phosphorylates
phosphatidyl inositol (P1) to form phosphatidylinositol-3-phosphate (PI13P) on the membrane .
The PI3P formed on the membrane triggers the recruitment of WIP11-4 complex and ATG2
(11), which is necessary for the supply of lipids used for autophagosome biogenesis (12). Next,
ATGS is conjugated to phosphatidylethanolamine on the inner and outer membrane of the
phagophore facilitating the elongation of the phagophore. This phase depends on the ATG12-
ATG5 -ATG16 complex. Lastly, the phagophore encloses to form the mature autophagosome,
which further fuses with the lysosome and its content is subsequently degraded by lysosomal
acid hydrolases, Figure 1 (2, 3, 13-15). Both selective and bulk autophagy commence by the
formation a phagophore (13), selectivity is nonetheless conferred by the ability of the selective
autophagic receptors to recognise and bind specific ubiquitinated cargo and dock it into the
lipidated ATG8 conjugated within the growing double-membraned phagophore for lysosomal
degradation (6, 13, 16). Therefore, both autophagic cargo receptor proteins and ATG8 proteins
are necessary for cargo selection and degradation (8, 13). Different types of selective autophagy
pathway exist, depending on the cargo sequestered for degradation. Examples can be seen in
Table 1.1 (8).

Table 1.1. Different selective autophagy pathway and their respective cargos

Selective autophagy pathway Cargo

Aggrephagy Protein aggregates
Ferritinophagy Ferritin

Mitophagy Mitochondria

Xenophagy Pathogens including bacteria

ER-phagy Endoplasmic reticulum
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Figurel: A schematic presentation of the stages of selective autophagy in mammals.

Initiation: Activated ULK1 complex initiates formation of the phagophore. Nucleation: Initiation of phagophore
formation. Growth and Elongation: phagophore grows, elongates and becomes decorated with lipidated ATGS.
Cargo recruitment: selective autophagic receptor tether the selected cargo sequestered for degradation to the
growing phagophore by binding to the lipidated LC3 in the inner membrane of the phagophore. Enclosure:
phagophore matures and closes to form an autophagosome. Fusion: Autophagosome fuses with the lysosome to
form an autolysosome which becomes degraded in the lysosome. The figure also presents a model on how the
selected cargo is recruited to the growing phagophore.

1.1.2.1. Mitophagy

Mitophagy is the selective degradation of the mitochondria through autophagy. This
process is necessary for the maintenance of mitochondrial homeostasis. Mitophagy also occurs
in both yeast and mammals. ATG 32 is the mitophagy receptor for yeast, while an obvious
mammalian homologue of ATG32 has not been identified. Although this process occurs both
in yeast and mammals, the molecular mechanisms are not conserved. In mammals, two different
pathways of mitophagy occurs: ubiquitination-mediated (commonly known as the PINK-parkin
pathway of mitophagy) and ubiquitin independent (mitophagy-receptor-mediated) pathway
(17). Ubiquitin-mediated mitophagy occurs when the mitochondria are depolarised. Following
mitochondrial depolarisation, PINK1 (PTEN-induced putative kinas 1) accumulates on the
mitochondrial surface and cause the recruitment of Parkin (an E3 ubiquitin ligase). The Parkin

anchored on the surface of the mitochondria becomes phosphorylated by PINK1 resulting to
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activation of its ubiquitin ligase activity (18). Parkin activation further promotes ubiquitination
of other outer mitochondrial membrane (OMM) proteins, many of which are degraded by the
proteasome. In addition ubiquitination of OMM also drives the recruitment of multiple
autophagy receptors: sequestosome-1 (p62), optinerium (OPTN), nuclear dot protein 52kDa
(NDP52), and Tax-1 binding protein 1 (TAX1BP1) to induce mitophagy (19, 20). While
ubiquitin independent pathway involves mitophagy activation prior to mitochondrial
depolarisation. This type of mitophagy is mediated by mitochondrial surface receptors such as
Nip-like protein X (NIX), B-cell lymphoma 2 (BCL2)/adenovirus E1B19-kDa protein-
interacting protein 3 (Bnip3), func 14 domain containing 1 (FUNC1), BCL2-like protein 13
(BCL2L13) and FK 506 binding protein (FKBP8) that recruit LC3. Their overexpression on
the mitochondria induce mitophagy (21, 22).

1.1.3. Receptors of selective autophagy

Selective autophagy receptors (SARS) are proteins that recognise cargos. All SARs dock
the sequestered cargo into the inner membrane of the phagophore through their interaction with
the lipidated ATGS8 that are already conjugated in the inner membrane of the growing
phagophore (9, 16, 23). In mammals, the Sequestosome-1 like receptors (SLRs), comprising of
p62, the related neighbour of BRCA1 gene 1 (breast cancer gene 1) (NBR1), OPTN, NDP52,
TAX1BP1 (16, 23-25), are amongst the most studied SARs (25). The SLRs mediate selective
autophagy by recognising the polyubiquitinated cargo and connect them to the autophagic
machinery for degradation (3, 16, 23, 24). Typical of the sequestosome -1-like receptors, they
can oligomerised into large structures and they contain an LC3 interacting region (LIR) motif
and a ubiquitin binding domain which are necessary for their function as autophagic receptors
(16). The ability of autophagic receptors to recognise ubiquitinated cargos is enabled by the
non-covalent binding of the receptors to ubiquitin (already conjugated on proteins) through
their ubiquitin binding domain (23, 24). Binding of the SLRsto the lipidated LC3B or another
ATGS8 family protein on the growing phagophore is dependent on its LIR motifs (16), which
binds on the LIR docking pockets present in all ATG8 members (LC3/GABARAP). Thus, the
LIR motif of the autophagic receptors is necessary for selective degradation of
polyubiquitinated cargo (26). These receptors identify different cargo types within the cell, and
each receptor can recognise more than one substrate, Table 1.2 below.



Table 1.2: Mammalian sequestosome- 1-like receptors and their targeted substrates for
sequestration

Autophagic Substrates/cargo Sequestosome-1 like receptors

Mitochondria OPTN, NDP52, TAX1BP1, p62,
Peroxisome NBR1, p62

RNA granule disposal NDP52, p62

Protein aggregates P62, NBR1, OPTN

Bacteria P62, OPTN, NDP52, TAX1BP1
Zymogen P62

Viral capsid p62

Midbody rings P62 NBR1

Table adapted from Mancias et al., 2016 and Terje at al., 2020 (8, 9).

1.1.3.1. Sequestosome-1 (p62)

P62 is a 440-amino acid protein with several domains that enables it to interact with
other autophagic markers and signalling proteins. Some of the main domains of p62 include:
phox and Bpeml (PB1) domain comprising of amino acid (aa) 21-103. The PB1 domain
facilitates p62 dimerization and heterodimerisation with other PB1-containing proteins, the zz
finger (aa 128-163), the TRAF6 binding region (aa 225-250), the LC3-interacting region (LIR)
motif (aa 321-345), the Keap-interacting region (KIR, aa 346-359) and the ubiquitin-associated
binding (UBA) domain (aa 386-440), (27). In addition the region between amino acid (aa) 170-
221 have been shown to enhance its interaction with other proteins such as the autophagic-
linked FYVE domain protein (ALFY), the human T-cell lymphotropic 1 Tax (HTLV-1 Tax)
protein (28, 29) and LIM domain-containing protein Ajuba (30), Figure 2. Each p62 protein
has a single LIR motif which becomes clustered when p62 oligomerises through its PB1
domain. Clustering of LIR motif increased the avidity of P62 for LC3B decorated on the

membrane of the growing phagophore (6).

- - Mediates binding t
Enhance p62 self-oligomerisation and Mediates binding to ediates binding to
P . . - polyubiquitinated Cargos
heterodimerisation with other ATGS family proteins
PB- containing proteins l
AFLY
IPB ZZ HTIV-1Tax TBR LIR KIR UBA

C-terminal

N-terminal

103 128-163 225-250  321-345 346359 386-440

170-220
Multiple interaction region

Figure 2: Domains of p62.

The figure highlights the various domains/motifs of p62. PB1, LIR and UBA are the three regions necessary for
its interaction with other autophagic-related proteins. p62 forms dimers and heterodimers with other proteins
through its PB1 domain. p62 interacts with polyubiquitinated cargos through its UBA domain and facilitates their
selective degradation through autophagy by interacting with LC3B through its LIR motif.



p62 was originally termed sequestosome 1 (SQSTM1) due to its ability to form
complex with ubiquitinated proteins in the cytoplasm (31). Initially, p62 was shown to function
as the human selective autophagic receptor for ubiquitinated protein aggregates (32) and an
autophagy substrate which is degraded alongside the ubiquitinated cargo. In which blockage
of autophagic degradation resulted in cytoplasmic accumulation of p62 in the autophagosomes
(16). Subsequent studies showed that p62 play a role in the degradation of different types of
cargos including the mitochondria (33). During selective degradation of damaged mitochondria
through the ubiquitin-dependent pathway, p62 is recruited following ubiquitination of the
damage mitochondria by parkin(34, 35), which mediates ubiquitination-dependent clustering

of damaged mitochondria (34) and final clearance of the mitochondria (35).

1.1.3.2. Nuclear dot protein 52kDa (NDP52)

NDP52 is the mammalian selective autophagy receptor for ubiquitin-decorated
cytosolic bacteria (36) and mitochondria (37). NDP52 is involved in both Parkin-dependent
(37) and parkin-independent mitophagy (38). NDP52 has an unconventional LIR motif that
binds differentially to different ATG8 proteins (39) and a C-terminal zinc finger domains that
facilitates its binding to the polyubiquitinated cargo (36, 38, 39). Its zinc finger domain has
been shown to be absolutely required for its recruitment to the damage mitochondria during
parkin-induced mitophagy (38). Moreover, NDP52 plays a role in the different stages of
selective autophagy degradation of cargo beside cargo recognition. It mediates autophagosome
biogenesis directly on the cargo, by recruiting the ULK1 complex to the polyubiquitinated
cargo to initiate phagophore formation (38, 40). In a recent study carried by Vargas et al.,
2019, it was demonstrated that NDP52’s ability to initiate mitophagy is dependent on its
interaction with ULK1 complex. Wherein NDP52 binds to the ULK1 complex through FIP200
(38). NDP52 also controls maturation of the autophagosome (40, 41) by interacting with the
ATGS (42).

1.1.3.3. Calcium binding and coiled-coil domain 1 (CALCOCO1)

Calcium binding and coiled-coil domain 1 (CALCOCO1) is a homologue of NDP52
(CALCOCO2) and TAX1BP1 also known as CALCOCOS3, stemming from a common
ancestral CALCOCO gene (43). Recently mass spectrometry proteome profiling analysis
identified CALCOCOL as a new autophagy associated protein in many cell lines and selective
autophagic degradation of endoplasmic reticulum was impaired upon deletion of the
CALCOCO 1 gene. CALCOCOL interacts with the ATGS8 proteins (44). Interestingly, a recent
study in our research group showed that CALCOCOL1 has a clear preference for the GABARAP



family and it is a selective autophagic receptor for endoplasmic reticulum degradation, (Nthiga
et al., 2020, submitted to EMBO Journal). Nonetheless, unlike TAX1BP1 and NDP52 which
are SLRs that interacts with ubiquitin, CALCOCO1 does not interact with ubiquitin. To date,
little known concerning CALCOCOL1 involvement in autophagy. Like its other homologues, it

may have other roles in autophagy, in addition to ER-phagy.

1.1.4. Mammalian ATG8 and autophagosome formation

The human ATGS8 family protein comprises of 2 sub-groups of proteins: the LC3 (LC3A,
LC3B, LC3C) and gamma-aminobutyric acid receptor-associated protein (GABARAP)
(GABARAP, GABARARP like-1, and GABARARP like 2) family proteins (26, 45). ATG8 family
proteins are well known to be involved in the formation and maturity of the autophagosome
and also regulate the size of the autophagosome formed (26). In addition, they also play a role
in cargo recruitment, transport and fusion of the autophagosome with the lysosome (46).
Eukaryotic cells depleted of ATG8 proteins had impaired autophagosome formation (13).
During autophagosome biogenesis, the ATG8 proteins becomes lipidated and anchored to the
outer and the inner membrane of the growing phagophore (9, 46), serving as scaffolds to recruit
proteins to the phagophore membrane(47). ATG8 proteins on the inner membrane of the
phagophore facilitate the recruitment and tethering of the sequestered cargo into the growing
phagophore by directly interacting with the selective autophagic receptors. Whereas those on
the surface of the autophagosome mediates the transport and fusion of the mature
autophagosome with the lysosome by interacting with(FYCO1) (FYVE and coiled coil domain
autophagy adaptor 1) and PLEKHML1 (pleckstrin homology domain-containing family M
member 1) respectively (45). Specifically, LC3s serves as adaptors for cargo recruitment (9,
13), while the GABARAPs are essential for autophagosome formation (9). The ULK1 and
PIK3 complexes that are necessary for initiation and formation of the phagophore binds
preferentially to the GABARAP subfamily (47, 48).

Two conjugation reactions are necessary for the formation of autophagosomes. The first
involves the conjugation of the ubiquitin like protein ATG12 to ATG5 to form an ATG12-
ATGS5 conjugate, which subsequently interact with ATG16L1 to form an ATG16L1 complex.
This reaction is mediated by the E1-like ATG7 and E2-like ATG10 enzymes. The second
reaction necessary for autophagosome formation is the lipidation of ATG8 proteins. Prior to
ATGS lipidation, the cytosolic ATG8 precursors (pro-ATGS8) is proteolytically cleaved by
ATG4 to form the I-form, (for example LC3-I) whose C-terminal glycine is exposed for

possible conjugation with lipids. The I-form is next conjugated with phosphatidylethanolamine



to form the lipidated ATG8 also known as the IlI-form ( such as LC3-I1) attached on the
phagophore memebrane (45). This lipidation reaction is mediated by ATG7, the E2-like ATG3,
and the ATG16L1 complex. Similar to the SARs for example p62, LC3-11 on the inner
membrane of the autophagosome is also degraded alongside the cargo. Its level is however
increased when degradation is impaired (45, 49). As such, LC3-1I is also widely used to
monitor autophagy activity (46). LC3-I1 has a smaller molecular mass than LC3-1 and thus has
a faster mobility on SDS PAGE than the LC3-1 (49).

1.2. The ATPase Family AAA Domain -containing protein 3 (ATAD3)

1.2.1. Evolution and overview of the ATAD3 genes and proteins

ATPase Family AAA Domain -containing protein 3 (ATAD3) is a nuclear-encoded
mitochondrial transmembrane proteins. The ATAD3 gene was initially found in the
mitochondria of a mouse liver as a target gene for c-Myc (50-56). Based on the available
genomic analysis, the ATAD3 genes are evolutionary highly conserved, present mainly in
higher (multicellular) eukaryotes (50, 57), such as insects, plants, nematodes, amphibians,
humans, rodents and birds (50). No ortholog exist in yeast nor prokaryotes. Plants have 3
isoforms of the ATAD3 genes resulting from polyploidy while a single copy of this gene is
present in mouse (Mus masculus), rat (Rattus norvegicus), pig (SUS scrofa), cat (Felis catus),
birds (Gallus gallus), fruit fly (Drosophila). Nonetheless, in humans and others primates the
ancestral ATAD3 gene has evolved through duplication and gene deletion, giving rise to 3
isoforms (54). In humans, the 3 ATAD3 genes paralogs (ATAD3A, ATAD3B and ATAD3C)
are located on chromosome 1 at 1p36.33 locus. ATAD3A is the primary form of the ATAD3
family gene, ATAD3B has a point mutation at the corresponding stop codon of ATAD3A while
ATADZ3C is the truncated version of the ATAD3 gene (50, 54, 58, 59), formed by the deletion
of the conserved first 70 amino acid at the N-terminal of ATAD3A (60).

According to data gathered from NCBI, three transcript variants of human ATAD3A
formed from alternative splicing has been described, namely; transcript variant 1 (NCBI
Reference Sequence NM _018188.5), transcript variant 2 (NCBI Reference Sequence
NM_001170535.3), transcript variant 3 (NCBI Reference Sequence NM_001170536.2). As
such, 3 different ATAD3A protein isoforms of varying length are produced from these
transcripts. Amongst the ATAD3A protein isoforms, isoform 1 (NCBI sequence reference NP
060658.3) constituting 634 amino acid (protein 1D NP 001164006.1) is the longest and it is
encoded by variant 1. While isoform 3 encoded by variant 3, is the shortest (57KDa, 507 amino



acid, NBCI Reference sequence NP_001164007.1). The second isoform has 586 amino acid
with a molecular weight of 66kDa (NCBI Reference sequence NP_001164006.1). While the
human ATAD3B also known as AAA-TOB3 has 2 transcript variants also produced by
alternative splicing (54, 56). The identity of the 2 transcripts variant mRNA obtained from
NCBI gene and nucleotide database includes: transcript variant 1 (NCBI reference sequence
NM_031921.6), transcript variant 2 (NCBI reference sequence NM_001317238.2). These
variants encode for different protein isoforms. The transcript variant 1 encodes for the human
ATAD3B isoform AAA-TOB3I (NCBI reference sequence NP_114127.3). ATAD3B isoform
AAA-TOB3I is the canonical protein with 648 amino acid and has a mass of 72KDa. While
transcript variant 2 encodes for ATAD3B isoform AAA-TOB3s precursor with 602 amino acid
(NCBI reference sequence NP_001304167.1). AAA-TOB3s precursor has a shorter N-terminus
than the canonical isoform. The truncated-N terminal ATAD3C exist as a single mRNA variant
(NCBI reference sequence NM_00103911.3), encoding for ATAD3C protein having 411 amino
acid (NCBI sequence reference NP_001034300.2).

Just as the ATAD3 gene is conserved during evolution, the protein sequence of ATAD3
is also highly conserved during evolution, depicted by 39% similarities between the ATAD3
protein in human and that of the plant’s ortholog (54). Studies carried out on the expression
pattern of these proteins in human and rodent cell lines revealed that ATAD3 proteins
expression is tissue specific. ATAD3A is the most expressed and present in all the cells studied
(50, 57), while ATAD3B is human specific, highly expressed specifically in pluripotent human
embryonic stem cell, and down regulated in adult multipotent mesenchymal stem cells derived
from adult bone marrow and in differentiated cells. ATAD3B is however re-expressed in
cancer cells (59). The canonical ATAD3B protein (648 amino acid, mass 72KDa) is less
expressed in most of the human cell lines as compared to ATAD3A (50, 57). Although
ATADS3B is less expressed in cells, the canonical ATAD3B protein is highly expressed in the
embryo brain and adult pituitary gland (U87 and U373 derived brain cell lines), head and neck
carcinomas (50, 56). No analysis was done for the ATAD3C, due to lack of the appropriate
antibody (50).

1.2.2. Structure and function of the domains of the human ATAD3 proteins

Biostatistical analysis studies carried out on the primary sequence of ATAD3A (586 amino
acid, mass 66kDa) demonstrated that the N-terminal region ranges from 1-244 amino acid and
the C-terminal (52, 57). ATAD3A is anchored in the mitochondrial inner membrane, with its

C-terminal embedded in the matrix (51, 57), while the N-terminal makes interactions with the
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mitochondrial outer membrane (57). Previously, it was uncertain whether the first 40 amino
acids at the N-terminal extends to the cytosol or only interacts with the inner surface of the
mitochondrial outer membrane (52, 57). Subsequently confocal images of mouse leydig tumour
(MA-10) cells revealed that the protein is enriched in the mitochondrial-endoplasmic reticulum
(ER) associated membranes (MAMs) (51). In an immunogold electron microscopy study, the
N-terminal was detected at the contact sites of the mitochondrial inner and outer membranes
in Hdh Q111 cells, whereas in HdhQ7 cells, the N-terminal of ATAD3A was detected in the
cytosolic side of the outer membrane of the mitochondria (61). Thus, the N-terminal extends to
the cytosol, however it is likely that the its localisation may be under regulation and not fix.

The Figure 3 below is a representative of the proposed models of ATAD3A topology.

ATAD3A anchored to the IMM by its TM ATAD3A anchored to the IMM by its TM
Cytosol
OMM Cytosol OMM
IMM IMM
ER Mitochondrial matrix

Mitochondrial matrix Dl y
I'Q ER ;D
N

Figure 3: Representative models of ATAD3A topology. In both models (A and B), ATAD3A is anchored to
the inner membrane of the mitochondria (IMM) by its transmembrane segment, with its C-terminal part embedded
in the mitochondrail matrix. In model A, the N-teminal part makes interaction with the inner surface of the outer

membrane of the mitochondria (OMM), while in B, the N-terminal part extends to the cytosol

The N-terminal of ATAD3 comprises of a proline-rich region (amino acid 18-27), 2
coiled-coil (CC) domains; the first CC domain which is rich in glutamine, ranges from the 85"
amino acid to the 115" amino acid (54, 61), and the second CC domain ranging from the 180"
amino acid to 220", These CC domains are required for the oligomerisation of the protein (61).
Unlike the N-terminal, the C-terminal of ATAD3A is embedded in the mitochondrial matrix
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(52, 57, 62), and regulates the N-terminal interactions with the mitochondrial outer membrane
through binding of ATP to the ATPase domain (57). The C-terminal part comprises of a putative
transmembrane segments (TM) with the main one predicted to be close to the centre of the
protein, ranging from the 247" -264" amino acid (52, 57), Figure 4. The TM mediates the
attachment of ATAD3A on to the mitochondrial inter membrane (62). Adjacent to the TM, is a
mitochondrial importing signal (MIS) sequence. ATAD3A do not have a canonical
mitochondrial targeting sequence (52), its C-terminal is necessary for its mitochondrial
targeting and import. Whereby, the TM and the mitochondrial import signal region cooperate
to facilitate its import into the mitochondria (57). The C-terminal also contains the AAA+
ATPase core domain comprising the walker A and walker B motif residues (52, 57) which are
the main motifs involved in ATP binding and hydrolysis respectively (54, 63). This C-terminal
ATPase domain is very crucial for the proper functioning and stability of the ATAD3A proteins.
The walker A motif of the ATPase domain has a phosphate-binding (P) loop (64), with a
conserved sequence (-G352PPGTGKTL360-) in both human ATAD3A and ATAD3B. K358
is the site for interaction with ATP, and the K358 residue of ATAD3A is invariant in other
homologues. (64). While the walker B has a conserved glutamate residue that mediates ATP
hydrolysis. Mutation of the walker B glutamate inhibit ATP hydrolysis but not ATP binding
(63).

Amongst the various forms of ATAD3 proteins expressed in humans, the
structure/topology of ATAD3A protein has extensively been studied, while information
regarding the other ATADS3 proteins isoforms is rare. Nevertheless, studies carried out on
ATAD3B topology demonstrated that the conserved N-terminal domain of ATAD3B has the
same localisation as ATAD3A, and it is also accessible to trypsin digestion (59). The canonical
human ATAD3B (648 amino acid, 72kDa) and ATAD3A proteins are 93% similar in their
primary sequence, with a slight difference in their C terminals, in which the C-terminal of
ATAD3B is longer than ATAD3A (52, 54). The extended C-terminal region of ATAD3B has
extra 62 amino acid sequence consisting of hydrophobic amino acids, cysteines residues (54,
59) as well as several potential sites for phosphorylation (54). Unlike their N-terminals, the C-
terminal of both proteins have been shown to have different sub-cellular localisations(59). The
extra C-terminal region of ATAD3B has putative transmembrane motif enrich with
hydrophobic amino acids (52, 54), and it is positioned in the intermembrane space of the
mitochondria (59).
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Figure 4: Domains of the ATAD3 proteins

Both ATAD3A and ATAD3B have a proline-rich region (PR), two coiled-coil (CC) domain that mediates self-
dimerisation and heterodimerisation with other proteins, a transmembrane (TM) segment which enables ATAD3
to be attached to the mitochondrial inner membrane. Next to the TM region is the mitochondrial targeting signal
sequence (MIS). The TM segment and MIS aid in mitochondrial import of ATAD3. Next to the MIS is the ATPase

domain. ATAD3B has an extended C-terminal with an additional TM segment.

1.2.3. Functions of ATAD3 proteins

ATAD3 proteins are multifunctional mitochondrial ATPase that control mitochondrial
dynamics and morphology (64), as well as other cellular processes which includes calcium
homeostasis, apoptosis (57), mitochondrial DNA replication and stability, cell growth,
cholesterol transfer and steroid biogenesis (57, 58, 64), mitochondrial-endoplasmic reticulum
(ER) communication (50, 64), While ATAD3B has been reported to be a dominant negative of
ATAD3A (59). This study will focus on the role of ATAD3 protein in the maintenance of

mitochondrial homeostasis.

1.2.3.1. ATAD3 and Mitochondrial dynamics

Mitochondrial dynamics is a physiological process involving coordinated cycles of
mitochondrial fission and fusion to maintain the shape, morphology, size, number and proper
intracellular distribution of the mitochondria with in the cell (65). Mitochondria are double
membrane organelles consisting of 4 compartments namely; the matrix, the inner membrane,
intermembrane space, and the outer membrane (66, 67). The interactions that occur between
the mitochondrial inner and outer membrane is essential for mitochondrial fusion and fission
(mitochondrial dynamics). ATAD3A is an integral mitochondria protein which has been

reported to be involved in mitochondrial dynamics by regulating the interactions between these
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two membranes (57). In Hela and murine cells it was demonstrated that, ATAD3A also
complex with mediators of mitochondrial fission; DRP1 and mediators of mitochondrial fusion
such as mitofusins 1 and mitofusin 2 (68). While other co-immunoprecipitation studies in lung
adenocarcinoma cell lines revealed an interaction between ATAD3A with mitochondrial fission
protein dynamin-related protein 1 (DRP1) and mitochondrial fusion protein mitofusin 2 and
optic atrophy 1 (OPA1) (58, 69). Thus, ATAD3A also regulates mitochondrial dynamics
through its interaction with these proteins (58).

1.2.3.2. ATAD3 and mitochondrial morphology

Although ATAD3A and ATAD3B are involved in the regulation of mitochondrial
network and shape, both have opposing effects. ATAD3A is necessary for the maintenance of
mitochondrial morphology and content, (structural integrity), and total mitochondrial number
within a cells (61, 64, 69). Down regulation of ATAD3A is associate with a decrease in total
mitochondrial number and mitochondrial fragmentation (61, 68, 69). while overexpression of
its ATPase deficient Walker A mutant incapable of binding ATP facilitates mitochondrial
fragmentation (64). In addition, ATAD3A is vital for maintaining normal mitochondrial content
and structural integrity. Studies carried out to evaluate the ultrastructure of the mitochondria in
ATAD3 depleted skeletal muscle of mice using the transmission electron microscope showed
that loss of ATADS3A altered the integrity of the cristae and also disrupted the contact between
the cristae and the outer membrane (cristae junctions) (70). Likewise, same phenotype was
observed in patients’ fibroblast suffering from foetal neonatal cerebellar hypoplasia with
biallelic mutation of ATAD3A (consisting of leu 406 Arg substitution) and a low expression of
the 66kDa ATAD3A protein. Moreover, these patients also presented with a significantly
smaller mitochondria that consist of a decreased cristae perimeter per mitochondrion (71). On
the other hand, overexpression of ATAD3B promotes mitochondrial network fragmentation
(57, 59) and also leads to a decreased in mitochondrial number in cells (72). While loss of
ATAD3B in H1229 cells causes the mitochondria to be more filamentous (59).

1.2.3.3. ATAD3 regulates Mitochondrial DNA metabolism

Mitochondrial nucleoid proteins are proteins that interact with mitochondrial DNA.
They play a role in organising and protecting the mitochondrial DNA (72), regulating
transcription and mitochondrial protein synthesis (59). It has been suggested that ATAD3A
may play a rule in mitochondrial DNA replication and maintains mitochondrial DNA integrity
(72) and also regulates mitochondrial DNA metabolism by interacting with mitochondrial

nucleoid proteins (59). The interaction between the mitochondrial nucleoid complex and
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ATAD3A is mediated by the C-terminal of ATAD3A (59). Thus, distortion in the steady state
of ATAD3A perturbs mitochondrial DNA maintenance (61). ATAD3B overexpression
promotes ATAD3A destabilisation and distort mitochondrial DNA integrity. Different studies
have shown that ATAD3B antagonises the action of ATAD3A in cells(59, 72), serving as a
dormant negative of ATAD3A, to inhibit the interaction of ATAD3A with the mitochondrial
nucleoid protein complexes including HSP60; a protein essential for stabilising mitochondrial
DNA integrity (73). This inhibitory effect of ATAD3B on ATAD3A is enhanced by the
formation of ATAD3A/ATAD3B heterodimers when the C-terminal of ATAD3B and
ATAD3A interacts. Heterodimerisation between the 2 isoforms causes a change in ATAD3A
C-terminal environment and consequently induces cleavage at the C-terminal of ATAD3A.
Thus, formation of heterodimers between the 2 isoforms abrogates the association of ATAD3A

to the nucleoid proteins, hence distorting the integrity of mitochondrial DNA (59).

1.2.3.4. ATAD3 proteins and autophagy

Mutations leading to a loss of function of ATAD3A have been associated with
upregulated autophagy activities. Patient’s fibroblast with R528W mutant ATAD3A were
reported to have an increased mitophagy (58), while p62 levels were constitutively low in those
expressing the walker A mutant (G355D) deficient of its ATPase activity (64). Moreover,
ATAD3A knockdown or silencing with resveratrol in uterine cervical cancer (SKG-1) cells
increased the number of autophagosomes, in which some autophagosomes had encapsulated
mitochondria (74). Further studies identify ATAD3A as a regulator of the ubiquitin-dependent
mitophagy in hematopoietic progenitor cells. In which ATAD3A interacts with proteins
involved in the transport of proteins across the mitochondria (TOMA40; translocase of outer
mitochondrial membrane 40 homolog and TIM 23; translocase of the inner membrane 23) to
facilitate mitochondrial import and subsequent processing of PINK1. Depletion of ATAD3A
resulted to accumulation of PINK1 outside the mitochondria and finally mitophagy (21). On
the other hand, studies on the involvement of ATAD3B in autophagy are rare. However, a
recent study carried out by Heo et al., 2019, to identify possible OMM proteins that are
ubiquitinated by parkin using proximity biotinylation experiments with OPTN or TAX1BP1,
ATAD3B was identified amongst other proteins (20).

1.3. Aim of study

Several resident mitochondrial proteins have been shown to regulate mitophagy by
recruiting and/or interacting with ATG8 proteins, and SLRs such as p62 NDP52, TAX1BP1
and OPTN (75, 76). Based on data available, it appears ATAD3 proteins have potential roles in
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regulating autophagy and mitophagy (20, 64). Recently it was shown in our group that ATAD3
proteins interact with ATG 8 family proteins, p62, NDP52 and CALCOCOL1 (not published).
This study was thus aimed at evaluating if ATAD3 proteins have a regulatory role in recruiting

these autophagy proteins during stress to induce mitophagy.

1.3.1. Objectives of the study:
I. To characterise the interactions of ATAD3A and ATAD3B with p62, NDP52
CALCOCOL1 and the human ATGS proteins.
Il.  To assess the co-localisation of ATAD3A and ATAD3B with p62 and LC3B in cells.
1. To evaluate autophagic degradation of ATAD3A and ATAD3B.
IV.  To determine the relevance of the identified interactions in the process of autophagy or

mitophagy.



2.1 Materials
Table 2.1 List of vectors
Vectors Promoter Selective
marker
pDest-myc Human CMV Ampicillin
C1 promoter for resistance gene
gateway mammalian
expression expression of
vector protein, and
T7 promoter for
in vitro
translation
pDest15 T7 promoter Ampicillin
gateway resistance gene
expression
vector
pDest-FLP- Human Hygromycin
EGFP-C1 cytomegalovirus  resistance gene
(CMV) promoter
pGEX-2T Tac promoter Ampicillin
resistance gene
pDONR221 Kanamycin
gateway resistance gene
cloning
vector

Chapter 2

Materials and Methods

Purpose

-Expression of myc-
tagged proteins in
Hela cells.
-Expression of myc-
tagged proteins in
vitro

Expression of GST-
fusion proteins in E
coli

Inducible expression
of EGFP-tagged
proteins in Flp-in Hela
cells

Expression of GST
protein in E coli
Production of entry
clones
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Source
Lamark et

al., 2003
(77)

Invitrogen

Alemu et
al., 2012
(48)
Amersham

Invitrogen

The different plasmids used were made from different vectors types depending on the

purpose:

Table 2.2: The following plasmids were used in this study

Plasmids
pDest15-LC3A

pDest15-LC3B

pDest15-LC3C

pDest15-GABARAP

Type of plasmid
Gateway
expression clone
Gateway
expression clone
Gateway
expression clone
Gateway
expression clone

pDest15-GABARAPL1 Gateway

expression clone

pDest15-GABARAPL2 = Gateway

expression clone

Purpose

Production of GST-LC3A
proteins

Production of GST-LC3B
proteins

Production of GST-LC3C
proteins

Production of GST-
GABARAP proteins
Production of GST-
GABARAPL1 proteins
Production of GST-
GABARAP L2 proteins

Source
Pankiv et al.,
2007 (78)
Pankiv et al.,
2007 (78)
Kirkin et al.,
2009 (79)
Pankiv et al.,
2007 (78)
Pankiv et al.,
2007 (78)
Pankiv et al.,
2007 (78)



pDest15-LC3B F52A

pDest15-GABARAP

Y49A

pGEX-2T
pDest15 p62

pDest15 p62 APB1

pDest15 p62 A 123-170

pDest15 p62 A171-256

pDest15 p62 A257-370

pDest15 p62 A371-385

pDestl5 p62 AUBA

pDest15 NDP52

pDestl5 CALCOCO1

pDest-myc ATAD3A

pDest-myc ATAD3B

pDest-myc ATA3B Al-

50

pDest-myc ATA3B A

50-320

pDest-myc ATA3B

A321-518

pDest-myc ATAD3B 1-

224

Gateway
expression clone
Gateway
expression clone

Expression vector
Gateway
expression clone
Gateway
expression clone

Gateway
expression clone

Gateway
expression clone

Gateway
expression clone

Gateway
expression clone

Gateway
expression clone

Gateway
expression clone
Gateway
expression clone
Gateway
expression clone

Gateway
expression clone

Gateway

expression clone

Gateway
expression clone

Gateway
expression clone

Gateway
expression clone

Production of LDS mutant
GST-LC3B protein
Production of LDS mutant
of GST-GABARAP

proteins

Product of GST proteins
Production of GST-p62

protein

Production of mutant GST-
p62 protein without the

PBldomain

Production of mutant GST-
p62 protein without amino

acid 123-170

Production of mutant GST-
p62 protein without amino

acid 171-256

Production of mutant GST-
p62 protein without amino

acid 257-370

Production of mutant GST-
p62 protein without amino

acid 371-385

Production of mutant GST-
p62 protein without the

UBA domain

Production of GST-NDP52

protein

Production of GST-

CALCOCO1

Production of in vitro
translated *°*S-myc
ATAD3A protein -
Production of in vitro
translated *°S-myc

ATAD3B protein

Production of in vitro
translated *°S-myc
ATAD3B protein without 1-

50 amino acid

Production of in vitro
translated 3°S-myc
ATAD3B protein without
amino acid 50-320
Production of in vitro
translated *°S-myc
ATAD3B protein without
amino acid 321-518
Production of in vitro
translated 3°S-myc
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Kirkin et al.,
2009 (79)
mutugi 2019

Abudu et al.,
2019
Abudu et al.,
2019

Abudu et al.,
2019

Abudu et al.,
2019

Abudu et al.,
2019

Abudu et al.,
2019

Abudu et al.,
2019

Abudu et al.,

2019

Mutugi et al.,
2020

Nthiga 2018

Nthiga 2018

Nthiga 2018

Nthiga 2018

Nthiga 2018

This study



pDest-myc ATAD3B 1-
320

Gateway
expression clone

pDest flp-in EGFP
ATAD3B

Gateway
expression clone

pDest flp-in EGFP Gateway
ATAD3B expression clone
pDest-myc ATAD3B1- @ Gateway
518 expression clone

Table 2.3: List of primers used in this study
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ATAD3B protein with 1-
224 amino acid
Production of in vitro
translated *°S-myc
ATAD3B protein with 1-
320 amino acid

Inducible expression of
EGFP-tagged ATAD3B in
Hela cells

Stable transfection of cells

This study

Nthiga 2018

Nthiga 2018

Production of in vitro
translated *°*S-myc
ATAD3B protein with 1-
518 amino acid

This study

Primer Sequence (5' to 3") Description

Reverse primer
5'-gccagccgtcctgatctactccaagacggtct-3'
Forward primer
5'-agaccgtcttggagtagatcaggacggctggc-3'
Reverse primer
5'-gccctecgtcagecgctagacctcecgagceactt-3'
Forward primer
5'-aagtgctcggaggtctagcggctgacggagggce-3'
forward primer
ggggacaagtttgtacaaaaaagcaggctccaccatgttagtc
ccagcctggaagc

reversed primer
ggggaccactttgtacaagaaagctgggtctacctagcgacct
ccgagcacttc

T7 primer
Sp6 primer

M13 forward sequencing

Table 2.4: List of equipment used in this study

Name Manufacturer

Sonics vibra cell ™ USA

AccuBlock ™ Digital Dry

Bath

M-26 Transilluminator
system

labnet international, Inc

BioDoc-it ™ imaging

Site directed mutagenic primer to insert a
stop codon at S225 of ATAD3B

Site directed mutagenic primer to insert a
stop codon at 519 of the ATA3B

Attb-flanged ends primers for the
amplification of the ATPase domain with
attb end for gateway cloning

Primer for forward sequencing of pDest-
myc plasmids

Primer for reverse sequencing of pDest-
myc plasmids

Primer for forward sequencing of
pDONR221 plasmids

Purpose |
Sonication of cell lysate
Boiling samples for
electrophoresis

Imaging of DNA and
Coomassie stained SDS-
PAGE gels



U/V visible
spectrophotometer

FUJIFILM BAS- 5000
Fuljifilm Bas cassette 2025
Nanodrop®
spectrophotometer ND-1000
Avanti® J-26 XP centrifuge
Model 583 gel dryer

PCR analyser

T-75 tissue culture flask
Cell counter

Confocal microscope
LSM800

Imagequant LAS 4000
Protein transfer analyser
CLARIOstar® plus
Microplate reader

96 well plates

35x10cm plate

6 well culture plates

24 well culture plates
15mls falcon tubes

50ml falcon tubes

Rotator

Mixer

Table 2.5: The following chemicals were used in this study

Reagents
Glutathione sepharose beads

Unstained protein standard
TNT® T7 quick coupled
transcription/translation
protein system + S
methionine

isopropyl p-D-1-
thiogalactopyranoside (IPTG)

NNN N -
tetramethylethylenediamine
(TEMED)

GenElute™ plasmid
Miniprep Kit

Quikchange site-directed
mutagenesis kit
Fetal bovine serum

Medinor Produkcer
medispec 1l

FUJIFILM
Fuljifilm

Saveen Werner
Beckman Coultere
Bio-Rad

Bio-rad

ZEISS

GE Healthcare
GE Healthcare
BMG Labtech

Falcon

Manufacturer
GE Healthcare

Biolabs In New England
Promega

Sigma

Sigma-Aldrich

Agilent Technologies
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Measure bacterial optical
density during GST- fusion
protein production
Autoradiography

Image developer
Measurement of plasmid
concentration

Harvesting of bacteria cells
Drying of gels

Thermal cycling

Tissue culturing

Seeding of cells
Fluorescence microscopy

Western blot analysis
Western blot analysis
Measurement of total protein
concentration of cell lysate

Cell culture

Purpose

Extraction of GST-fusion
proteins from crude lysate
Protein electrophoresis

In vitro translation of radio-
labelled proteins

Induction of protein
expression in E coli with T7
polymerase

Preparation of the
separating and stacking gel
for SDS-PAGE

Purification of plasmid
DNA from recombinant E
coli DH5a strain culture
Mutagenesis

Cell culture



Penicillin and streptomycin
solution
Nitrocellulose membrane

Pierce™ BCA protein assay
kit

Phusion®high fidelity DNA
polymerase

GelRed® dye
Bafilomycin Al

Bigdye 3.1

Cycloheximide 62ug/mi
Doxycycline 1pg/ml

Hygromycin 200ug/ml
Blasticidin S HCL 10ug/ml

SuperSignal™ western blot
substrate

Gateway™Bp clonase™ II
enzyme mix recombination
kit

Gateway™ LR clonase™ II
enzyme mix recombination
kit

Thermo scienctific

BioLab

Biotium

Sekvenslab UiT

ThermoFisher Scientific

ThermoFisher Scientific

ThermoFisher Scientific

Table 2.6: Cloning host and cell lines used in the study

Host

Standard BL21 (DE3) competent E

coli cells

soluBL21 (DE3) competent E coli

cells

DH50 (DB3-1) competent E coli

cells
Flp-In T-Rex Hela cells

Purpose
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Cell culture

Blotting of proteins
Measurement of total
protein concentration in cell
lysate

Amplification of the
ATPAse domain of
ATAD3B

Staining of DNA
Block lysosomal
degradation

DNA sequencing

Inhibit protein synthesis
Turn on ATADS gene
expression in stable cells
Selection of stable cell lines
Generation of stable cell
lines

HRP Western blot detection

Production of pPDON221
ATAD3B 320-518

Production of pDest-myc
ATAD3B 320-518

Production of the recombinant ATG 8 family
proteins fused to GST
Expression of the recombinant (p62, NDP52,

CALCOCOL1) proteins fused to GST

Table 2.7: Growth Media used in this study

Name

LB agar plates with 100ug/ml ampicillin or

Kanamycin

LB media supplemented with 100pg/ml

ampicillin

Yeast extract-tryptone (2xYT) media
supplemented with100pg/ml ampicillin

Purpose

bacteria

Cloning host for propagation of the plasmids

Cloning of bacteria with pDest vector
Set up overnight bacterial culture

Production of GST-fusion proteins in
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Dulbecco’s Modified Eegle’s medium with | Cell culture

Low glucose and L-glutamine, sodium

bicarbonate

Hanks balanced salt solution Modified with  Nutrient starvation media used to induce
sodium bicarbonate autophagy in cells

S.0.C media Bacterial transformation

Table2.8: Antibodies, florescence stains used in this study
Name Dilution/purpose Manufacturer Animal

source

Anti-ATAD3A 1:100 (IF) Abnova Rabbit

(H00055210-D01) 1:1000 (WB)

Anti-tom20 (F-10) Sc- 1:400 (IF) Santa cruz Mouse

17764

Anti-p62 (GP62-C) 1:2000 (IF) PROGEN Guinea pig

P62 #610833 1:1000 (WB) BD Biosciences Mouse

Anti-LC3B(0231-100/LC3-  1:1000 (IF) Nanotools Mouse

5)

Anti-LC3B (nb100-2220) 1:1000 (WB) Novus Rabbit

Anti-beta actin (A 2066) 1:1000 (WB) Sigma Rabbit

Anti-NRF2 (ab62382) 1:1000 (WB) Abcam Rabbit

Anti-biotin HRP linked 1:2000 (WB) Cell signaling technology = Rabbit

antibody

Anti-GFP (ab290) 1:1000 (WB) Abcam Rabbit

Anti-myc (#2276) 1:1000 (WB) Cell signalling Mouse
1:200 (IF) technology

Alexa flour® 488 anti- 1:500 (IF) Invitrogen Goat

rabbit

Alexa flour®555 anti - 1:500 (IF) Invitrogen Goat

mouse

Alexa flour®647 ant- 1:500 (IF) Invitrogen Goat

guinea pig

DAPI 1.4000 (IF)

IF = immunofluorescence, WB = western blotting

Table 2.9: list of Restriction enzymes used in this study

Name of enzyme Reference number

Dpn 1
Proteinase K

RO176L
25530049

Table 2.10: list of Buffers, solutions and stains used in this study

Name

1x Phosphate buffer saline

(PBS)

1x PBS-T (1L)

Composition
1ml of 100% PBS

Purpose
Washing

99ml of distilled water

100ml of 10 x PBS
0.1% Tween-20

Western blotting



0.1%Triton X-100
10% Triton x-100

Lysis buffer (200ml)

Bacterial Cell lyse solution
(4ml)

NETN buffer (200ml)

4x concentration buffer (1L)

10%Ammonium persulfate
(APS)

TEMED
4x separating buffer(1L)

Running buffer (5L)

Sample/loading buffer

Gel-Fixing solution (1L)

Coomassie blue staining
solution

De-stain solution 1 (1L)

Distilled water to 1L

1ml 10%triton X-100

90ml distilled water

10ml 100%triton-100

90 ml distilled water

10ml 1M TrisCl pH =8
(final conc 50mM) +

25ml 2M NacCl (final conc
250mM)

165ml distilled water
3.85ml of lysis buffer +
140ul lysozyme (10mg/ml)
+4 pl IMDithiothreitol
(DTT) + 8 ul
Ethylenediaminetetraacetic
acid (EDTA)

4ml of 1M Tris-Cl P8
10ml of 2M NaCl

1m of 100% Nonidet P (NP)
-40

400pl of 0.5M EDTA

2ml of 0.1M EGTA

Add dH20 to 200ml

60.55¢g Tris-base +4g SDS +
dH20 to 1L

pH adjusted to 6.8 with HCI

1g ammonium persulphate
in 10ml of distilled water

181.65g Tris-base + 4g SDS
+ dH20 to 1L, pH adjusted
to 8.8 with HCI

15¢g Tris-base + 75¢g glycine
+ 59 SDS + dH20 to 5L

4 parts of 2x (SDS 2-
mercaptoethanol) + 1 part
DTT

400ml methanol (final conc
40%) + 100ml acetic acid
(final conc 10%) + 500ml
dH20

Stock 1g of Coomassie blue
dye + 100ml of deionised
water

500ml methanol + 10ml
acetic acid + dH20 to 1L
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Permeabilization of cells for
immunostainings

Cell lysis during GST tagged
protein extraction

Bacterial cell lysis

Lysis of bacteria during
protein purification

GST Pull down

Preparation of the stacking
polyacrylamide gel for SDS-
PAGE

Preparation of the separating
and stalking gel for SDS-
PAGE

Preparation of the separating
gel for SDS-PAGE

Running of the
electrophoresis

Sample preparation for SDS-
PAGE

Fixing of proteins in the gel
and washing away the
components of the running
buffer on the gel

Staining of proteins bands in
the polyacrylamide gel

First de-staining of the
stained electrophoresis gel to



De-stain solution 2 (1L)

1X SDS buffer100ml

20x minigel buffer

Ponceau S stain solution
(1L)

Transfer buffer (1L)
TE buffer 100ml
Cutsmart buffer
4% paraformaldehyde
5x sequencing buffer

Methanol
Goat serum

DAPI

2.2 Methods

50ml methanol + 70ml
acetic acid + dH20 to 1L
5ml of 1M Tris-HCL PH 7.4
10ml of 20% SDS

20ml of 50% glycerol

d H20 to 100ml

193.769g Tris-HCL,
27.22¢g sodium acetate
14.9g EDTA

Distilled water 2 Litres
Adjust pH to 8 with acetic
acid

1g ponceau S, 50ml acetic
acid, distilled water to 1L

Tris 300nM, methanol 20%,
SDS 0.05%, Glycine 300nM
Tris 10mM, pH8
EDTA pH8 1mM

2.2.1. Agarose gel electrophoresis

removal of background
stains on the gel

Second de-staining of
electrophoresis gel
Harvesting of mammalian
cultured cells

Agarose gel electrophoresis

Protein visualisation after
transfer to a nitrocellulose
membrane

Western blotting

Cloning, agarose gel
electrophoresis
Restriction digestion
Fixation of cells
Plasmid sequencing
Permeabilization of cells
Blocking of unspecific
binding in during
immunofluorescence
Immunofluorescence
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Agarose gel electrophoresis separates DNA fragments on the bases of their size/mass and

was used to analyse the size of PCR fragments and purified plasmids. To prepare a 1% agarose

gel, 0.5g of agarose crystals was dissolved in 50ml of diluted minigel buffer (20x), followed by

boiling in the microwave to enable the agarose dissolve. The gel was heated in pauses while

swirling to allow even distribution of heat. Heating was continued until the solution became

clear with no agarose crystals seen in the flask. After cooling to about 60°C, the gel was casted

into a gel casting tray with a comb fitted in the tray to create loading wells.

Following

solidification of the gel, the comb was removed and the gel tray containing the solidified

agarose gel was placed into the electrophoresis chamber. The electrophoresis buffer was filled
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with the running buffer which enhances the movement of the DNA along the gel from the
negative to the positive electrode. To enable visual monitoring of DNA migration along the gel
during electrophoresis, 1ul of 6x DNA gel loading dye was added the plasmids and the total
volume was made up to 6ul using TE buffer. The prepared samples were subsequently loaded
into the wells together with a ladder (DNA fragments) of known molecular weight. After
loading the samples, the electrophoresis was run at 95mA for 1 hr 30 min. The applied current
enabled the movement of the DNA molecules. After the run, the gel was removed and stained
with a fluorescent nucleic acid dye; GelRed® for 1 hour to enhance visualisation of the DNA
under the UV light.

2.2.2. Bacterial transformation
Bacterial transformation is a method used for introducing plasmids into bacteria, and
plasmids were transformed into competent E. coli to produce recombinant GST fusion proteins
or for cloning purposes. In our research group, there are different strains of competent E coli
bacteria prepared with calcium chloride to enhance binding of plasmid DNA to the bacterial
wall and stored at -70°C. Each strain of E coli is transformed based on the purpose. Hence,
during transformation of the competent E coli bacteria, the bacteria stored at -70°C were thawed
on ice. Next, 50ul of the competent bacteria was put in a new Eppendorf tube and 2ul of the
plasmid DNA added. The bacteria were incubated with the plasmids on ice for about 20 minutes
to allow the DNA plasmids to bind on the cell wall. Afterwards, the bacteria were heat shocked
for 2 minutes at 37°C to create pores on the membrane that facilitates bacterial uptake of the
plasmids that were already resting on the cell membrane. Following heat shocking, the bacteria
were cooled for 2 minutes on ice to enhance recovery of the bacteria. The bacteria were then
briefly grown for 1 hour in 300ul prewarmed antibiotic-free SOC media to allow the bacteria
commence the expression of the plasmid with the antibiotic resistant gene. The bacteria were
further plated on an LB plate containing ampicillin or kanamycin (antibiotics) for the plasmid
selection and incubated overnight at 37°C. A subculture was made from a single colony of
bacteria from the LB plate.
2.2.3. lIsolation and Purification of Plasmids DNA from bacteria cultures using
GenElute™ plasmid Miniprep kit

This method of plasmid isolation and purification involves alkaline lysis of bacteria,
followed by the binding of plasmid DNA onto a silica membrane in the presence of high salt,
washing and elution of the bound DNA (80). Overnight bacterial cultures were harvested by

centrifugation at 13000g for 1 minute and the supernatant discarded. The recombinant DNA
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plasmids in the bacterial pallet were purified using the GenElute™ plasmid Miniprep kit
(Sigma-Aldrich) based on the manufacturer’'s procedure, whereby the harvested bacterial
culture was first resuspended in ribonucleases (RNAase) solution to enhance the degradation
of RNA molecules. The resuspended bacterial cells were then lysed and bacterial chromosomal
DNA or proteins precipitated with a neutralisation solution. Next, the precipitate was separated
by centrifugation for 10 minutes, after which the cleared solution was transferred onto a
prepared silica-based binding column and centrifuged. The column was washed once to remove
the remaining contaminants. The washed DNA plasmid was then eluted from the binding

column.

2.2.4. Measuring purity and concentration of the plasmid DNA

Nana drop 1000D spectrophotometer (Saveen Werner) was used to measure the
concentration and evaluate the purity of the isolated plasmids. The analyser measures DNA
concentration based on the absorbance of the UV-visible light by the DNA at an optical density
(OD) of 260nm. The nucleic acid application in the nanodrop software was used for the
measurements. Sample measurements were done following the manufacturer’s procedure. The
elution buffer (2ul) was first run as the blank after which DNA concentration was measured
from 2ul of plasmid DNA. The concentration and purity ratios of each sample were
automatically calculated by the nano drop soft wear. The purity of the plasmids was assessed
by evaluating the Azso/A2s0 and Aozeo/Azsoratios. An A260/A280 ratio between 1.8-1.9 was
considered a pure DNA, ratio above 2 indicated the presence of RNA, while ratios lower that
1.8 indicated the presence of contaminants and proteins which absorbs at or near 280nm. A
260/A230 between 1.8-2.2 was considered a pure DNA, and below 2 indicated the possible
presence of contaminants which absorbs at 230nm (81).

2.2.5. Polymerase chain reaction

Polymerase chain reaction (PCR) is an in vitro technique used to make multiple copies of a
specific DNA segment from a sample containing this segment (parent DNA). PCR or a PCR-
based cycling reaction was used for site-directed mutagenesis and for amplifying a cDNA
fragment for BP cloning using the Gateway cloning system (Invitrogen). The components of a
PCR technique includes: a forward primer, a reverse primer, parent DNA template, a thermal
stable DNA polymerase, free nucleotides RNase free water and 10x reaction buffer (82). The
PCR reaction begins with an initial heating for 2 minutes at 95°C to initially denature the double
stranded DNA and boost activation of the polymerase enzyme, followed by repeated thermal

cycles for 18-35 cycles, depending on the purpose. The steps/conditions per thermal cycle
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include: Denaturation of the parent DNA at a temperature of 95°C for 30 seconds to produce
single stranded DNA, followed by annealing of the primers to the separated strands for 1minute
and extension of the complementary DNA strands at 72°C by DNA polymerase. The extension
temperature is polymerase specific, while the time of extension depends on the size of the DNA
fragment being amplified (the PCR product) and its usually 1min/1kb. At the end of the last
cycle, there is a final extension step for 5min or longer at 72°C to allow the complete synthesis
of many uncompleted amplicon or fill-in additional adenine residues to the 3" ends in all PCR
products with the case of Tag polymerase. at the end of the final extension, the PCR reaction is

terminated by chilling the mixture to 4°C (82).

2.2.6. Plasmids and plasmid construction:

Most plasmids used in this study were obtained from the research group’s plasmid
archives (Table 2.1). Nonetheless, a few were made during this study using site-directed
mutagenesis or gateway cloning. The Figure 5 and 6 below is a map of some of the plasmids
used in this study

(0) Nrul Spel (41)
(7224) sall /
(7190) Sall,
(7073) SspI,_ N\
(6936) Apall,
(6846) Dral
(6749) Seal

Ncol (402)

Sacl (610)
HindIII (681)
1
d:

__Afel (1182)

(6154) Dral
(6135) Dral
_Smal (1344)

(5690) Apall —— — Sall (1690)

pDestMyc-ATAD3B
7400 b

P .
Ncol (1912)

T Mscl* (2118)

(5002) Sall

. BspEI (2520)
Mscl* (2559)

Sacl (2771)

(4457) Ncol

(4107) Mscl

Figure 5: Diagram showing the map of pDestMyc-ATAD3B plasmid. pDest-Myc is the vector backbone,
ATADS3B is the inserted gene (grey), Myc is the fusion tag (blue) and it is inserted N terminal of the inserted gene.
Ampicillin (AmpR) is the selection marker.
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_Stul (876)
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Figure 6: Diagram showing the map of pDest15-p62 plasmid. pDEST15 is the vector backbone, p62 is the
inserted gene (black), GST is the fusion tag (purple) and it is inserted N terminal of the inserted gene. Ampicillin
(AmpR) is the selection marker (green). The origin of replication depicted in yellow

2.2.6.1. Site-directed Mutagenesis

Site directed mutagenesis is a polymerase chain reaction (PCR) method to induce
mutation on specific nucleotides of a plasmid (83). In this study, this method was used to make
mutant plasmid constructs having an early stop codon at the nucleotides of interest. Hence, in
light of these, forward and reverse mutagenic DNA primers (oligonucleotides) that induced
early termination codons at the desired sites on the ATAD3B genes were designed using
QuickChange Primer design program (

https://www.agilent.com/store/primerDesignProgram.jsp ) Table 2.3. The mutant DNA of

interest was produced using the Quikchange site-directed mutagenesis kit based on the
manufacturer procedure. In which case the reaction components, DNA plasmid and the primers

were mixed together (Table 2.11).
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Table 2.11: Reaction components for site-directed mutagenesis
Reaction components Quantity (25ul total vol) |

10x reaction buffer 2.5l
DNA template 30ng
Forward primer 10uM 1.3 ul
Reverse primer 10uM 1.3l
DMSO 0.5l
dNTP 10mM 0.5 ul
Pfu polymerase 0.5ul
RNase free water To make a total volume of 25

The pfu polymerase was the last component to be added into the mixture, in order to
prevent degradation of the primers by the enzyme. Dimethyl sulfoxide (DMSO) was used for
optimisation of the reaction. Following mixing of the reaction components, a PCR was setup

using the following program in Table 2.12.

Table 2.12: PCR program used for site directed mutagenesis
Steps Duration

1. Initial heating at 95°C 2min

2. Denaturation at 95°C 30 sec
3. Annealing at 58-65°C (depends on the Tm of the primers used) 1min

4. Extension by pfu polymerase at 72°C 2min/kb
5. Final extension at 72°C 10min
6. Reaction termination 4°C

After the initial heating for 2 minutes (step 1), step 2-4 were repeated 18 times, followed
by a final extension for 10 minutes (step 5) and termination of the reaction (step 6). The PCR
products were subsequently incubated with 1ul Dpn 1 endonucleases enzyme for lhour at 37°C
to digest parental methylated and hemi-methylated DNA present in the PCR products. Next,
competent DH5 alpha bacteria were transformed with the mutagenic plasmids to make multiple
copies of the plasmids. Overnight cultures were set up from a single colony and the plasmids
were purified from the bacteria using GenElute™ plasmid Miniprep kit. The size of plasmids
were then analysed by agarose gel electrophoresis. Plasmids with corresponding sizes were sent
for sequencing at the UiT’s Medical Genetics facility. Sequencing results were analysed using
the BioEdit program to evaluate if the desired mutation was inserted. Figure 7 below shows

the summary of the steps involved to construct a site-directed mutagenic plasmid.
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Design desired primers for site-directed
mutagenesis

l

Production of PCR products with mutation

l

Treatment with Dnp1 to digest parental methylated and hemi-methylated strands

l

Bacterial transformation

l

Plasmid isolation and concentration
measurement

l

Mutant plasmid verification
(Agarose gel electrophoresis + sequencing)

Figure 7: A flow chart for the summary of the steps to make site-directed mutagenic constructs

2.2.6.2.  Construction of gateway clones by gateway recombination cloning system (Invitrogen)

Gateway cloning allows DNA fragments to be easily inserted into a vector or be
transferred from one vector into another by site-directed recombination (84). The gateway
system depends on two types of recombination; the BP reaction using the BP clonase
recombination system and the LR reaction using the LR clonase recombination system.
Described below is the protocol for PCR amplification and purification of a cDNA fragment
with flanking attB sequences, followed by a BP reaction where the cDNA fragment is inserted
into the DONOR vector pPDONR221.

PCR amplification and purification of cDNA fragment with flanking attB sequences

Primers with attB-flanked ends (att- recombination sequence) targeted for the
amplification of the cDNA fragment of interest were designed using the using the OligoPerfect
Primer Designer program on Thermo Fisher scientific

(https://apps.thermofisher.com/apps/oligoperfect/#!/design). The DNA fragment was amplified
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using phusion® high fidelity polymerase kit from New England BioLabs inc, according to the

manufacturer’s procedure. The reaction components included

Table2.13: Reaction components for DNA amplification by phusion® high fidelity
polymerase

Reaction components Volume (total volume 20 pl) |
5x Phusion buffer 4ul

DNA template 50ng

Forward primer 10uM 1ul

Reverse primer 10uM 1l

dNTP 10mM 0.4 pl

DMSO 0.5l

phusion® high fidelity polymerase 0.3ul

RNase free water To 20ul mark

Following mixing of the components, a PCR was setup, beginning with an initial heating
for 30 seconds. The DNA fragment was amplified through 34cycles of thermal cycling reactions
comprising of step 2 to 4 as indicated in Table 2.14 below. The extension time was allowed for
30 seconds, since the size of the region to be amplified on the parent DNA is about 600bp.
DMSO was added to the reaction mixture to optimise the reactions to achieve a higher yield of
the amplicon. The reaction was terminated at by decreasing the temperature to 4°C

Table 2.14: PCR program used for DNA fragment amplification

Steps Duration

1. Initial heating at 98°C 30sec
2. Denaturation at 98°C 30 sec
3. Annealing at 65°C (depends on the Tm of the primers used) 15sec
4. Extension by pfu polymerase at 72°C 30sec
5. Final extension at 72°C 10min
6. Reaction termination 4°C

After the PCR amplification, the amplicons were cleaned up using GenElute™ PCR
clean up kit as per the manufacturer's procedure to remove any form of impurities. During this
clean-up process, separation columns were prepared to enhance the binding of the DNA to the
column. After which the DNA was pre-incubated with a binding solution to enhance its binding
to the prepared column. The pre-incubated DNA was then put in the separation column and
centrifuged at a very high speed for 1 min. The bound DNA is washed and dried. The DNA

was then eluted, and its concentration measured using nanodrop. Next, an agarose gel
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electrophoresis was done to verify that the expected amplicon was obtained by evaluating its
size. Secondly, an agarose gel electrophoresis was done to further purify the amplicon from the
left-over impurities. All the pre-cleared DNA fragment with 644bp was then ran on a 2%
agarose gel at 95mA. The gel was stained with 1ul GelRed® for 1 hour to increase visualisation
of the bands. Next, a band with a size corresponding to the expected size (slightly above the
500bp band of the ladder) was excised, chopped into tiny pieces and put in a column prewashed
with Tris-EDTA (TE) buffer. DNA was extracted by centrifuging at 210009 for 10 minutes at
4°C. The TE buffer was used to prepare the column because it enhances DNA solubility and

protects it from degradation during centrifugation.

Production of an entry clone by a gateway BP clonase recombination

In a Gateway BP recombination reaction, the BP recombinase enzyme recombines the attB
sites of a PCR fragment or expression clone with the attP sites of a Gateway donor vector,
swapping the gateway cassette with the selected fragment to produce an entry clone flanked by
attL sites. This recombination reaction is unidirectional as attB1 recombines with attP1 and
attB2 recombines with attP2 (85). This method was used in this study to insert the purified
cDNA fragment into the gateway cloning vector pPDONR221. In the BP reaction, 150ng of the
pDONR221 vector, 150ng of the amplified DNA, and 2ul BP clonase enzyme were mixed and
incubated for lhr at 25°C. The BP recombination reaction was terminated by degrading
(digesting) the BP clonase with proteinase K for 10 minutes at 37°C. Competent DH5 alpha E
coli bacteria strain was subsequently transformed with the BP clonase recombination product,
and overnight cultures prepared from single colonies of bacteria. Plasmids were then isolated
and purified using the gene elute miniprep kit, followed by DNA sequencing to verify the
sequence of the amplified DNA fragment obtained. The BioEdit software was used to analyse

the sequenced plasmid.

2.2.7. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

In SDS-PAGE, proteins are separated based on their sizes (molecular mass) via an electric
current. Polyacrylamide gels used in SDS-PAGE consist of a stacking and a separating gel. The
stacking gel concentrates the proteins before they enter the separating gel, while the separating
gel separates the proteins based on their size. In this study, SDS-PAGE was used to test the
yields of GST fusion proteins after immobilization on glutathione sepharose beads and analyse
proteins after GST pulldown assays or western blot experiments. The acrylamide concentration
used were 4% for the stacking gel and 8% 10%, 14% or 16% for the separating gel (depending
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on the molecular weight of the proteins being analysed). The gels were prepared by mixing
water with 4x separating buffer or 4x stacking buffer ( ¥ the total volume required), and
acrylamide added to the required final concentration. Gels were polymerised with a final
concentration of 0.01% Ammonium persulfate (cross linking agent) and 0.15% N,N,N’,N’-
tetramethylethylenediamine (catalyst). The separating gel was first prepared and casted into
the assembled electrophoresis cassette. The cassette was filled with deionised water prior to
polymerisation to remove unwanted air bubbles present in the gel and completely level the
surface of the gel. The gel was then allowed to polymerise for 10 minutes. The stacking gel
with a lower concentration of acrylamide was prepared and casted over the separating gel. A
comb was inserted into the stacking gel to create loading wells after the gel polymerises. Next,
protein samples to be tested on the SDS-PAGE was prepared by boiling them with 10ul sample
buffer (Table 2.9) at 100°C for 5 minutes to fully denature the proteins. The samples were
cooled and loaded into the wells of the gel. The cassette containing the gel was mounted into
the electrophoretic chamber. The chamber was subsequently filled with the running buffer,
connected to a running tap and an electric current applied at 20 mA per gel for 1 hour. The
electric current enabled migration of the proteins through the gel from the negative to the
positive terminal. After electrophoresis, subsequent processing of the gel also depended on the

purpose.

2.2.8. Protein -protein interaction studies

The interaction between all the ATAD3 constructs and autophagic markers were evaluated
by performing in vitro GST pulldown assays. In order to do this, three main steps were done.
Firstly, the GST-fusion proteins were produced in bacteria and immobilised on glutathione
sepharose beads. Secondly, %S methionine radiolabelled ATAD3 constructs were synthesised
in vitro, using methionine-free reticulocyte (Promaga). Lastly, binding of the radiolabelled in
vitro synthesised proteins to the immobilised GST-fusion protein were tested by in vitro GST
pulldown assays followed by SDS-PAGE to enable detection of the co-precipitated

radiolabelled proteins by autoradiography.

2.2.8.1. Bacterial expression and immobilization of recombinant GST-proteins

E coli is one of the most used host to produce recombinant proteins due to the fact that
it is inexpensive, fast growing and give a high yield of protein (86, 87). Nonetheless, E coli as
a bacterial system do not have all the necessary enzymatic machinery necessary for post-
translational modifications as well as protein folding, and it is often prone to metabolic burden

resulting from high protein expression (88). Thus, this makes E coli limited in expressing
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soluble biological functional proteins which results in the formation of inclusion bodies of the
proteins due to misfolding of the proteins. As such, genetically engineered E coli strains have
been produced to improve protein solubility in vivo, for example the soluBL21(DE3) strains
of E coli is being used to facilitate the production of cytoplasmic proteins that are prone to
aggregate formation when expressed in the standard E coli DE3 strains. Similarly, fusion
partners such as maltose binding protein (MBP), His-tag, NusA and GST are used to enhance
solubility of the protein expressed. These fusion partners also facilitate the purification of these

proteins from the whole cell lysate (86, 88).

In this study, the autophagic related proteins were produced and extracted as GST-
fusion proteins. The bacterial strain E. coli BL21 was used for production of GST, while the
bacterial strains E coli BL21 (DE3) and E coli soluBL21 (DE3) were used to produce the other
GST-fusion proteins. The different bacterial strains expressing the various proteins of interest
with GST tag were streak on an LB agar plate containing 100g ampicillin. A colony of each
bacteria were used to produce overnight culture in 5ml of LB media with ampicillin at 37°C on
a shaker. The overnight culture was transferred to a 100ml 2xYT agar (having a higher nutrient
content than the LB media) and allowed to grow while bacterial growth was being monitored
by measuring the absorbance at an optical density (OD) of 600. At an absorbance between 0.6-
0.9, protein production was induced with 0.5mM isopropyl B-D-1-thiogalactopyranoside
(IPTG). Upon induction of protein synthesis, the bacteria were transferred to room temperature
to reduce the formation of recombinant protein aggregates, which is mostly favoured under
higher temperatures (86, 88). The bacteria were then allowed to grow at room temperature for
4hrs to allow protein synthesis. The bacteria expressing the GST-fusion proteins were

harvested by centrifuging at 4°C for 10min at 5000rpm.

In order to purify the GST-fusion proteins from the harvested bacteria, the bacterial cell
wall and membrane were ruptured. The harvested bacteria were chemically and enzymatically
lysed by adding 4ml of the lysis solution containing lysosome, EDTA, DTT, Tris-CL, NaCl
(Table2.9). Lysozyme is an enzyme that disrupts the bacterial cell wall by degrading the
glycosidic bond of the crosslinked peptidoglycan. Tris-HCI was included to alter the pH of the
cell membrane, thereby making it more prone to break. DTT served as reducing agent that
prevents intramolecular and intermolecular disulphide bonds formation, and EDTA was used
as a protease inhibitor to protect the GST-fusion proteins from proteolytic degradation during
the purification process (89). The mixture (bacteria + cell lysis solution) was then resuspended

and incubated on ice for at least 20min to allow cell wall disruption by the enzyme, before
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adding 140ul of 10% Triton X-100 which ruptures the bacterial cell membrane. The lysate was
subsequently frozen overnight at -70°C followed by thawing on ice and sonication the next day.
The sonication was done on ice in 3 repeats for 30 seconds each at a pause of 10 seconds, and

was done to physically lyse the bacteria (89).

Following bacterial lysis, the lysate was centrifuged at 13000g for 10 minutes at 4°C
and the pellets discarded. Next, glutathione sepharose beads were used to isolate and
immobilize the GST-fusion proteins from the mixture of proteins in the suspension. The
glutathione sepharose beads and the suspension were incubated on a rotator for 1 hour at 4°C.
Purification of GST-fusion proteins was based on the binding affinity of the GST to glutathione.
After the incubation, the mixture was centrifuged and the supernatant discarded, leaving the
GST-fusion protein attached to the glutathione sepharose beads. Beads were washed 3x with
PBS and the 4" wash with NETN buffer. The GST-fusion proteins were resuspended in NETN
buffer with protease inhibitor to prevent easy degradation of protein during long term storage.
Protein identification as well as their level of protein expression (abundance) was detected using

SDS-PAGE (Figure 8). Images of the stained gels were taken using UV transilluminator.

B. 1 colony in 5ml LB c D. Induce protein
media, Yooy Growth at 37°C production with
overnight, 37°C ! | ———— .~ until 0D600=0.6-0.9 IPGT

Bacterial colonies

on LB plates T
C. Transfer to
100ml 2xYT media, 37°C
E. Transfer bacteria to
'O
iz::’rt:;ﬁz ¢ 30°C, growth for 4hr

A. Streak E coli bacteria expressing

recombinant plasmid DNA on LB Amp F. Har\{est and lyse
resistant plate Freeze-70 /— bacteria to release
. cellular constituents
ovejrnlght
— | G. Protein purification
Store in protease inhibitor — 1. Sonicate lysate
at4°C 2. Incubate Lysate + glutathione beads (1hr)
‘ H. Protein testing by SDS PAGE ‘ 3. Wash proteins bound to beads

Figure 8: A schematic presentation of the steps in the production of GST-fusion proteins. Steps from
streaking of E coli bacteria expressing the plasmid of interest on the LB plate to testing of the extracted proteins.
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2.2.8.2.  Invitro synthesis of *Sradiolabelled proteins

Recombinant ATAD3A and its C-terminal have reported difficult to be produce in a
functional state in bacteria (90), as such these proteins were produced in vitro using the rabbit
reticulolycte system (Promega). In this system, proteins are produced from plasmid DNA, that
is first transcribed by T7 polymerase and then translated by ribosomes present in the
reticulocyte lysate. The pDest-Myc vector used to make the ATAD3 constructs, has a T7
promoter (immediately upstream of the Myc-tag sequence) to which the T7 polymerase binds
to and initiate transcription. The plasmids (250ng/pl each per reaction) were in vitro transcribed
and translated in the presence of radiolabelled **S (methionine), T7 polymerase and a TNT®
T7 reticulocyte Lystate system without methionine. 10ul of the in vitro translated radiolabelled
35S-myc-tagged radiolabelled proteins or mutant proteins were pre-cleared for 30 minutes at
4°C by incubating with 10 pl empty glutathione sepharose beads and 100 pl of NETN buffer
supplemented with EDTA free protease inhibitor. Preclearing was done to remove any non-
specific binding, and the protease inhibitor added during preclearing of the proteins was to

prevent digestion of the proteins.

2.2.8.3.  GST-pulldown assay

It is an in vitro method used in this study to test for the interaction between in vitro-
synthesised proteins and GST-fusion proteins immobilised on glutathione sepharose beads. In
each experiment, the amount of beads were adjusted to secure that approximately equal amounts
of the different GST-fusion proteins were added. Beads with immobilized GST fusion proteins
were mixed with in vitro translated 3°S-methionine labelled proteins and then incubated on
rotation at 4°C for 1 hour and subsequently washed 5 times to remove unbound proteins. The
GST-fusion proteins complexes were eluted from the glutathione beads by adding the sample
buffer (4 parts of 2x SDS loading buffer and 1 part of DTT) and fractionated by 10%-14% SDS-
PAGE, depending on the size of proteins. At the end of the electrophoretic run, gels were fixed
for 10 minutes and stained with Coomassie blue overnight to visualize the GST fusion proteins.
The gel was de-stained in a de-stain solution 1 for 1 hour and de-stain solution 2 for 1 hour and
images for the GST-proteins taken using M-26 Transilluminator. After which gels were dried
using model 583 gel dryer. Samples were ran with a 10% input of the in vitro translated protein
as a control. 3S-methionine labelled proteins on the gel were detected by autoradiography
(Figure 9), in which images were developed using Fuljifilm Bas-MS 2025 imaging plate and
analysed using a FUJIFILM BAS-5000 analyser. Images were taken at a resolution of 100 and
16 bit. Detection by autoradiography enabled the quantification of the binding capacity of the
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in vitro translated radiolabelled proteins to the GST-fusion proteins, based on the radioactive
signal produced per pull down reaction (91). The quality, reproducibility and consistency of the
NETN buffer used for the pulldown was controlled during each batch of pull-down reaction by
loading a GST-fusion protein washed trice with the NETN buffer. The percentage binding was

estimated by calculating the relative average signal per band.

in vitro translation of radiolabelled proteins

l

Pre-clearing of the in vitro translated Produce and immobilised GST-fusion
protein

radiolabelled proteins

Incubation of GST-fusion proteins with the vitro translated radiolabelled proteins (GST-pulldown reaction)

l

Wash to remove unbound proteins

l

Elute GST fusion protein complexes from the beads

|

SDS PAGE

l

Stain and dry gels

l

Autoradiography to detect the presence of co-precipitated

Figure 9: A flow chart showing a summary of the steps in testing for the protein-protein interactions in
vitro.
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2.2.9. Mammalian Cell culturing and maintenance

Mammalian cell culture refers to the process of growing human cells in vitro in a flask
or dish (92). This technique is used for cytogenetic, biochemical, molecular and diagnostic
studies. During cell culturing, adherence to aseptic techniques that prevent contamination and
loss of cells is required for a long-term maintenance of the cell’s viability (93). In this study,
Flp-in T-Rex Hela cells were cultured in T75 flask. Cell growth media were prepared by
supplementing Dulbecco’s Modified Eegle’s medium (DMEM) (low glucose and L-glutamine)
with 10% fetal bovine serum (FBS) to enhance growth and 1% penicillin and streptomycin
antibiotic to avoid microbial growth. Cell were kept alive and growth maintained by passing
10% of the cells twice per week. Cell passage involves detaching of the cultured cells from the
surface of the current culturing vessels and subsequent transfer of a subset of the cells into a
new culture vessel (94, 95). The frequency of cell passage depends on the growth rate of
individual cells (95). Cells were checked microscopically to monitor growth and viability of

cells.

During cell passaging, the prepared cell culture media and trypsin were prewarmed by
placing them in the incubator at 37°C for a few minutes. The media bottles, culturing flask,
falcon tubes and pipette tips were sterilised with ethanol before placing them into an alcohol-
cleaned hood to avoid contamination. The culturing media was suctioned out from the cells and
cells were gently washed once with 1X PBS. Next, the cells were treated with trypsin and placed
in the inhibitor for 3 minutes to detach them from the surface of the flask. After the cells have
fully been detached, the trypsin was neutralised by adding 5ml of growth media. Cell
suspension were later transferred into 15ml falcon tubes and centrifuged at 1000g for 3min.
Supernatant was discarded, and pellets resuspended in 1ml culture media. 100ul of the
resuspended cells were transferred into a new culturing flask containing 10ml of fresh growth
media to provide fresh nutrients to cells and keep them healthy (95). Cells were gently mixed
to allow even distribution of cells and placed in the incubator at 37°C in 5% carbon dioxide for

further propagation.

2.2.10. Cell transfection

Transfection is a method by which foreign/exogenous DNA are introduced into cells to
make genetically modified cell (96, 97). Genetic materials can either be transiently introduced
into the cell for a shorter period or stably introduced into the host genome which are being
passed onto the progeny during cell division (97). This experimental tool enables the function

and regulation of a gene and protein to be studied in cells (96, 97). In this study, both transient
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and stable transfection were done. The flp-in T-rex Hela cells were transiently transfected with
pDest-myc plasmids, while pDest flp-in plasmids were used for stable transfection. In both
types, metafectene® Pro was used to enhance uptake of the plasmids into the cells.

2.2.10.1. Transient transfection of cells

3 x10°cells/ml were seeded in a 6 well plate and allowed to grow in 2ml complete growth media
for 16-24hrs. Cells in each of the wells were transfected with 2ng of the plasmid. Thus, to
transfect a single well, 2ng of the plasmids were added in a 15ml falcon tube containing 200l
of serum-free Dulbecco’s Modified Eagle's medium with low glucose and L-glutamine. Next,
4ul of metafectene was added to the plasmid in the tube. The mixture was incubated for 30min
to allow the plasmid and metafectene to form a complex. The mixture was then gently added to
the seeded flpn T-Rex Hela cells. The plate was slowly swirled to facilitate even distribution of
the complexes within the well. Cells were grown for 24hrs at 37°C in 5% carbon dioxide.

2.2.10.2. Stable transfection and generation of stable cell lines

Stable transfection was used to establish a stable cell lines for inducing over expression of our
protein of interest. In contrast to transient transfection, for stable transfection, 1 x10° cells/ul
were seeded in each well in a six well plate and the cells were transfected with either 1ng of
pDest flp-in EGFP ATAD3A or 1ng of pDest flp-in EGFP ATAD3B. The cells in one of the
wells served as a control and were not transfected. Forty-eight hours following transfection,
the media was changed and all cells (in wells containing transfected cells and wells without
transfected cells) were washed twice with 1x phosphate buffer saline (1x PBS). After which the
cells expressing the pDest flp-in EGFP plasmids were selected by treating the cells (both
transfected and control) first with 200ug/ml hygromycin and 10ug/ml blasticidin S HCL.
Selection was done for about 14 days during which all the cells in the control well died. After
which, the surviving stable cells in the other wells were grown in normal growth media for
24hrs and subsequently treated them 300ug/ml of hygromycin and 15ug/ml of Blasticidin S
HCL for 4 days to further select cells that have a higher expression of the plasmid. The flp-in
system enables stable expression of recombinant proteins in mammalian cells. This system
allows the induction of gene expression in the presence of an inducer such as tetracycline or
doxycycline under the control of the human CMV promoter (98). Following selection of cells
stably expressing the plasmids, EGFP-tagged protein expression was induced using 1ug/ml of
doxycycline and detected using confocal imaging and western blots. Some of the cells were
freeze- stocked in 10%DMSO in FBS.
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2.2.11. Cell harvesting

Cell harvesting and lysis are crucial for the study of the complexity of intracellular processes.
Depending on the analysis following cell lysis, different methods of cell harvesting are used. In
this study a detergent based lysis was used, which involves incorporation of the detergent in the
cell membrane, formation of pores within the membrane followed by complete lysis of cells
(99). Here, SDS was used as detergent to lyse cells and also to denature the released proteins.
During harvesting of cells, cells were taken out of the incubator and the growth media aspirated.
After which the adherent cells were washed three times with 1x PBS. Next, adherent cells were
detached and lysed by adding 75ul of 1x SDS buffer (table 2.10). A plastic cell scrapper was
used to scrape out cells from the surface and the viscous suspension transferred into an
Eppendorf tube. The solution was later boiled at 100°C to completely denature the proteins.
Boiling of the sample was terminated when the solution had completely lost their viscosity.

Lysates were stored at -20°C for further analysis (100).

2.2.12. Total protein quantification by Pierce™ BCA Protein Assay

This is a colorimetric semi-endpoint method that detects and measures protein concentration
using bicinchoninic acid (BSA). During the BCA assay, proteins in solution reduces the Cu?*
to Cu® ion in an alkaline medium. The Cu+ ions further chelates with BCA to form a purple
colour that is being detected. Protein concentration is quantified based on the intensity of the
purple colour formed. The higher the intensity of the colour formed the greater the total protein
concentration. In this study, the BSA assay was used to measure total protein concentration in
order to estimate approximately equal amount of total proteins in the different experimental cell
lysates. All measurements were done based on the manufacturer procedure. After harvesting
cells with 1x SDS buffer, samples were diluted 10 times and aliquoted into the 96 well
microplate. Protein standards of varying concentrations ranging from 2-0.025ug/ml were
prepared with the same harvesting buffer (1x SDS buffer) and aliquoted into the 96 well
microplate. The harvesting buffer was also used as the blank. The Cu?* working reagent was
prepared as per the manufacturer guide. Following preparation of the working reagent, samples
and standards were incubated with the working reagent at 37°C for 30 minutes, and absorbance
read at 562nm using CLARIOstar® plus Microplate reader. All samples and standards were ran
in duplicates. The mean value of the duplicates per sample/standard was determined. Next, a
standard curve of mean absorbance value of the standards versus their respective concentrations
was generated. The concentration of each test sample was interpolated from the standard curve
generated based on the mean absorbance value of each sample. The final concentration of each
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sample was determined by multiplying the values obtained from the curve by 10 (the dilution

factor).

2.2.13. Western blotting analysis

Western blotting is an immunological detection method used detect the presence and abundance
of the proteins of interest in the whole cell lysate after fragmentation of the proteins in the cell
lysate by SDS-PAGE. After measurement of total protein concentration, approximately 20ug
of the total protein in each sample were boiled for 10 minutes with 2x loading buffer containing
DTT to enhance proper denaturation of the tertiary structure the proteins before running
samples on SDS PAGE. Samples were loaded on the gel alongside a stained protein ladder and
a biotinylated ladder. Different percentages; ranging from 8-16% of thick gels were made,
depending on the molecular mass of the protein to be detected. The gel was ran at 30mA/gel
for 1hour. Next, the proteins in the gel were then electro-transferred to a nitrocellulose
membrane to enhance exposure of the proteins for easy accessibility by the antibodies. The
transfer was done for 15min at 13A and 25V using 1x transfer buffer. One of the precautions
taken during preparation of the sandwich for the transfer, was getting rid of air bobbles which
could interfere with the transfer of proteins from the gel to the membrane. After transfer of
proteins, the membrane was washed in distilled water for 10 minutes to remove debris before
staining with Ponceau S stain to visualised if proteins were properly transferred onto the
membrane. Possible unspecific binding of the primary antibody to other proteins was blocked
by incubating the membrane with 5% blocking milk in PBS-T for 30 minutes. The blocked
membrane was then washed in PBS-T for 10min and incubated overnight at 4°C with the
appropriate primary antibody against the specific protein. The next day, the membrane was
washed with PBS-T to remove unbound antibodies and incubated with HRP-labelled secondary
antibodies directed against the primary antibody and anti-biotin directed against the biotinylated
ladder. Another washing was done 3 times for 10min each to remove unbound secondary
antibody. Membrane was then incubated with HRP-superSignal™ West Pico PLUS
chemiluminescent substrate, which binds to the HRP-labelled secondary antibody. The
substrate was prepared based on the manufacturer instructions. Protein detection was done by
chemiluminescence using Imagequant LAS 4000 LAS (figure 10). The intensity of each band

was quantified using Image J.
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Figure 10: A schematic presentation of the procedure used for the detection of protein in a cell lysate.
Steps from sample preparation for SDS PAGE to protein detection by chemiluminescence

2.2.14. Immunofluorescence and confocal microscopy

Immunofluorescence is a method used to detect the cellular localisation and distribution of a
molecule/protein by using a specific antibody directed against the target protein of interest (101,
102). During immunofluorescence analysis of cells, confocal microscope is used for the
visualisation of the protein-antibody complexes through immunofluorescence from the
fluorophore-conjugated secondary antibodies targeted against the primary antibody (101). For
immunofluorescence analysis, approximately 1x10° cells/ml were seeded on coverslips placed
in a 24 well falcon plate and allowed to grow for 48 hours. Cells were immediately fixed with
4% paraformaldehyde after removal of cell culture media to preserve cellular morphology and
integrity. In order to establish which fixation is better for retaining the cellular distribution and
staining pattern of the proteins and maintaining the morphology of the mitochondria, 2 types
of fixation conditions were made: fixation at room temperature with 4% paraformaldehyde and
fixation at 37°C with pre-warmed 4% paraformaldehyde. After fixation, cells were
permeabilised to sufficiently disrupt the cell membranes in order to enhance access of the
antibodies into subcellular locations and ensure their access to the epitope of the proteins (102,
103). As such, ice-cold methanol and 0.1% of Triton x-100 were used to permeabilised the cells
in order to evaluate which is a better permeabilization reagent for the protein of interest. The
permeabilised cells were later washed three times with 1x PBS and nonspecific binding of the

primary antibody to other cellular components were blocked, by incubating the cells with 3%
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goat serum in PBS for 1hr. Following blocking of unspecific binding, the proteins of interest
were immunolabeled by incubating the cells with the respective primary antibodies for an hour.
Unbound primary antibodies were washed away, and the cells were further incubated for
another 1 hour with fluorescent-tagged secondary antibodies directed against the primary
antibody (Table 2.8). Moreover, control cells were stained only with the secondary antibody to
assess for any nonspecific binding of the secondary antibodies. The nuclei were also stained
with DAPI (102). Coverslips with seeded cells were mounted on slides using mowiol. Images

were taken using ZIESS LSM800 confocal microscopy using oil immersion objective 60X.

Table 2.15: Pre-staining conditions tested used in cells
Different Cell Fixation Cell

experimental permeabilization
conditions tested

1 Room temperature with 4% paraformaldehyde Ice cold methanol

2 37°C with pre-warmed paraformaldehyde Ice cold methanol

3 37°C with pre-warmed paraformaldehyde 0.1% triton x-100 in

PBS
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Chapter 3

Results

3.1. Char_acterising the binding between ATAD3A and ATAD3B and autophagy related

proteins

In this study, the human ATAD3B isoform 1 comprising of 648 amino acids (NCBI protein
ID NP_114127.3) and the human ATAD3A isoform 2 comprising of 586 amino acid (NCBI
protein ID NP 001164006.1) were used. Available data have demonstrated that ATAD3
proteins may be involved in the regulation of autophagy and mitophagy (20, 64). Recent studies
in the group on co-immunoprecipitation experiments using CALCOCOL1 stably expressed in
HEK293 cells as bait, followed by mass spectrometry to identify the interacting partners,
revealed that endogenous ATAD3A and ATAD3B interacts with CALCOCO1. Furthermore,
this study suggested that CALCOCO1 may function as a selective autophagy receptor (Nthiga
et al., 2020, submitted to EMBO Journal). Subsequent in vitro assays also supported a binding
between CALCOCO1 and full length ATAD3A and ATAD3B, while other preliminary
experiments also showed interactions of ATAD3A and ATAD3B with p62, NDP52, and the
human ATGS proteins (LC3A LC3B, LC3C, GABARAP, GABARAP like 1, GABARAP like
2) (data not published). As a result, several deletion constructs of ATAD3B were made but
were never used. From these findings, it was hypothesised that ATADS3 proteins may have a
direct role in regulating autophagy or mitophagy. Consequently, this study was geared to
characterise these interactions, and to evaluate if the interaction was essential for either the
degradation of ATAD3 itself by autophagy, or for the proposed role of ATAD3 in regulating
autophagy or mitophagy.

3.1.1. ATADZS proteins binds directly to the ATG8 proteins

To verify the observed interactions of ATAD3A and ATAD3B with human ATGS8
(hATGS) proteins, GST pulldown analysis were done. Each hATG8 protein was produced as
GST-fusion proteins in E coli and extracted on beads as baits, while ATAD3A (isoform 2) and
ATAD3B (isoform 1) were in vitro translated using the reticulocyte lysate system and *°S
methionine. Next, a GST pulldown assay was done to test for binding. Protein complexes were
eluted from beads and separated by SDS-PAGE, GST and GST-ATG8 proteins were detected
by Coomassie blue staining, while the co-precipitated radiolabelled ATAD3 proteins were
detected by autoradiography. Based on in vitro GST pulldown analysis followed by
autoradiography, it was revealed that radiolabelled ATAD3A and ATAD3B directly interacts
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with the ATGS8 proteins in vitro. Both proteins exhibited a stronger interaction with GST-ATG8
proteins than with GST (negative control), indicating a specific interaction. By quantifying the
percentage binding capacity, it was revealed that ATAD3A binds slightly stronger than
ATAD3B. In addition, ATAD3A and ATAD3B showed a similar binding pattern to the ATG8
family, where both binds better to GABARAP like-1 followed by GABARAP and LC3A
(Figure 11B), which is contrary to what has been reported for most ATGS8 interacting partners
like members of the ULK1 complex and ATAG13 that binds stronger to GABARAP,
GABARAP L1, GABARAPL?2 and LC3C (45).
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Figure 11: Human ATAD3A and ATAD3B interact with ATG8 proteins in vitro.
A. Presentation of the various domains/motifs of ATAD3A and ATAD3B.
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B. In vitro GST pulldown assay conducted to test for the interaction between in vitro translated 3°S
radiolabelled ATAD3A and ATAD3B full length and GST-tagged human ATG8 proteins. GST-tagged
ATGS8 proteins were produced from E coli and immobilised on beads as baits. ATAD3 proteins were
radioactively synthesised using Rabbit reticulocyte system and %S methionine. GST-fusion proteins and
radiolabelled ATAD3A or ATAD3B incubated. Following pulldown, proteins were washed, eluted and
separated through SDS-PAGE. Coomassie brilliant blue stains was used to visualise GST and the GST-
fusion proteins on the gel. The co-precipitated radiolabelled myc-ATAD3A and myc-ATAD3B were
detected by autoradiography. Numbers on each band lane represent % binding of ATAD3A or ATAD3B

to the respective GST-fusion proteins.



46

3.1.2. The ATPase domain of ATAD3B is necessary for its interaction with GABARAP
and LC3B

Only ATAD3B mutant constructs were used to map the region of the protein necessary for
the binding because both ATAD3A and ATAD3B have very similar sequences. In addition, the
ATAD3B isoform used has 62 additional amino acid in its C-terminal which might confer an
additional biochemical property to ATAD3B (52, 54). Considering that ATG8 proteins are
localised mainly in the cytosol, it was hypothesised that the region of ATAD3B that extends to
the cytosol may be responsible for its binding. In this regard, a construct without the extended
C-terminal part (**S myc-ATAD3B 1-518) was made by inserting an early stop codon at A519
using site-directed mutagenesis. *°S myc-ATAD3B 1-518 together with other available deleted
and N-terminal truncated mutants of ATAD3B were in vitro translated and tested against full
length GST-LC3B and GST-GABARAP on beads, in order to map out the domain that mediates
its binding to the hATG8 family proteins (Figure 12A). Hence, the following deleted and
truncated ATAD3B mutants were used (Figure 12B):

> ¥S-myc ATAD3B A1-50 with out the first 50 amino acid of the N-terminal,
> 3S-myc ATAD3B A50-320 which lacks the coil-coil region, the transmembrane region
and the MIS,

> 3°S-myc ATAD3B A321-518 which lacks the ATPase domain.

> 3S-myc ATAD3B 1-518 without the last C-terminal 130 amino acid

Following in vitro GST pulldown analysis, quantifying the % binding per mutant construct
demonstrated that deletion of the different regions affected the binding of ATAD3B to the
LC3B and GABARAP, making a precise conclusion challenging. However, the greatest loss of
binding capacity was observed upon deletion of the ATPase domain, in which the amount of
ATAD3B mutant captured during the GST pulldown reaction got reduced by approximately
80% (Figure 12B and 12C). Thus, suggesting that the interaction of ATAD3B with LC3B and
GABARAP might be mediated by the ATPase domain that is embedded in the mitochondrial
matrix. To further show that the ATPase domain mediates this interaction, gateway cloning
method was used to make a pDest-myc ATAD3B (320-518) construct consisting of only the
ATPase domain of ATAD3B. Nonetheless, construction of the plasmid was unsuccessful
because the entry clone (pDONR ATAD3B 320-518) produced by BP reaction was out of
frame, thus could not be used to produce the expression clone pDest-myc ATAD3B (320-519).
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Figure 12: The ATPase domain of ATAD3B is required for its interaction with GABARAP and LC3B.

A. A presentation of the domain architecture of ATAD3B. The various deleted and truncated ATAD3B
mutant constructs were used during GST pulldown assays to map its interaction with LC3 and GABARAP
are shown. The broken lines represent regions of ATAD3B deleted and the construct with no binding is
indicated in black.

B. GST pulldown analysis to map the region of ATAD3B necessary for its binding to the LC3 and
GAGABRAP. ATAD3B mutant proteins were radioactively synthesised in vitro using rabbit reticulocyte
system and 35S methionine and tested for binding to the GST-LC3B and GST-GABARAP on beads by
performing in vitro GST pulldown assay. After which proteins were washed, eluted from beads and
fragmented on SDS PAGE. GST, GST-LC3B and GST-GABARAP were detected by Coomassie blue
stain. The bound ATAD3B proteins detected by autoradiography.

C. A bar chart illustrating the mean percentage binding of the different ATAD3B constructs to GST, LC3B
and GABARAP obtained from more than 3 biological replicates. After quantification of the signal
intensity per band in the autoradiograph, the expected intensity per a single reaction volume was obtained
by multiplying input signal by the reaction volume of the in vitro translated protein used. Next, the %
binding capacity of each construct was calculated by dividing the signal intensity of the constructs (from
each band) by that of the expected intensity per a single reaction volume, multiplied by 100%. Each bar
on the chart present the mean values of more than 3 biological replicates.
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3.1.3. The binding of human ATAD3 proteins to LC3B and GABARAP is not LIR
dependent

Previous studies have shown that most of the main autophagic adaptors have a LIR
motif that binds to the LDS of the ATGS8 family proteins. In which mutating the LDS of the
ATGS8 prevents the interaction. (45). Thus, it was hypothesised that, binding of the ATAD3
proteins to the ATGS8 proteins could also be LIR dependent. To test whether ATAD3A and
ATAD3B also have a LIR motif which enables them to bind to the LIR docking site on the
human ATGS8 proteins, a single member from the LC3 subfamily and GABARAP subfamily
with mutated LIR docking site incapable of binding proteins with LIR motif were used. Hence,
GST-LC3B F52A and GST-GABARAP Y49A whose LDS has been mutated were produced
from E coli and tested against full length in vitro translated radiolabelled ATAD3A and
ATAD3B. It was observed that mutation at the LDS did not abrogate the binding of LC3B and
GABARAP to ATAD3A and ATAD3B. Therefore, it implies that this interaction is not
dependent on a LIR motif. Figure 13. As seen with p62 used as a positive control, results not

shown.

GST-fusion ATG8
R S—— proteins stained

with Coomassie
_—
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Figure 13: The interaction of the human ATAD3 proteins with GABARAP and LC3B to is not LIR
dependent. In vitro GST pulldown assay was performed between GST-tagged LDS mutant of GABARAP and
LC3B, wildtype of GABARAP and LC3B against full length %S radiolabelled in vitro translated ATAD3B and
ATAD3A. Protein complexes were eluted from beads and separated on SDS PAGE. GST-ATG 8 proteins
visualised with Coomassie blue stain, while radiolabelled ATAD3B and ATAD3A were detected by
autoradiography.

3.1.4. The ATAD3 proteins interacts directly to p62, NDP52 and CALCOCO1 and
strongest to NDP52.

As seen with the ATG8 above, similar experiments were also done to study the
interaction between the ATADS3 proteins and p62, NDP52, and CALCOCOL. In vitro GST
pulldown analysis between ATAD3 protein with p62, NDP52, and CALCOCOL revealed a
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direct interaction. Both ATAD3A and ATAD3B bind strongest to NDP52. However, ATAD3B
exhibited a stronger binding capacity to p62, NDP52 and CALCOCOL1 than ATAD3A. (Figure
14B). Although in vitro GST pulldown revealed a direct interaction between ATAD3 proteins
and p62, NDP52 and CALCOCOL, one of the setbacks in this method was to produce abundant

and a biological functional GST-proteins from E coli which was sometimes challenging
especially with CALCOCO1.
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Figure 14: Human ATAD3 proteins binds directly to p62, NDP52 and CALCOCO1 in vitro.
A. Presentation of the various domains/motifs of ATAD3A and ATAD3B.

B. A GST pulldown analysis done between in vitro translated radiolabelled myc-ATAD3A / myc-ATAD3B
and GST-p62, GST-NDP52, GST-CALCOCO1. GST-fusion proteins were produced from E coli and
extracted on beads as baits. ATAD3B proteins were radioactively synthesised using Rabbit reticulocyte
system and *°S methionine. Both GST-proteins and radiolabelled ATAD3A or ATAD3B incubated. After
incubation, proteins were washed, eluted from beads and fragmented on SDS PAGE. GST, GST-p62,
GST-NDP52, and GST-CALCOCOL1 were detected by Coomassie blue stain. The captured radiolabelled
myc-ATAD3A and ATAD3B were detected by autoradiography. Numbers on each lane represents %
binding of ATAD3A and ATAD3B to GST and the respective GST-tagged fusion proteins.
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3.1.5. The C-terminal part of ATAD3B mediate the binding of ATAD3B to P62,
NDP52 and CALCOCO1

Considering that p62, NDP52 and CALCOCOL localise mainly in the cytosol, it was
hypothesised that the region of ATAD3B that extends to the cytosol may be responsible for its
binding to p62, NDP52 and CALCOCO1. Thus, to verify this, the N-terminal truncated
ATAD3B without the first 50 amino acid (ATAD3B A50) and the C-terminal truncated
ATAD3B (ATAD3B 1-518) without the last 130 amino acids were tested (Figure 15A).
Surprisingly, it was observed that deletion of the first 50 amino acid at the N-terminal rather
increased the binding intensity of ATAD3B to p62 and NDP52 but not with CALCOCO1
(Figure 15B and 15C), while about 20% reduction of the binding capacity was observed with
the C-terminal truncated ATAD3B 1-518 (Figure 15C). Indicating that this part of the protein
is not responsible for the interaction. To further evaluate the segment of ATAD3B that
facilitates this interaction, ATAD3B A320-518 (ACC, AMIS), ATAD3B A50-320 (A ATPase)
were tested (Figure 15A). These deleted constructs showed a reduced binding affinity to the
receptors especially with NDP52. (Figure 15B and 15C). Thus, based on all these results
gathered, it was suggested that, the peptides in the C-terminal part and not the N-terminal might
be involved in the interaction between ATAD3B with p62, CALCOCO1 and NDP52. In this
regard, two N-terminal constructs 3 S myc-ATAD3B 1-224 and * S myc-ATAD3B 1-320 were
made using site-directed mutagenesis and tested. As predicted, 3 S myc-ATAD3B 1-224
without any of the C-terminal amino acid completely loose interaction with the GST-p62, GST-
NDP52, and GST-CALCOCO1 while a slight binding was observed with 3 S myc-ATAD3B
1-320, which have some amino acid residues of the C-terminal (Figure 15B and 15C).
Moreover, it was observed that, by aligning ATAD3B 1-225, ATAD3B 1-320, ATAD3B 1-
518, the binding capacity of ATAD3B gradually increases. Which clearly show that the C-
terminal part mediates the binding of ATAD3B to these proteins. Another interesting
observation was that, CALCOCO1 and NDP52 were similarly affected by the deletions (50-
320, and 320-518). This might be because they are homologues with similar domain

architecture.
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| GST-fusion proteins stained with

A. A presentation of the domain architecture of ATAD3B. The different truncated and deleted ATAD3B
constructs used to map out the region of ATA3DB that contributes for its binding to p62, NDP52, and
CALCOCOL. Broken lines indicate deleted regions of the constructs. The construct that loose binding

to the GST-fusion proteins is presented in a black colour.

B. The ATAD3B N-terminal construct (1-224) is unable to bind to full length GST-p62, GST-NDP52, GST-
CALCOCOL1. ATAD3B mutant proteins were radioactively synthesised in vitro using rabbit reticulocyte
system and 35S methionine and tested for binding to the GST-p62, GST-NDP52, GST-CALCOCOL1 by
performing in vitro GST pulldown assay. After which proteins were washed, denatured and fragmented
on SDS PAGE. GST, GST-p62, GST-NDP52, and GST-CALCOCO1 were detected by Coomassie blue

stain. The bound ATAD3B proteins detected by autoradiography.

C. A bar chart presenting the mean percentage binding capacity of each ATAD3B constructs to GST, p62
NDP52 and CALCOCOL. After quantification of the signal intensity per band in the autoradiograph, the
expected intensity per a single reaction volume was obtained by multiplying input signal by the reaction
volume of the in vitro translated protein used. Next, the % binding capacity of each construct was
calculated by dividing the signal intensity of the constructs (from each band) by that of the expected
intensity per a single reaction volume, multiplied by 100%. Each bar on the chart present the mean values

of more than 3 biological replicates.
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Table 3.1: Standard deviation values of in vitro GST pulldown analysis of ATAD3B

constructs with GST Eroteins

Full length ATAD3B 0.098021 1.248382 2.158008 0.558794
A1-150 ATAD3B 0.082989 1.064816 2.480899 0.753089
A50-320 ATAD3B 0.240388 1.235233 1.049759 0.685641
A320-518 ATAD3B 0.092254 0.70743 0.362551 0.233432
1-244 ATAD3B 0.162012 0.128321 0.147402 0.129163
1-320 ATAD3B 0.191628 0.188514 0.21008 0.132403
1-518 ATAD3B 0.154943 0.517608 1.500982 0.449111

3.1.6. p62 interacts with ATAD3B and ATAD3A through the region between the 171t -
256 amino acid residues of p62

To further delineate the domains of the autophagic receptors that facilitates their interaction
with the human ATAD3 proteins, GST-p62 and its mutant constructs were used since it is the
primary and most studied autophagic receptor (104). In light of this, a GST pulldown between
deletion constructs of GST-p62 were used against full length ATAD3B and ATAD3A. The
following GST-P62 mutants were used (Figurel6A):

GST-P62 APB1
GST-p62 A123-170
GST-p62 A171-256
GST-p62 A257-370
GST-p62 A371-385

» GST-p62 AUBA

It was observed that the GSTp62 A171-256 mutant could not pulldown both full lengths in
vitro translated radiolabelled ATAD3A and ATAD3B. Hence, indicating that the region
between amino acid 171-256 of p62 is required for interaction with ATAD3A and ATAD3B.
GST protein served as a negative control while PINK1 served as a positive control (Figure
16B).

YV V. V VYV V
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Figurel6: The region between 171-256 amino acid in p62 mediates its interaction with the ATAD3
proteins.

A. Domain architecture of p62. The following mutants constructs of p62 were used to map out the region of
p62 that contributes for its binding to ATAD3A and ATAD3B. Broken lines indicate deleted regions of
p62. The construct that loose binding to the ATAD3 proteins is presented in a black colour.

B. Both ATAD3A and ATAD3B binds to the same amino acid region (171-256) of p62. In vitro GST
pulldown analysis was conducted between in vitro translated radiolabelled ATAD3A and ATAD3B (full
length) against GST, GST-p62 constructs (full lengths and deletion constructs). GST and GST-p62
constructs were visualised with Coomassie blue stain (lower panel) while the radiolabelled myc-
ATAD3A/ATAD3B were detected by autoradiography. The numbers below each band represents the %
binding between the GST-p62 and ATAD3A/ATAD3B.

3.2. Endogenous ATAD3A does not colocalise with endogenous p62 and LC3B under

normal growth conditions

Due to the direct interaction observed between the ATAD3 proteins and the autophagy
markers, the next objective was to determine whether endogenous ATAD3 proteins colocalise
with these autophagy related proteins in cells under normal physiological conditions. p62 and
LC3B were the protein of choice because they are the most studied autophagy markers (46, 49,
78). However, the colocalization of only endogenous ATAD3A with endogenous LC3B and
p62 was tested because the available antibody for ATAD3B tested was not good. Hence, to
assess for the colocalization of endogenous ATAD3A with p62 and LC3B, the subcellular
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localisation of endogenous ATAD3A in these cells was first assessed. Flp-in Hela cells were
used to for this purpose. The cells were seeded on a coverslip in a 24 well plate and allowed to
grow to confluence. Next, cells were washed, fixed, permeabilised and the proteins immuno-
stained. Different pre-staining conditions were tested to evaluate which is suitable for ATAD3A
staining. Subcellular localisation was assessed by co-immunostaining ATAD3A and TOM20
(a marker of the mitochondrial outer membrane) and visualising with the confocal microscopy
to check for any possible colocalization between the 2 proteins, TOM20 stained red and
ATAD3A stained green. A control was done by staining cells with just the secondary antibody
to check for non-specific binding by the secondary antibody, while DAPI was used to stain of
the cell nucleus. ATAD3A colocalised with TOMZ20 producing a greenish-yellow colour when
both colours were merged (Figure 17). This indicates the presence of ATAD3A in the
mitochondria of the Hela cells used. This result obtained is in line with other studies that had
demonstrated the localisation of ATAD3A in the mitochondria of cells (52, 57, 62). No green
or pink dots were seen in cells stained with just the secondary antibody, indicating there was
no unspecific binding of the secondary antibody. Amongst the different method tested, fixation
at 37°C with prewarmed 4% paraformaldehyde followed by permeabilization with 0.1% triton
x100 appeared to be the proper pre-staining conditions for microscopic analysis ATAD3A, as
more colocalization between endogenous TOM20 and ATAD3A were seen and the proteins

retained the normal staining pattern (Figure 17).
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permeabilised with
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Figure 17: Endogenous ATAD3A localises in the mitochondria of flp-in Hela cells. 1x10° flp-in Hela cells
were seeded on coverslips in 24well plates and allowed to grow overnight. Cells were fixed with 4%
paraformaldehyde at 37°C or at room temperature and permeabilised with either ice-cold methanol or 0.1% triton
x 100. Cells were co-immunostained for endogenous TOMZ20 (red) and ATAD3B(green). The nucleus stained with
DAPI. Slides mounted and images taken by Ziess LSM 800 confocal microscope. Areas of colocalization appears
as yellow in the merged images. The scale bar represents 5um

Following determination of the subcellular localisation of ATAD3A in Flp-in Hela cells,
endogenous P62 and LC3B were co-stained with endogenous ATAD3A without any prior cell
treatments to detect if these proteins colocalise with ATAD3A in cells under normal conditions.
No colocalization was seen when endogenous ATAD3A was co-stained with endogenous p62
and LC3B, see Figure 18A and B below.
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Ji\ Endogenous ATAD3A Endogenous p62 DAPI-stained nucleus

Endogenous ATAD3A Endogenous LC3B

Figure 18. Endogenous ATAD3A does not colocalised with endogenous p62 and LC3B in flp-in Hela cells
under normal conditions. 1x10° flp-in Hela cells were seeded on coverslips in 24well plates and allowed to grow
overnight. Cells were fixed with prewarmed 4%paraformaldehyde at 37°C and permeabilised with 0.1% triton-x
100. (A) cells co-immuno-stained with anti p62 and anti-ATAD3A antibody, nucleus stained with DAPI. (B) cells
co- immune-stained with anti-LC3B and anti-ATAD3A antibody. Slides mounted and images taken by Zeiss LSM
800 confocal microscope. p62: blue, ATAD3A: green, LC3B: red.

3.3. ATAD3A is not degraded by starvation-induced autophagy

The next objective was to determine whether ATAD3 proteins are degraded by
autophagy by evaluating the effect of starvation-induced autophagy on the levels of endogenous
ATAD3 proteins. However, the autophagic degradation of only endogenous ATAD3A was
assessed due to lack of a good antibody for ATAD3B. It is well known that autophagic
degradation is experimentally induced in vivo when cells are starved from nutrient availability
for longer hours, and the rate of degradation increases proportionally with the duration of
starvation. Also, considering that autophagy is a lysosomal dependent degradation pathway,
bafilomycin Al (a lysosomal inhibitor) is used to experimentally block autophagosomes
degradation in cells (105). Therefore, to assess the autophagic degradation of ATAD3A, cells
were seeded in a 6 well plate and allowed to grow near confluent, after which cells were either
left untreated, treated with bafilomycin Al for 6hrs, starved for 6 hours to induced autophagic
degradation, or starved for 6 hours and treated with bafilomycin Al, to inhibit the autophagic
degradation. P62 and LC3-I11 are autophagy substrates that are degraded by autophagy (16, 45,
46), thus the levels of p62 and LC3-I1 proteins were detected as controls degraded by autophagy
while beta-actin was included as loading control (Figure 19). Similar to Shuijie and colleagues
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in 2014 (50), 2 bands of the ATAD3 proteins with a corresponding mass of 66kDa and 72kDa
was observed following western blot analysis using anti-ATAD3A antibody. Also, Bogenhagen
et al., 2008 had previously reported 2 bands of ATAD3 proteins in Hela; one abundant and a
less abundant slightly higher protein, which they initially assumed to be ATAD3B (106).
However, it became clear that the less abundant ATAD3 detected is the phosphorylated form
of ATAD3A (50). So, after 6hrs of starvation, a small noticeable increase in the level of
endogenous ATAD3A was observed, unlike p62 and LC3II (used as a control) whose levels
decreased upon autophagy induction and increased when autophagic degradation was inhibited
with bafilomycin Al (Figurel9). Thus, endogenous ATAD3A is not degraded in response to

starvation.
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Figure 19: Endogenous ATAD3A is not degraded during starvation-induced autophagy. 3 x 105flp-in Hela
cells were seeded in a 6-well plate and allowed to grow overnight in growth media. The cells were either left
untreated, treated with 200nM bafylomycin A1 (BAF) for 6 hours, starved for hours with or without 200nM/ml
bafilomycin Al (BAF). Cells were later harvested and western blot analysis done to evaluate endogenous levels
of ATAD3A, p62, LC3-I, LC3-II and beta-actin. Image J was used to quantify the signal intensity of each band.
Next, the signal intensity per band of endogenous ATAD3A and p62 were normalised to that of their respective
beta actin, by dividing intensity of the ATAD3A/p62 by that of beta-actin. These normalised ratios were used to
determine the relative values of endogenous ATAD3A and p62 per experimental condition with respect to their
expreimental control (growth media). The number below each band represent the various estimimated relative
values of ATAD3A and p62.
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3.3.1. Translation of ATAD3A is upregulated during starvation-induced autophagy
The small increase in the level of endogenous ATAD3A seen after 6 hours of nutrient
starvation brought up the question whether the levels of ATAD3A in cells is upregulated during
starvation-induced autophagy. Hence, to answer this question, a time chase analysis of 24-hour
nutrient starvation of the cells was done. It was observed that, the level of ATAD3A
consistently increased during nutrient starvation and in a time dependent manner, p62 served

as the biological control (Figure 20A and 20B).
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Figure 20: Endogenous ATAD3A levels increase upon nutrient starvation.

A. Western blot analysis of the level of endogenous ATAD3A (p62 used as experimental control) at
different time points during a 24-hour starvation of flp-in Hela cells. 3 x 10° cells were seeded in 35mm
culture plates and allowed to grow near confluence. Cells were washed with 1x PBS, growth media
replace with HBSS (starvation media). Control cells without starvation were harvested with 1x SDS
buffer at the start of the time course (t = 0), starved cells were harvested with 1x SDS buffer at different
time point; 2hr, 4hr, 6hr, 8hr, 12hr and 24hrs. Total protein concentration of lysate measured and
approximately 20ng of protein in each lysate loaded for analysis.

B. A bar chart showing the mean relative value of endogenous ATAD3A and p62 during a 24-hour nutrient
starvation in flp-in Hela cells. Image J was used to quantify the signal intensity of each band. Next, the
signal intensity per band of endogenous ATAD3A and p62 were normalised to that of their respective
beta actin, by dividing intensity of the ATAD3A/p62 by that of beta-actin (the loading control). These
normalised ratios were used to determine the relative values of endogenous ATAD3A and p62 per
duration(hour) of starvation with respect to the e control (t=0), each bar represents the mean of the relative
values obtained.



59

Similarly, Hsin-Yuan Fang et al., in 2010 had reported that ATAD3A expression in lung
adenocarcinoma cells(LADC) increases during serum starvation in a dose and time dependent
manner, but this increase was not associated with increase levels of ATAD3A mRNA level
(69). Upregulation of proteins in cells might be due to increase synthesis or impared
degradation. Increased synthesis of a proteins in cells is enhanced either by increase mRNA
transcription or by translational activation (107). Given that Hsin-Yuan Fang and colleauges
did not report any increase in ATAD3A mRNA transcription when cells were starved (69), it
was proposed that increased ATAD3A levels in Hela cells seen during starvation might be due
to translational activation. To test this hypothesis, cells were starved and translation of
ATAD3A inhibited by treating the starved cells with 62ug/ml cylohexamide in ethanol; a
translational inhibitor that inhibits protein synthesis in eukaryotes by prventing translational
elongation (108). Thus, cells were either treated with 62ug/ml cylohexamide in ethanol,
starved for 4 / 8 hours with or without 62ug/ml cyclohexamide in ethanol. As predicted, the
levels of ATAD3A slightly decreased consistently (repeatedly), upon treatment of starved cells
with cyclohexamide. Thus, indicating that translation of ATAD3A is upregulated during
starvation-induced autophagy. The nuclear factor erythriod 2- related factor 2 (NRF2) has
been shown to have a half life less than 30 minutes following treatment of HL60 (leukemia)
cells with 100ug/ml with cyclohexamide (109), thus it was used as a biological control (Figure
21).



60

<
g o
g ~ S &

A @ y Q-“\' % N

i~ 2 o (&) 2 &

S S ¥ * S & x

& & § &
N

ATAD3A
60kDa
100kDa WS pr— — |NRF2
Beta-actin
40kDa - P ==
— e — —
B Endogenous ATAD3A levels is upregulated during starvation
1.6
S14
@ 1.2
s 1
2 0.8
306
[
£ 02
8 0
é’ End ATAD3A level
@zs\‘b.*.&o“s s@i&o‘" -‘50"7 (;%‘\@ | ogenous levels
o
SEEE S
S @ & o o &
& F F L &S & °
N & N
& & & &
o o
(<) [
Experimental conditions

Figure 21: Endogenous ATAD3A translation is activated during nutrient starvation.

A. 3 x 10°flp-in Hela cells were seeded in a 35mm plate and allowed to grow overnight in growth media.
The cells were either left untreated, treated with 62.5pug/ml cyclohexamide (CHX) for 4 or 8 hours, starved
for 4 or 8 hours with or without 62.5ug/ml cyclohexamide (CHX). Cells were later harvested, and
approximatly 20ng of the total protein was analyse by western botting to evaluate endogenous levels of
ATAD3A. NRF2 served as biological control while beta actin was used as the loading control.

B. A bar chart showing the mean relative value of endogenous ATAD3A. Image J was used to quantify the
signal intensity of each band. Next, the signal intensity per band of endogenous ATAD3A were
normalised to that of their respective beta actin, by dividing intensity of the ATAD3A by that of beta-
actin. These normalised ratios in each treatment condition were used to determine the relative values of
endogenous ATAD3A with respect to that of the untreated cells (growth media). Each bar represents the
mean of the relative values obtained.

3.4.Myc-tag and not EGFP tag is suitable for overexpression of tagged ATAD3A in the
mitochondria

The lack of colocalisation seen between ATAD3A with p62 and LC3B poses a question
on the physiological relevance of their interaction seen in vitro. Thus, the next step was to
analyse the effect of ATAD3B or ATAD3A overexpression on the autophagy process as well
as the mitochondria, and also evaluate the effect each specific mutation of ATAD3 proteins
has on its its interaction partner, the mitochondria and the turnover of autophagy process by
producing cells that can stably expressed these proteins upon induction. The ATAD3 constructs
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used to generate the stable cell lines were fused to an EGFP tag because it enables the ATAD3
proteins to be visualised in cells without the use of antibodies. Stable expression of EGFP-
ATAD3 were made using the Flp-in T-Rex system. Based on this system, EGFP-tagged
ATAD3 expression in the cells was under the control of tetracyclin/doxycycline-inducible

CMV promoter present in the pDest-Flp-in vector.

Hence, inorder to generate cells stably expressing ATAD3, Flp-in Hela cells were
transfected with either pDest-Flp-in EGFP ATAD3A or pDest-Flp-in EGFP ATAD3B
plasmids. After transfection, cells expressing the plasmids were selected with 200ug/ml
hygromycin and 10ug/ml blasticidin S HCL for 14 days. Unfortunatly, the cells transfected with
the ATAD3B plasmids did not survive following treatment with hygromycin and blasticidin.
This could be because the plasmid which confers hygromycin rersistance to the cells was not
intergrated into the cell’s genome, resulting in cell dead. As a result, only the effect of

ATAD3A overexpression could be analysed here.

To test the effect of ATAD3A overexpression on autophagic flux, the expression of
EGFP-tagged ATAD3A protein was induced for 16-24hrs using 1pg/ml doxycycline in some
of the cells. After which the EGFP-tagged ATAD3A induced cells were either untreated,
starved for 6 hours to induced autophagic degradation or starved for 6 hours with 200nM/ml
bafilomycin Al to block the induced autophagy. Controls were run without induction of EGFP-
tagged ATAD3A expression but treated as their test counterparts. Levels of p62 and LC3 were
detected to evaluate autophagy flux. Western blot analysis revealed that, in normal growth
media, the levels of p62, LC3 | and LC3 Il in cells with induced EGFP-tagged ATAD3A
expression consistently and significantly increased as compared to p62 and LC3 | levels in cells
whose ATAD3A expression was not induced (p=0.003, p=0.02, p=0.028 respectively) (Figure
22A and 22B). Thus, indicating an increase/upregulation of autophagic activity in the EGFP-
tagged ATAD3A induced cells. Moreover, p62 levels decreased by approximately 50% upon
induction of autophagy in cells with induced EGFP-tagged ATAD3A expression, while cells
without induction of EGFP-tagged ATAD3A expression had about 25% deduction in the levels
of p62 when autophagy was activated (Figure 22C). Collectively, results demonstrated that
cells with induced EGFP-tagged ATAD3A overexpression had an increase autophagic flux.
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Figure 22: Overexpression of GFP- tagged ATAD3, induces increase autophagic flux in flp-in Hela cells
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Western blot analysis of endogenous p62, LC3-1, LC3-Il in EGFP-ATAD3A induced and non-induced
flp-in Hela cells. EGFP-ATAD3A induced and non-induced flp-in Hela cells were either left untreated,
starved for 6hours or starved for 6 hours with 200nM/ml bafilomycin Al treatment. Cell harvested, total
protein concentration measured and about 20ng of the total protein per lysate analysed. Beta-actin is the
loading control.

A bar showing the levels of endogenous p62, LC3 | and LC3 Il in EGFP-ATAD3A induced flp-in Hela
cells relative to that in EGFP-ATAD3A non-induced flp-in Hela cells in growth media. Image J was used
to quantify the signal intensity of each band. Next, the signal intensity per band of endogenous p62, LC3-
I and LC3-11 were normalised to that of their respective beta actin, by dividing intensity of each protein
by that of beta-actin. These normalised ratios were used to determine the relative values of endogenous
p62, LC3-1and LC3-11in EGFP-ATAD3A induced cells with respect to the non-induced flp-in Hela cells,
each bar represents the mean of the relative values obtained. student’s t test (p62 p=0.003), (LC3-I
p=0.02), (LC3-I1 p=0.03)

A bar showing the effect of EGFP-ATAD3A overexpression on autophagic flux. EGFP-ATAD3A
induced or non-induced cells were left untreated, starved for 6 hours or starved for 6 hours with 200ng/ml
bafilomycin Al. P62 levels were detected, and p62 band signal intensity were normalised to that of their
respective beta actin (loading control). Normalised ratios were used to determine the relative values of
endogenous p62.
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Based on these observations from western blot analysis, confocal images were taken to
check if EGFP-tagged ATAD3A had the expected subcellular localisation pattern, and to
evaluate whether EGFP-tagged ATAD3A colocalises with endogenous p62 and LC3B. In this
regard, EGFP-tagged ATAD3A expression was turned on, cells were left untreated, starved
treated with bafilomycin Al. The cells were subsequently fixed, permeabilised, immuno-
stained and observed microscopically. Confocal imaging revealed that EGFP-tagged ATAD3A
did not retain the normal ATAD3A staining pattern. (Figure 23A and 23B). In addition,
confocal imaging revealed more positive p62 dots in cells whose EGFP-tagged ATAD3A
expression was induced (Figure 23A), however the data was not quantified. Furthermore, there
was no colocalization seen between EGFP-tagged ATAD3A with p62 and LC3B even when
the cells were starved for 6 hours in the presence of bafilomycin Al (Figure 23A and 23B).
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Figure 23: EGFP-tagged ATAD3A do not colocalised with neither p62 bodies or positive LCB.

A. Confocal imaging of flp-in Hela cells stably expressing ATAD3A in growth media. 7.5x10* cells were
seeded on coversides in a 24well plate and allow to grow overnight. ATAD3A expression was turned on
for 16-24hours with 1pg/ml doxycycline. Cells were fixed with 4% paraformadehde at 37°C for 10min,
and permeabilised with 0.1% triton-x 100, immunostained for LC3B and p62. Images taken using
confocal microscope LSM800.

B. FlIp-in Hela cells stably expressing ATAD3A were seeded on coverslips in a 24well plate and grown
overnight. ATAD3A expression was induced for 16-24hours with doxycycline, and cells were later
starved for 6hours with 200ng/ml of bafilomycin Altreatment, then immuno-stained for endogenous p62
and LC3B and visualised by LSM 800 confocal microscope.
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It is known that tagging of proteins with GFP may affect their subcellular localisation (110).
Thus, the abnormality seen in the staining pattern of EGFP-tagged ATAD3A posed a question
whether EGFP-ATAD3A had a wrong subcellular localisation and was therefore not present in
the mitochondria. This was verified by checking for its colocalization with endogenous TOM20
and ATAD3A. Thus, EGFP-tagged ATAD3A expression was induced, and cells stained with
either anti-TOM20 or anti-ATAD3A antibodies and visualised by the confocal microscope.
Unlike endogenous ATAD3A that colocalises with TOMZ20 as seen above (Figure 16), there
was no colocalization seen between the EGFP -tagged ATAD3A and TOM20, or EGFP-tagged
ATAD3A and endogenous ATAD3A (Figure 24A and 24B). Thus, confirming that EGFP-
tagged ATAD3A was mis-localised and not present in the mitochondria. In addition, TOMZ20
stains exhibited that the mitochondria were also fragmented, suggesting that overexpression of
EGFP-tagged ATAD3A induced fragmentation of the mitochondria.

In search of a suitable tag to use for the overexpression of ATAD3A in cells, the myc-
tag was tested. As such, flp-in Hela cells not expressing EGFP-tagged ATAD3A were
transiently transfected with myc-tagged ATAD3A. After 48 hours, endogenous ATAD3A and
myc-tagged ATAD3A were co-stained with anti-ATAD3A and anti-myc antibodies
respectively. Cells were also evaluated for possible co-localisation between myc-tagged
ATAD3A and endogenous ATAD3A. It was observed that myc-tagged ATAD3A have a
similar staining pattern as endogenous ATAD3A. Moreover, it colocalised with endogenous
ATAD3A as evident by the abundant yellow colour in the merged image (Figure 24C). Hence,
demonstrating that the myc-tagged ATAD3A is in the same subcellular localisation with the
endogenous ATAD3A. Unlike the EGFP- tagged ATAD3A that had an abnormal pattern and
did not colocalise with endogenous ATAD3A as well (Figure 23A and 23B). This indicates
that myc-tag is suitable for overexpressing ATAD3A in cells. Myc tags (12kDa) are smaller
than EGFP tags (32kDa), hence the large size of the GFP tag might have caused the proteins to
be mis-localised (111). Thus, it was needless making stable cells with EGFP-tagged ATAD3B
and the other constructs as planned. Unfortunately, time made it impossible to do further

experiments with the myc-tagged constructs.
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Figure 24: Myc-tag is suitable for overexpressing ATAD3A in cells. Confocal images of FIp-in Hela cells
stably expressing EGFP-tagged ATAD3A (image panel A and B) or transiently transfected with myc-tagged
ATAD3B (image panel C). Following cell fixation and permeabilization, cells stably expressing EGFP-tagged
ATAD3A stained with either ATAD3A antibodies (A), or TOM20 antibodies (B), while cells transiently
transfected with myc-tagged ATAD3B plasmids co-stained with myc and ATAD3A antibodies (C) and visualised

microscopically. The arrow in image panel C points at areas of colocalization.
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Chapter 4
Discussion

4.1. Discussion

ATAD3 proteins are members of the AAA ATPase family that have ATPase activity
and are associated with several cellular activities (54, 60, 68). In addition, data obtained from
previous studies indicate that ATAD3 proteins may have potential roles in the regulation of
autophagy and mitophagy (20, 58, 64). This present study characterised the binding of
ATAD3A and ATAD3B to p62, NDP52, CALCOCO1, LC3B and GABARAP. In addition, the
colocalization of ATAD3A with p62 and LC3B was assessed and the endogenous levels of
ATAD3A during starvation-induced autophagy evaluated. Nonetheless, the relevance of the
identified interactions in the process of autophagy or mitophagy could not be addressed. In
addition, the anti-ATAD3B antibody available was not good, thus the colocalization between
ATAD3B with p62 and LC3B as well as its degradation during starvation-induced autophagy

were not evaluated.

In vitro GST analysis show that ATAD3A and ATADS3B interacts directly with the
human ATG8 (hATG8) family proteins. Most interaction between hATG8 proteins and several
autophagy related proteins is mediated by a short sequence motif known as the LC3 interacting
region (LIR) which was first identified in the autophagy receptor p62/SQSTM1 (9, 78).
Similarly, hATGS8 interaction with LIR containing proteins is mediated by LIR docking site
(LDS) (9, 16). To examine whether the interaction between ATAD3 proteins and hATG8 was
mediated by a LIR, we used LDS mutant of LC3B (F52A) and GABARAP (Y49A). In vitro
GST pulldown assay show no differences in the interaction of ATADS3 proteins with both wild-
type (WT) LC3B and GABARAP and their LDS mutants. Thus, this interaction is not mediated
by a LIR.

To identify the region on ATAD3 that is responsible for interaction with hATGS8
proteins, a combination of deletional mapping and GST pulldown analysis were used. Based
on in vitro analysis, the binding of ATAD3B to LC3B and GABARAP was completely
abolished upon deletion of its mitochondrial embedded ATPase domain (A321-518), indicating
that this domain is necessary for the interaction. Moreover, the interaction with LC3B or
GABARAP was also affected by deletion of the two coiled-coil domains (A50-320) of

ATAD3B. This suggest that either the coil-coil domain is required to stabilise the interaction
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of the adjacent ATPase region or that dimerization of ATAD3 is required for efficient
interaction. The latter is supported by earlier studies showing that dimerization of the coiled-
coil domain is required to maintain the higher ordered structure of ATADS3 proteins (61). Thus,
deletion of the 2 coiled-coiled domains might have resulted in the distortion of the structural
conformation of ATAD3B. This conformational change of ATAD3B can alter or affect the
orientation of its ATPase binding domain, leading to an interference of contacts between
binding sites of the proteins. Hence, accounting for a decreased in the binding capacity of
ATAD3B upon deletion of its coiled-coil domain. Another possible reason is that, ATAD3B
might have existed as monomers in solution, since the-coiled coil domain that facilitates
dimerization of the protein was deleted(57, 59, 61). As such, a lesser amount of ATAD3B
monomers were pulled down and detected. Therefore, the interaction is most likely mediated

by the ATPase domain which is embedded in the mitochondrial matrix.

Furthermore, the interaction between ATADS3 proteins and the selective autophagy
receptors p62, NDP52 and CALCOCOL was also evaluated. Unlike the ATG8, the interaction
with p62, NDP52, CALCOCO1 was not completely abrogated by deleting any one single
domain in the N- or C-terminal. Instead, the binding to these proteins is mediated by the C-
terminal part of the ATAD3 proteins. The above claim is supported by the fact that the N-
terminal construct of ATAD3B (1-224) consistently loss interaction with p62, NDP52 and
CALCOCOL1. Secondly, the interaction seems to gradually increase as the peptide length
increased towards the C-terminal. Therefore, indicating that, the C-terminal part of ATAD3B
is required for these interactions. In addition, an increased binding of ATAD3B to p62 and
NDP52 was observed when the first 50 amino acid was deleted. This is probably because
deletion of this region increases dimerization of ATAD3B as previously reported with the Al-
50 ATAD3A (36). Moreover, the region of p62 that facilitates its binding to ATAD3 proteins
was also mapped. GST pulldown analysis show that the region between 170-257 of p62
mediates the interaction with ATAD3B and ATAD3A. This region which we termed Multiple-
interaction region (MIR) also facilitate p62 binding to other proteins such as ALFY(29),
HTLV-1 Tax protein(28), TNF receptor associated factor 6 (TRAF6) (112), the LIM protein
of Ajuba (30), and TRIMS alpha (113). Some of which (ALFY and TRIM5 alpha) have been
reported to be involved in autophagy (29, 75, 113). Furthermore, it is interesting to note that,
ATAD3A and ATAD3B might interact with these proteins (p62, NDP52, CALCOC1, LC3B
and GABARAP) in a similar manner, because the truncated ATAD3B (ATAD3B 1-518)

without the extended C-terminal did not lose interaction with neither of the autophagic related
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proteins. Moreover, the proteins are evolutionary related, having a conserved coiled-coil and
the ATPase domain (59, 114).

To study a potential role of ATAD3 proteins in autophagy, the colocalization between
ATAD3A and p62 or LC3B under normal physiological conditions was first assessed. Although
in vitro analysis demonstrated a direct binding of the ATAD3 proteins to both p62 and LC3B,
no colocalization between ATAD3A and p62 or LC3B was observed in cells under normal
physiological conditions. This might be because the C-terminal part that mediates these
interactions is embedded in the mitochondrial matrix (52, 57). Since these proteins are in
different subcellular location, they don’t seem to colocalize under normal conditions.
Notwithstanding, the interaction of ATAD3 proteins with these autophagy related proteins may
occur only under certain stress conditions. This theory is supported by a recent study showing
that the NIPSNAP proteins, a mitochondrial matrix protein was re-localized to the OMM upon
mitochondrial depolarisation and mediate the recruitment of autophagy receptors to the
mitochondria during depolarisation to regulate mitophagy (115). Similarly, IMM protein
prohibitin 2 has been shown to bind LC3 upon damage to the mitochondrial outer membrane
(116). Hence, the C-terminal part of ATAD3 may become exposed during mitochondrial stress
or damage, facilitating the recruitment and/or interaction with p62 or LC3B to induce
mitophagy.

Unfortunately, the relevance of these interactions in the process of autophagy or
mitophagy could not be explored, because the EGFP tag used for the ATAD3A overexpression
was not suitable and caused mis-localisation of ATAD3A as well as mitochondrial
fragmentation. Hence, they could not be used. However, increased levels of p62 as well as
autophagic activities were seen in EGFP-tagged ATAD3A induced cells. p62 is a stressed-
induced protein, whose level increases in response to any sort of cytosolic stress (32, 104, 117).
Moreover, p62 is involved in the sequestration and autophagic degradation of damaged
mitochondria (33). Thus, the increased p62 levels as well as the increased p62 positive punta
might have resulted from cytosolic stress exerted by the mis-localised of EGFP-ATAD3A and
sequestration of the damaged mitochondria. Autophagy maintains cellular homeostasis and
enhances cell survival in response to physiological stress by degrading the deleterious
components (104). Thus, upon induction of autophagy, the EGFP-tagged ATAD3A-induced
cells exhibited an increase in the rate of autophagic flux to eradicate the increased p62 bodies

including the damaged mitochondria.
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4.2. Conclusion

Although the aim of this study was not achieved, this study is potentially important.
This present study show that the C-terminal ATPase domain may interact with LC3B, and
GABARAP and the interaction with p62, NDP52, CALCOCO1 is also dependent on its C-
terminal part. Furthermore, it was shown that the translation of ATAD3A is upregulated during
starvation-induced autophagy. This observation suggests a potential role of ATAD3 proteins in
autophagy or mitophagy. One of the major questions that arose from this study was under what
conditions does ATADS proteins interact with the studied autophagic-related proteins, provided
that the cytoplasmic portion of the proteins does not mediate the interaction? Nevertheless, one
cannot exclude the possibility that this interaction can occur under certain stress conditions such
as mitochondrial depolarisation or changes in C-terminal environment of ATAD3A possibly
regulated by ATAD3B overexpression (59). Which allows ATAD3 proteins to mediate the
recruitment of these autophagic related proteins to induce mitophagy. However, further work
is required to confirm the interactions between ATADS3 protein and autophagy related protein

in cells and to evaluate if these interactions are relevant for autophagy or mitophagy.

Due to time limitations, we could not verify these interactions or test the hypothesis that
the ATAD3 proteins are necessary during autophagy or mitophagy. Another major limitation
encountered during this study is the absence of sensitive antibodies that can stain endogenous
ATAD3B proteins. We established an EGFP-tagged ATAD3 stable cell lines but discovered
that EGFP-tagging affects localization of ATAD3A proteins probably due to the size of the tag.
Therefore, in the future, it will be necessary to establish myc-tagged stable cell lines of the
ATAD3 proteins for further studies. The exact role of each ATAD3 proteins also need to be
verified. Finally, CRISPR mediated knockout of the ATAD3 protein will be necessary to

evaluate the exact role of the ATAD3 proteins in mitochondrial quality control and mitophagy.
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