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Abstract…….
Macroautophagy, here referred to as autophagy, is an intracellular degradation
pathway cells use to maintain their homeostasis. Autophagy is also required for cell
survival during nutrient deprivation, as well as development and immunity in higher
eukaryotes. Aberrations in autophagy can lead to pathologies including cancer,
neurodegeneration and diabetes. Autophagy is characterised by the formation of a
double membrane phagophore, which sequesters cytosolic cargo and forms a
vesicle termed an autophagosome. The autophagosome eventually fuses with the
lysosome, resulting in the degradation of the cytosolic cargo. Although
autophagosome formation is orchestrated by the sequential action of the core
autophagy proteins, a key question remains – what gives rise to a double membrane
phagophore?
The key event in phagophore biogenesis is the production of PI3P at the
phagophore formation sites. WIPI2b, a PI3P effector protein, directly interacts with
ATG16L1 and is recruited to the omegasomes, which is the basis for LC3 recruitment
to the forming phagophore. To address how the function of WIPI2b at the
phagophore is regulated, I focused on phosphorylation, as there have been reports
about potential phosphorylation sites on WIPI2b. I confirmed an interactive
relationship between WIPI2b and ULK1 that was reported previously and identified
a number of phosphorylation sites on WIPI2b upon overexpression of ULK1 kinase.
I found that phospho-mutants of WIPI2b S68 exhibit reduced interaction with
ATG16L1 and WIPI4. I generated and characterised a WIPI2 CRISPR knockout cell
line and found that WIPI2b S68 phospho-mutants are unable to rescue LC3 lipidation
in WIPI2 CRISPR knockout cells. I also found that WIPI2b S284 phosphorylation is
important for the regulation of WIPI2b association with membranes. I propose
WIPI2b phosphorylation by ULK1 provides a feedback loop during autophagy to
control the amount of functional WIPI2b at phagophores and therefore allows
phagophore elongation.
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Chapter 1 Introduction

Chapter 1.

Introduction

1.1 Cellular quality control
In order to function properly, cells have developed a protein quality control
mechanism responsible to maintain homeostasis. It starts with transcriptional and
translational control of protein synthesis. Misfolding is minimised as a consequence
of chaperones, which control the folding of polypeptide chains. In rare cases of
proteins misfolding, chaperones facilitate protein degradation. Furthermore, properly
folded, functional proteins are subjected to stress and various changes, internal and
external, which can lead to protein damage. Similar to misfolded proteins, damaged
proteins are targeted for degradation to prevent any long-term cellular defects that
can lead to severe degeneration and diseases (Dikic, 2017).
The ubiquitin-proteasome system (UPS) and lysosomal-degradation pathway
are the two major degradative systems that have been extensively studied, leading
to three Nobel Prizes; Christian de Duve was awarded a Nobel Prize in Physiology
and Medicine in 1974 for his discovery of the lysosome. In 2004, the Nobel Prize in
Chemistry was awarded to Aaron Ciechanover for the discovery of ubiquitinproteasome system. 12 years later, in 2016, Professor Yoshinori Ohsumi was
awarded a Nobel Prize in Physiology and Medicine for the discovery of autophagyrelated genes. The ubiquitin-proteasome and the autophagy-lysosome degradation
systems are interconnected, as they work together towards achieving proteostasis,
therefore allowing the long-term cell viability (Dikic, 2017).
The UPS was discovered as a non-lysosomal degradation system
(Ciechanover, 2005). UPS relies on a barrel-shaped complex, the proteasome, to
recognise, unfold and degrade ubiquitinated cargo, such as misfolded or damaged
proteins in ATP-dependent manner. The limitation of the UPS is that only single
molecules can be processed by a single proteasome at a particular time.
Ubiquitin is a small, 8.5 kDa protein, that can be found free, or covalently
conjugated to a lysine residue in a target protein. A protein is targeted to the
proteasome by the addition of K48-linked polyubiquitin chains, which are then
recognised by the proteasomal regulatory subunit (Ciechanover, 2005). Ubiquitin
conjugation is catalysed by three enzymes. E1, or ubiquitin-activating enzyme,
activates ubiquitin, which is then transferred to the active site of ubiquitin-conjugating
16
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enzyme, E2. E2 is also known as a ubiquitin-carrier protein, as it brings ubiquitin to
the target protein. E3 ligase catalyses the transfer of ubiquitin from E2 enzyme to the
target protein (Ciechanover, 2005).
The proteasome is a 2.5 MDa multi-catalytic complex, consisting of a barrelshaped catalytic core (catalytic subunit, CS), with regulatory subunits attached to one
or both of its ends. Ubiquitinated substrates are recognised by the regulatory subunit.
In an ATP-dependent manner, the substrates are unfolded, and are subsequently
guided into the core of the CS. The CS consists of the three subunits that possess
caspase-like, trypsin-like and chymotrypsin-like activities, which digest the protein
into smaller peptides. The peptides are then released into the cytosol, together with
intact ubiquitin, ready to be reused (Ciechanover, 2005, Dikic, 2017) (Figure 1.1).
UPS is complex and highly specific, and is facilitated by a wide variety of E3
ubiquitin ligases in cells. As such, it is very tightly regulated, and any damage in this
system can lead to cell death (Ciechanover, 2005).
By

contrast, lysosomal degradation

can

effectively

degrade

larger

macromolecules, aggregates, organelles and even pathogens (Lamb et al., 2013,
Dikic, 2017). The lysosome is a catabolic vesicle characterised by low pH and
digestive enzymes (hydrolases) found in its lumen. The lysosome was first
discovered by de Duve and Wattiaux, while trying to purify liver phosphatases
responsible for the release of glucose from liver into the blood (Sabatini and Adesnik,
2013). Lysosomes are the final destination of substrates destined for degradation by
endocytosis and autophagy. Endocytosis involves the invagination of the plasma
membrane and subsequent transport of endocytosed receptors or material through
early endosomes, multi-vesicular bodies, late endosomes and eventual fusion with,
and degradation of the contents in the lysosome.
Autophagy, Greek meaning “Self-eating”, has three main subtypes –
microautophagy, chaperone-mediated autophagy and macroautophagy, which differ
in terms of their mechanism for directing the cytoplasmic content to the lysosome.
Microautophagy is a type of self-degradation where protein cargo is directly engulfed
by invagination of the lysosomal membrane. This process results in the formation of
a small intraluminal vesicle, which together with its contents, is degraded by
lysosomal hydrolases (Figure 1.1). Microautophagy can be both selective and nonselective. Non-selective microautophagy involves the engulfment and degradation of
portions of cytoplasm. Selective microautophagy is characterised by the
17
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sequestration of particular organelles into the lysosome for degradation (Mijaljica et
al., 2011). In chaperone-mediated autophagy (CMA), chaperones Heat Shock
Cognate protein 70 kDa (HSC70) bind to substrate proteins with exposed
pentapeptide KFERQ motif. Chaperones then present the substrates to LAMP-2A.
Upon the binding of substrate proteins to LAMP-2A, it multimerises and the
substrates are unfolded. Multimeric LAMP-2A can then translocate the unfolded
substrate into the lysosomal lumen for degradation (Cuervo and Wong, 2014) (Figure
1.1).
Macroautophagy is mediated by the de novo formation of a double membrane
phagophore, also known as an isolation membrane, which upon its elongation,
sequesters cytosolic cargo selected for degradation. Closure of the phagophore
yields a large double membraned vesicle termed an autophagosome, which
eventually fuses with the lysosome resulting in the degradation of the cargo (Dikic,
2017) (Figure 1.1). Non-selective macroautophagy occurs at basal levels and is used
by cells to maintain their homeostasis and can be induced upon complete nutrient
and growth factor starvation (Mejlvang et al., 2018). Selective autophagy can
specifically target pathogens (xenophagy), protein aggregates (aggrephagy) or
damaged organelles, such as mitochondria (mitophagy), endoplasmic reticulum
(reticulophagy), ribosomes (ribophagy) or peroxisomes (pexophagy) (Khaminets et
al., 2015, Dikic, 2017, Munch and Dikic, 2018). Autophagic cargo is normally tagged
with ubiquitin, which is then recognised by autophagy receptors. Autophagy
receptors bind to autophagy proteins conjugated to the inner membrane of the
phagophore, therefore bridging the isolation membrane with the selected cargo.
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Figure 1.1 Intracellular protein degradation

Proteins are intracellularly degraded through ubiquitin-proteasome system or
autophagy. In UPS, proteasome recognises polyubiquitin chains on target proteins,
which leads to unfolding of target proteins, and their degradation in proteasome. The
three types of autophagy result in the degradation of cargo in the lysosome.
Degradation products are recycled back into the cytosol for reuse.
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1.2 Macroautophagy
Macroautophagy (hereafter referred to as autophagy) is an extensively studied
catabolic process used by cells to retain nutrient levels, and is highly conserved from
yeast to human. During nutrient-rich conditions, basal autophagy levels exist to
enable the turn-over of damaged organelles and long-lived proteins. Autophagy is
upregulated by stressors such as amino acid starvation, hypoxia or glucose
deprivation, when cells use it as a survival mechanism. Cells can utilize autophagy
to prevent DNA damage, pathogen intrusions or chronic inflammation. It has
previously been shown autophagy is implicated in aging, embryonic development,
neurological disorders, tumorigenesis and is linked to a multitude of other diseases
(Jiang and Mizushima, 2014).
One of the key events in autophagy is the formation of an autophagosome.
Autophagosomes, during the maturation, fuse with components of endocytic
pathway, such as endosomes, and then finally fuses with the lysosome. Upon fusion
with the lysosome, an autolysosome is formed and the contents of the
autophagosome are degraded by the proteolytic enzymes in the lysosome.
Degradation products are then released into the cytosol and recycled in metabolic
and synthetic pathways as a source of energy and protein or lipid building blocks.
The first person to identify the proteins required for autophagy was Professor
Yoshinori Ohsumi. apg1 was the first defective mutant identified in yeast. The
mutants were selected by light microscopy, when they failed to accumulate
autophagic bodies within vacuoles during nitrogen starvation (Tsukada and Ohsumi,
1993). apg1 mutant, although growing normally in nutrient-rich medium, died during
extended periods of nitrogen starvation. The loss of viability was used as a
phenotypic readout for the primary screening test, which was complemented with
light microscopy, as a secondary screening test. Y. Ohsumi identified about a
hundred mutants with autophagy defects, assigned to 15 complementation groups
(Tsukada and Ohsumi, 1993). Concurrently, Michael Thumm identified six aut
mutants that are defective in cytoplasmic degradation (Thumm et al., 1994). Daniel
Klionsky’s group identified a number of cvt (cytoplasm-to-vacuole targeting) mutants,
involved in the delivery of a-aminopeptidase I (ApeI) to the vacuole (Harding et al.,
1995). A number of cvt mutants identified matched those found in the primary screen
completed by Ohsumi and colleagues. While the Cvt pathway is in many ways similar
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to autophagy, it is considered to be a biosynthetic, rather than a degradative pathway.
The nomenclature has been settled with the name ATG (autophagy-related genes)
(Klionsky et al., 2003). Out of 41 ATG genes identified in yeast, 18 are highly
conserved and essential for selective and non-selective autophagy. Subsequent
identification of Atg proteins allowed sorting the proteins into functional groups – Atg1
kinase complex, phosphatidylinositol 3-kinase complex, PI3P (phosphatidylinositol
3-phosphate) effectors, Atg12 conjugation and Atg8 lipidation systems, and Atg9
trafficking (Tsukada and Ohsumi, 1993). Atg1 kinase complex is amongst the first
autophagy proteins recruited to the pre-autophagosomal structure (PAS). Atg1
activity is upregulated upon the inhibition of TOR (Target of Rapamycin), a
serine/threonine kinase that, under nutrient-rich conditions, supresses Atg1 kinase
activity through its direct phosphorylation (Kamada et al., 2000). Inactivation of TOR
during starvation subsequently activates Atg1, which forms a stable complex with
Atg13, Atg17, Atg31 and Atg29, and translocates to the PAS along with the PI3kinase complex (Kabeya et al., 2009). The translocation of the two complexes to the
PAS results in the production of PI3P and the recruitment of Atg18-Atg2 (Obara et
al., 2008). Atg12~Atg5 conjugate is essential for autophagy, as it forms a dimeric
complex with Atg16 and is recruited to the PAS, where it serves as an E3-like enzyme
in catalysing the lipidation of Atg8 proteins to phosphatidylethanolamine (PE) on the
PAS (Mizushima et al., 1999, Kuma et al., 2002). Atg18-Atg2 complex can recruit
Atg12~Atg5-Atg16 complex to the PAS, allowing the lipidation of Atg9 proteins to PE
(Sun et al., 2013).

1.3 Autophagy – molecular machinery
1.3.1 mTORC1 and initiation complexes
Autophagy induction is tightly regulated, as perturbations in the autophagy pathway
can have serious consequences for cell viability and survival. One of the key posttranslational modifications (PTM) that regulates autophagosomes formation is
phosphorylation, although a number of other PTMs, including acetylation and
ubiquitination, have shown to play a key role in the process (Mcewan and Dikic, 2011,
Xie et al., 2015). As autophagy is a nutrient-sensing pathway, it is no surprise that
two key pathways – namely amino acid sensing and ATP sensing can feed into and
control the initiation in response to nutrient depravation. For example, energy21
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sensing adenosine monophosphate-activated protein kinase (AMPK) responds to
depletion of ATP.
1.3.1.1 ATP sensing
AMPK in cells exists as a heterotrimer, formed of a catalytic a subunit, and two
regulatory subunits, b and g. It is activated by sensing high AMP/ATP ratios in cells.
AMP binds to AMPK, which activates AMPK in three steps – 1) LKB1 phosphorylates
AMPK at T172 in the catalytic a subunit; 2) decrease in the activity of phosphatases
dephosphorylating T172, and 3) allosteric activation. ADP binding to AMPK can
activate AMPK through steps one and two, but not three, as changes in AMP:ATP
ratios are normally larger than changes in ADP:ATP (Hardie, 2018). AMP, ADP and
ATP bind to g subunit of AMPK, with AMP binding to AMPK with highest affinity,
allowing AMPK to sense even the smallest changes in AMP levels in cells (Hardie,
2018). Upon its activation, AMPK directly phosphorylates Raptor at S722 and S792
(Gwinn et al., 2008) and TSC2 (tuberculosis sclerosis complex 2) at T1227 and
S1345 (Inoki et al., 2003), leading to inactivation of mammalian Target of Rapamycin
Complex I (mTORC1), activating autophagy. AMPK can also directly activate the
ULK1 complex and bypass mTORC1, which is described in more detail in Chapter
1.3.2.
1.3.1.2 Amino acid-sensing machinery
mTORC1 is a serine/threonine kinase, which, in nutrient-rich conditions, localizes to
lysosome membranes via the Ragulator complex. mTOR, Raptor, PRAS40 and
mLST8 make up the mTORC1 complex, where Raptor is its regulatory subunit (Alers
et al., 2012). The main role of Raptor is defining the substrate specificity of mTOR,
which goes through the recognition of specific TOS motifs on the substrates (Dunlop
and Tee, 2013). In the presence of amino acids, Raptor interacts with lysosomeassociated Ras-related guanosine 5’-triphosphate (GTP)-binding protein (Rag),
tethering mTORC1 to the lysosomal membrane, and allowing mTOR kinase to bind
membrane-associated small GTPase protein Rheb (Ras homolog enriched in brain),
thus stimulating its activity (Sancak et al., 2008, Sancak et al., 2010). Rheb binds
mTORC1 in its active, GTP-bound form. Rheb activity is under the regulation of
TSC1, TSC2 and TBC1D7 proteins, which form a complex that acts as a GTPase
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activating protein (GAP) (Menon et al., 2014). During growth factor-rich conditions,
Akt phosphorylates TSC2, preventing its association with TSC1, and consequently,
with lysosomes. Growth-factor withdrawal leads to dephosphorylation of TSC2,
which then binds Rheb and converts it from its GTP- to GDP-bound form, resulting
in Rheb dissociation from mTOR and lysosomes, rendering mTORC1 inactive
(Menon et al., 2014) (Figure 1.2) and subsequently activating the autophagy pathway.
Amino acid availability is sensed through the Rag complex. Upon the
presence of amino acids, Rag heterodimer is active, and interacts with mTORC1 by
directly binding to Raptor (Sancak et al., 2008). Rag heterodimers are formed of Rag
A or Rag B and Rag C or Rag D proteins. Rag A/B, as well as Rag C/D share
functional redundancy. Rag A/B, bound to GTP, and Rag C/D bound to GDP, render
the Rag heterodimer active (Yao et al., 2017). Rag GTPases are bound to lysosomal
membranes through the Ragulator (Sancak et al., 2010). The Ragulator acts as a
GEF (GTPase exchange factor) for the Rags, destabilising the GDP-bound form of
Rag A (Su et al., 2017). Rag A/B is in GDP-bound form upon amino acid deprivation,
preventing its binding to Raptor, resulting in the cytosolic localisation of the mTORC1
in its inactive state (Sancak et al., 2010) (Figure 1.2).
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Figure 1.2 Regulation of mTORC1 activity

mTORC1 is active in the presence of amino acids and growth factors, and anchored
to the lysosomal membrane through active Rheb and Rag GTPases. Growth factors
initiate Akt signalling, which phosphorylates and inactivates TSC complex, with Rheb
GTPase being active, and free to bind mTORC1. Upon depletion of growth factors,
TSC complex is active, leading to the inhibition of Rheb and Rheb-mediated
activation of mTORC1. In the absence of both growth factors and amino acids,
mTORC1 is inactive and localised to the cytosol.
1.3.2 The ULK complex
As discussed in the Chapter 1.3, yeast Atg1 the first identified autophagy proteins.
In mammalian cells, five Atg1 homologues have been identified - ULK1, ULK2, ULK3,
ULK4 and STK36 (Chan and Tooze, 2009). Both ULK1 and ULK2 are thought to be
involved in autophagy in mouse embryonic fibroblasts (MEFs), as the depletion of
either ULK1 or ULK2 alone did not significantly affect autophagic flux; whereas there
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was no autophagy induction in ULK1/ULK2 double knockout MEFs upon starvation
(Lee and Tournier, 2011, Mcalpine et al., 2013). However, in HEK293A cells and
cerebellar granule neurons, ULK1, but not ULK2, is critical for autophagy (Chan et
al., 2007, Lee and Tournier, 2011). ULK1 is the best characterised mammalian Atg1
protein.
ULK1 is a serine/threonine kinase involved in the initiation of autophagy. It is
a part of the ULK complex, together with ATG13, ATG101 and FIP200 that is stable
during nutrient-rich and starvation conditions (Hara et al., 2008, Chan et al., 2009,
Ganley et al., 2009, Hosokawa et al., 2009b, Hosokawa et al., 2009a, Jung et al.,
2009, Mercer et al., 2009). In S. pombe, Atg1 complex is comprised of Atg1, Atg13,
Atg101 and Atg17, of which Atg17 is a functional, rather than a sequence homologue
of FIP200, given the very low sequence homology between the two proteins (Suzuki
et al., 2015), while interestingly, Atg101 was not identified in S. cerevisiae, but the
Atg1 complex contains Atg29 and Atg31 in place of Atg101 (Hosokawa et al., 2009b).
Atg29 and Atg31 are not conserved in mammalian cells or in S. pombe, and do not
share any sequence homology with Atg101 (Suzuki et al., 2015). ULK1 interaction
with ATG13 and FIP200 increases its activity and the stability of the complex (Ganley
et al., 2009, Hosokawa et al., 2009a, Jung et al., 2009). While the ULK1 structure
remains to be solved, there have been reports on the S. pombe Atg13-Atg101
structure, showing the formation of a heterodimer (Suzuki et al., 2015). The structure
of human ATG13-ATG101 heterodimer has also been solved (Qi et al., 2015).
The structure of ULK1 kinase domain has been solved in complex with an
ULK1 inhibitor, and it has revealed that ULK1 possesses a typical kinase fold
(Lazarus et al., 2015). The loop between the N- and C- termini is flexible and the
least conserved feature of ULK proteins, and it appears to extend out of the active
site. Within the kinase domain, phosphorylated T180 lies on the activation loop. The
phosphorylation at T180 is an autophosphorylation event, and the mutation of that
site to alanine significantly reduced the kinase activity of ULK1 (Lazarus et al., 2015).
ULK1 is activated by AMPK and inhibited by mTORC1. During nutrient-rich
conditions, mTORC1 is active and directly binds ULK1 through its Raptor subunit.
mTOR phosphorylates ULK1 at S638 and S758 and ATG13 at S258, thereby
inhibiting autophagy (Kim et al., 2011, Shang et al., 2011, Puente et al., 2016) (Figure
1.3). During low energy levels, AMPK phosphorylates TSC2 (Inoki et al., 2003) and
Raptor (Gwinn et al., 2008), inhibiting mTORC1, which dissociates from ULK1.
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During glucose, but not amino acid starvation, AMPK directly binds and
phosphorylates ULK1 at S317, S556, S638 and T660, and phosphorylates ATG13
at S224, rendering the ULK1 complex active (Puente et al., 2016) (Figure 1.3).
During amino acid starvation, mTORC1 is inactive and dissociates from ULK1
complex, reducing the phosphorylation of ULK1 by mTOR (Chan et al., 2009). ULK1
is then active and autophosphorylated at T180, S1042 and T1046 (Bach et al., 2011,
Liu et al., 2016) and able to phosphorylate its subunits ATG13 at S318 (Li et al.,
2016), ATG101 at S11 and S203 (Egan et al., 2015) and FIP200 at S943, S986 and
S1323 (Egan et al., 2015). Under nutrient-depleted conditions and energy stress,
ULK1 inactivates mTORC1 by phosphorylating Raptor at S792, S855 and S859,
most likely as a result of a reduced substrate binding by Raptor (Dunlop et al., 2011).
Upon its activation, ULK1 complex translocates from the cytosol to the ER
sites, closely connected to structures known as omegasomes (Hara et al., 2008,
Ganley et al., 2009, Karanasios et al., 2013, Puente et al., 2016). ULK1 retention at
the omegasome can be facilitated through direct ULK1 association with membranes
via its C-terminal domain (Chan et al., 2009), as well as PI3P synthesis, as ATG13
has been shown to bind PI3P through its positively charged amino-terminus
(Karanasios et al., 2013). ULK1 also possesses a LIR (LC3-interacting region) motif,
which can directly bind human ATG8 proteins. ULK1 binding to lipidated hATG8
further contributes towards its retention on phagophore nucleation sites (Alemu et al.,
2012, Kraft et al., 2012). Joachim et al. have recently shown that ULK1 binding to
hATG8 protein GABARAP maintains its kinase activity at phagophores, possibly in
order for ULK1 to phosphorylate a substrate, before dissociating from the
phagophore (Joachim et al., 2015). One such substrate could be ATG4B (Pengo et
al., 2017), which I describe in more detail in Chapter 1.3.5.
ULK1 at phagophore nucleation sites functions by phosphorylating its
substrates, providing signals for next steps in autophagy pathway. Beclin 1
phosphorylation at S14 by ULK1 promotes the kinase activity of class III PI3K
complex, consisting of Beclin 1, VPS34, p150 and ATG14L or UVRAG, activating
PI3P production and, subsequently autophagy induction, through ATG14L-bound
Beclin 1, and possibly autophagosome maturation through UVRAG-bound Beclin 1
(Russell et al., 2013).
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Figure 1.3 Regulation of ULK1 activity by AMPK and mTORC1

During nutrient-rich conditions, ULK1 is in its inactive state, bound to Raptor subunit
of mTORC1 and phosphorylated by mTOR. Upon amino acid deprivation, mTORC1
is inactivated, releasing ULK1, which is then active and able to autophosphorylate
and phosphorylate its subunits ATG13 and FIP200. During low energy conditions,
such as glucose starvation, AMPK phosphorylates Raptor and TSC2, thereby
inhibiting mTORC1 complex. AMPK also phosphorylates, and subsequently
activates, ULK1. Activating and inhibiting phosphorylation is shown by green and red
lines respectively.
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1.3.3 VPS34 PI3-kinase complex
PI3P production is one of the key events during autophagosome formation. PI3P is
generated by phosphorylating phosphatidylinositol on the 3’ position of the inositol
ring by the class III PI3-kinase VPS34. VPS34 PI3K is the only Class III PI3-kinase
found in eukaryotes (Foster et al., 2003). VPS34 is highly conserved from yeast to
mammals and is a part of a tetrameric complex with Beclin 1 (yeast Vps30), p150
(yeast Vps15) and either ATG14L (also known as Barkor; yeast Atg14) or UVRAG
(UV radiation resistance-associated gene; yeast Vps38). Two VPS34 complexes
exist – complex I, with ATG14L, and complex II, with UVRAG as the fourth subunit
(Itakura et al., 2008, Sun et al., 2008, Kim et al., 2013). The removal of individual
components destabilises the complex with the degradation of VPS34 complex
subunits, complete inhibition of starvation-induced autophagy and can result in
embryonic lethality (Yue et al., 2003, Zhou et al., 2011, Jaber et al., 2012,
Nemazanyy et al., 2013, Mercer et al., 2018).
Recently, a cryo-EM structure of mammalian complex I (Baskaran et al., 2014)
and a crystal structure of yeast complex II (Rostislavleva et al., 2015) (Figure 1.4)
have been solved. The architecture of both complex I and complex II structures is
governed by VPS34-p150 dimer interactions and the parallel arrangement of coiled
coil domains of Beclin 1-ATG14L and Vps30-Vps38 in human complex I and yeast
complex II respectively. The structure of both tetrameric complexes is V-shaped
(Figure 1.4). The base of the V is formed by amino terminal domains of Beclin1 and
ATG14L in human complex I, and Vps30 and Vps38 in yeast complex II, as well as
HEAT (huntingtin, elongation factor 3, the PR65/A subunit of protein phosphatase
2A and TOR) repeats of human p150 (Complex I) or yeast Vps15 (Complex II). In
mammalian complex I, the tips of the V are formed of the C-terminal BARA (b-a
repeated, autophagy) domain of Beclin 1 in one arm, and VPS34 kinase domain in
the other arm. In yeast complex II, one arm is formed of carboxy-terminal BARA and
BARA2 domains of Vps30 and Vps38 respectively, while the other arm is comprised
of the Vps34 kinase domain (Backer, 2016).
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Figure 1.4 The crystal structure of yeast Vps34 complex II

The crystal structure of yeast Vps34 complex II (5dfz.pdb, (Rostislavleva et al.,
2015)) revealed the V-shaped organisation of the four subunits. The lipid kinase,
Vps34, is in yellow. Vps15 is in green. Vps30 is in pink and Vps38 is presented in
blue. The cryo-EM structure of VPS34 complex I was not available at Protein Data
Bank.
VPS34 complex I is involved in autophagosome formation, while VPS34
complex II has a wider role in endomembrane trafficking and multi-vesicular body
(MVB) formation (Backer, 2016), as well as autophagosome-lysosome fusion (Kim
et al., 2015, Munson et al., 2015).
VPS34 and p150 predominantly exist in dimers in cells, or in trimers together
with Beclin 1. Upon glucose and amino acid starvation, there is a 2-3-fold increase
in tetramer complexes I (with ATG14L) and II (with UVRAG), and a decrease in
VPS34-p150 dimers and VPS34-p150-Beclin 1 trimers (Yuan et al., 2013, Russell et
al., 2013, Kim et al., 2013). VPS34 complex I is regulated by the three major
autophagy kinases mentioned previously – mTORC1, AMPK and ULK1. During
glucose starvation, AMPK is active and phosphorylates Beclin 1 at S91 and S94 (Kim
et al., 2013), stimulating VPS34 complex activity (Figure 1.5). In vitro experiments
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have shown that AMPK only phosphorylates Beclin 1 when in complex with ATG14L,
which suggests that the binding of ATG14L changes the structural conformation of
the complex I, as well as Beclin 1 amino terminus, making the two sites accessible
for the kinase (Kim et al., 2013). During amino acid starvation, ULK1 phosphorylates
Beclin 1 at S14 (mouse, corresponding to S15 on human Beclin 1) in complex I and
complex II. (Russell et al., 2013). ULK1 also phosphorylates VPS34 at S249 (Egan
et al., 2015) and ATG14L at S29 (Park et al., 2016), with the phosphorylation of the
latter residue, together with Beclin1 (S14), being known to promote VPS34 activity
and omegasome formation (Russell et al., 2013, Park et al., 2016) (Figure 1.5). The
regulation by ULK1 is further enhanced through the binding of ULK1 to ATG14L and
UVRAG (Russell et al., 2013). mTORC1 phosphorylates ATG14L at S3, S223, S233,
S383 and S440 during nutrient-rich conditions, resulting in the inhibition of VPS34
complex activity (Yuan et al., 2013) (Figure 1.5). Lipid kinase activity of dimers and
trimers mentioned above is inhibited during starvation (Byfield et al., 2005).

Figure 1.5 VPS34 kinase activity regulation

During nutrient-rich conditions, mTORC1 is active and phosphorylates ATG14L. This
phosphorylation inhibits the VPS34 kinase activity. Upon amino acid starvation,
ULK1 is active. ULK1 then phosphorylates Beclin 1 and ATG14L1 in order to activate
VPS34 kinase, and drive PI3P production at phagophore nucleation sites. Glucose
starvation results in low energy levels, which activates AMPK. AMPK phosphorylates
Beclin 1, thus activating VPS34 kinase, leading to PI3P production and autophagy.
Activating and inhibiting phosphorylation is shown by green and red lines
respectively.
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VPS34 kinase complex I localises to omegasomes and is associated with
membranes, and that association is achieved through a number of physical
characteristics of the complex. The core complex is tightly bound to lipid bilayers
through Beclin1 aromatic finger (Huang et al., 2012) and p150 myristate at the amino
terminus (Panaretou et al., 1997). The binding is further facilitated through ATG14L,
which

can

bind

PI3P

and

PI(4,5)P2 through

its BATS

(Barkor/ATG14L

autophagosome-targeting sequence) domain, to promote the binding with highly
curved membranes (Fan et al., 2011).
Finally, PI3P production at the PAS in yeast or at omegasomes in mammals,
signals for the recruitment of PI3P-effector proteins, which is the next step in the
formation of a double membrane phagophore.
1.3.4 PI3P effector proteins
The production of PI3P at phagophore formation sites is a key event in the process
of autophagy and serves to recruit effector proteins to the forming phagophore. In
mammals, one of the first PI3P effector proteins to be recruited to phagophore
nucleation sites is DFCP1 (double FYVE-containing protein 1), followed by
PROPPINs (b-propellers that bind phosphoinositides), which are also known as WIPI
proteins (WD-repeat protein interacting with phosphoinositide).
1.3.4.1 DFCP1
DFCP1 localizes to both ER and Golgi, and, upon amino acid starvation, is
translocated to a punctate compartment closely associated with ER (Axe et al.,
2008). The compartment was termed an omegasome. Omegasomes are rich in PI3P
and serve as a cradle for phagophore formation. Omegasomes initially form small
domains, which expand to form ring-like structures, followed by the collapse into
small domains again. During omegasome expansion, the ring-like structures
surround the phagophore positive for downstream autophagy proteins, such as LC3
or ATG5. As the phagophore expands, it exits the omegasome, closes and forms an
early autophagosome. It is only after an autophagosome exits the omegasome that
it matures and becomes acidified (Axe et al., 2008).
Interestingly, despite containing two FYVE domains, DFCP1 does not localise
to endosomes, which are rich in PI3P, but localises to Golgi and ER membranes
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instead. This is in part due to an ER-targeting domain within DFCP1 (amino acids
416-543) that is dominant over the two FYVE domains, and therefore responsible for
DFCP1 localisation (Axe et al., 2008). The function of DFCP1 is currently not known,
and DFCP1 knockdown does not have an effect on autophagy. Interestingly, DFCP1
overexpression decreases autophagosome formation, potentially by using up all the
PI3P available at the omegasomes, disallowing the recruitment of other PI3P
effectors to the phagophore formation sites (Axe et al., 2008).
1.3.4.2 The PROPPIN family
PROPPINs are a highly conserved family of WD-40-proteins that bind PI3P and
PI(3,5)P2 through the conserved FRRG motif. So far, only three PROPPINs have
been

identified

in

Saccharomyces

cerevisiae

(Atg18,

Atg21,

Hsv2)

and

Schizosaccharomyces pombe (Atg18a, Atg18b, Atg18c) (Barth et al., 2001, Krick et
al., 2008), two in Caenorhabditis elegans (ATG-18 and EPG-6) (Lu et al., 2011,
Grimmel et al., 2015) and four in mammals (WIPI1, WIPI2, WIPI3, WIPI4) (ProikasCezanne et al., 2004, Polson et al., 2010).
The crystal structure of Hsv2 homologue from Kluyveromyces lactis has been
solved (Baskaran et al., 2012, Krick et al., 2012, Watanabe et al., 2012), and recently,
Scacioc et al. solved the crystal structure of Pichia angusta Atg18 (Scacioc et al.,
2017). Crystal structures have revealed that PROPPINs fold into a seven-bladed βpropeller. Each blade is formed of four antiparallel β-sheets (Figure 1.6a) and the
structures can be further defined into velcro and non-velcro propellers. The major
differences between velcro and non-velcro structures lies in the seventh blade. In
non-velcro structures the seventh blade is completely formed by the C-terminal end
of the protein, and in velcro structures the N-terminus contributes its β-sheets to the
last blade (Krick et al., 2012). The conserved FRRG motif in PROPPINs is found in
the blade 5 of the β-propeller, and can bind two molecules of PI3P or PI(3,5)P2
(Baskaran et al., 2012) (Figure 1.6b). As WD-40 domain-containing proteins,
PROPPINs are thought to mediate protein-protein and protein-lipid interactions
(Stirnimann et al., 2010, Xu and Min, 2011). β-sheets within the blades of PROPPINs
are connected by short loops, which in most WD-40 proteins mediate protein-protein
interactions. In Hsv2, loops in blade 2 have been shown to be important for Atg2
binding (Watanabe et al., 2012). In blade 6, the β3 and β4 sheets are connected by
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a long, hydrophobic loop (6CD loop), which enhances the protein association with
membranes (Krick et al., 2012, Baskaran et al., 2012). Krick et al. have first proposed
the perpendicular orientation of the PROPPIN towards the membrane – the 6CD loop
is inserted into the lipid bilayer, and the protein is further anchored to the membrane
through the PIP binding (Krick et al., 2012). This orientation allows the proteininteracting regions to be exposed on the top of the propeller.
In S. cerevisiae, Hsv2 is the least studied Atg18 homologue, with a role in
micronucleophagy (Krick et al., 2008). Atg21 has a dispensable role in autophagy
and an essential role in Cvt pathway that relies on Atg21 binding to PI3P (Stromhaug
et al., 2004, Meiling-Wesse et al., 2004, Krick et al., 2008, Nair et al., 2010). Atg21
has also been found to interact with Atg8 and Atg16, and these interactions are
required for efficient localisation and lipidation of Atg8 (see Chapter 1.2.5), and
consequently pre-ApeI maturation and Cvt pathway (Juris et al., 2015).
Atg18 is essential for autophagy and the Cvt pathway (Barth et al., 2001).
Atg18 binds PI3P and PI(3,5)P2 through its FRRG motif in the blade 5 of its propeller,
and this binding is required for Atg18 localisation to the PAS, vacuole and
endosomes (Rieter et al., 2013). Atg18 and Atg21 have non-redundant functions in
autophagy, however, Atg21 is able to compensate for Atg18 PI3P-binding activity
during autophagy. Recently, it has been shown that Atg18 contains a stretch of 18
amino acids on its 6CD loop that folds into an amphipathic helix when in contact with
the membrane, which is required for membrane fission in S. cerevisiae. The stretch
of 18 amino acids in 6CD loop is conserved amongst PROPPINs in other species,
suggesting the generic role of PROPPINs in membrane fission (Gopaldass et al.,
2017). Atg18 also interacts with Atg2 through the loops between b-sheets in blade 2.
Atg18-Atg2 interaction is essential for the localisation of either of the two proteins to
the PAS, and therefore autophagy (Watanabe et al., 2012). The complex is shown
to act in later stages of autophagy, before the closure or just after an autophagosome
is formed (Reggiori et al., 2004). Atg2 targeted to the PAS can only partially rescue
autophagy in strains depleted from Atg18, indicating that Atg18 has additional
functions in autophagy next to Atg2 recruitment (Kobayashi et al., 2012). Atg18-Atg2
interaction also plays an important role in Atg9 trafficking. Atg2 interacts with Atg9,
and this interaction is required for Atg18 binding to Atg2 and its localisation to the
tips of the phagophore (Gomez-Sanchez et al., 2018).
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In Pichia pastoris, Atg18 undergoes phosphorylation at S388 and S391 in
blade 6 (b3-b4 loop) and S492 and S495 in blade 7 (b1-b2 loop) (Tamura et al.,
2013). The phosphorylation reduces Atg18 association with PI(3,5)P2 and, therefore,
with the vacuolar membrane, which results in the formation of a large vacuole. Nonphosphorylated Atg18, which strongly associates with membranes, causes the
formation of many smaller vacuoles, thereby regulating vacuolar fission (Tamura et
al., 2013). Phosphorylated Atg18 can still function during autophagy, mostly likely
because it is still able to bind some PI(3,5)P2. Phosphorylation of Atg18 regulates
Atg18 role in pexophagy. Atg18 phospho-mimic can drive pexophagy similarly to the
wild-type, whereas non-phosphorylated Atg18, which strongly associates with
vacuolar-sequestering membrane, is unable to proceed with pexophagy, possibly
because Atg18 needs to dissociate before peroxisome degradation can occur
(Tamura et al., 2013).
The crystal structure of Pichia angusta Atg18 has recently been solved
(Scacioc et al., 2017). It has shown the similar fold to Hsv2 – a seven-bladed bpropeller with non-velcro closure. Crosslinking experiments have revealed that Atg18
oligomerises upon membrane binding, with K102 on a b3-b4 loop on blade 2 and
K181 on a b2-b3 loop on blade 4 forming intermolecular crosslinks. Atg18 also shows
preferred binding to strongly curved membranes in vitro, which supported the in vivo
data from S. cerevisiae previously published by Suzuki et al., where authors show
that Atg18-Atg2 complex mostly resides on bent edges of the phagophore (Suzuki
et al., 2013).
In S. pombe, similarly to S. cerevisiae, three PROPPINs have been identified
– Atg18a, Atg18b and Atg18c. All three isoforms of Atg18 in S. pombe are essential
for autophagy, but act during different stages of the pathway (Sun et al., 2013).
Atg18a interacts with Atg5, and serves as a platform for the recruitment of
Atg12~Atg5-Atg16 complex to the PAS. Deletion of Atg18a or a subsequent rescue
with Atg18a FTTG (PI3P-binding deficient) mutant, resulted in inhibited formation of
Atg8 puncta. Atg18b and Atg18c have a role in later stages of autophagy, as their
depletion results in increased number of Atg8 puncta (Sun et al., 2013).
There are two PROPPINs found in C. elegans – ATG-18 and EPG-6. ATG18 is closely related to mammalian WIPI1 and WIPI2, while EPG-6 is closely related
to WIPI3 and WIPI4. Depletion of ATG-18 caused a defect in degradation of protein
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aggregates (Zhang et al., 2009, Tian et al., 2010, Lu et al., 2011). EPG-6 forms a
complex with ATG-2, which has a role in controlling the size of the phagophores and
autophagosomes, and is required for the distribution of ATG-9 (Lu et al., 2011).

Figure 1.6 Model of PROPPIN structure

(a) The PROPPINs form a 7-bladed b-propeller. Each blade consists of four antiparallel b -sheets. (b) PROPPINs bind two molecules of PI3P (lipids in orange)
through blades 5 and 6. Hydrophobic 6CD loop is inserted into the lipid bilayer
(Baskaran et al., 2012, Watanabe et al., 2012, Krick et al., 2012).
In mammals, there are four Atg18 orthologues – WIPI1, WIPI2, WIPI3 and
WIPI4. WIPI1 was the first family member identified, followed by the WIPIs 2-4
(Waddell et al., 2001). It has previously been shown that WIPI1 and WIPI2 are more
closely related to Atg18, and WIPI3 and WIPI4 are more closely related to Atg21
(Behrends et al., 2010, Polson et al., 2010).
The first WIPI family member identified to have the role in autophagy is WIPI1.
WIPI1 is a protein predominantly expressed in melanoma cells (Polson et al., 2010).
In HEK293A cells, WIPI1 expression levels are very low. For that reason, WIPI1
studies are mostly carried out in melanoma cell lines, such as G361 (Polson et al.,
2010). During nutrient-rich conditions, it is mainly localised to the cytosol. Induction
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of autophagy leads to re-localisation of cytosolic WIPI1 to punctate structures,
positive for ATG5 and LC3 (Itakura and Mizushima, 2010, Proikas-Cezanne et al.,
2004, Gaugel et al., 2012). WIPI1 binds PI3P through its conserved FRRG motif in
the blade 5 (Jeffries et al., 2004). PI3P production can be inhibited by using a PI3kinase inhibitor Wortmannin (Blommaart et al., 1997), which subsequently blocks
WIPI1 or WIPI2 puncta formation during starvation (Polson et al., 2010, Gaugel et
al., 2012). The role of WIPI1 in autophagy remains unknown, and the functional data
available on WIPI1 is conflicting. Polson et al. have shown that the depletion of WIPI1
from G361 and CHL-1 cells using siRNA results in significantly increased LC3
lipidation. They also showed that overexpression of WIPI1 WT, but not PI3P-binding
deficient mutant WIPI1 FTTG, inhibits the formation of WIPI2-positive puncta, mostly
likely by competing for the available PI3P at the phagophore. These data suggested
WIPI1 is a negative regulator of autophagy (Polson et al., 2010). However, shortly
after, a new study emerged, showing WIPI1 knockdown in G361 cells significantly
decreased LC3 lipidation, suggesting WIPI1 could be a positive regulator of
autophagy (Mauthe et al., 2011).

Figure 1.7 Schematic of human WIPI2 proteins

There are six WIPI2 isoforms. WIPI2 a-d isoforms are seven-bladed b-propellers.
WIPI2d and WIPI2e are missing the first blade. WIPI2a and WIPI2c have an 18amino acid insert within the first blade, between the sheets b1 and b2. WIPI2a and
WIPI2b have an 11-amino acid insert on the flexible C-terminus, which contains
serine 395 phosphorylation site.
WIPI2 is ubiquitously expressed in normal human tissues, and aberrantly
expressed in some cancer tissues (Proikas-Cezanne et al., 2004). So far, six WIPI2
isoforms have been identified (WIPI2a-f). WIPI2a is the longest isoform, as it
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contains a loop in blade 1, between sheets b1 and b2, also found in WIPI2c (Figure
1.7). Cellular localisation has been analysed only for WIPI2a-d. During amino acid
starvation, WIPI2b and WIPI2d can form small puncta, which was not observed for
WIPI2a and WIPI2c (Mauthe et al., 2011). The difference in localisation between
these isoforms can be attributed to the N-terminal loop found in WIPI2a and WIPI2c,
but not WIPI2b and WIPI2d. WIPI2a or WIPI2c N-terminal loop could affect the
overall protein fold. Furthermore, it is understood that the top of the PROPPINs
(blades 1-4) is mostly involved in mediating protein-protein interactions (Watanabe
et al., 2012). WIPI2b, but not WIPI2a, directly interacts with ATG16L1, one of the
subunits of ATG12~ATG5-ATG16L1 complex (described in Chapter 1.3.5.1) (Dooley
et al., 2014). ATG16L1 is known to dimerise in the cytosol and at the phagophore,
and it is possible that the dimerization is required for WIPI2b clustering at the
phagophore, rendering WIPI2a (and possibly WIPI2c) unable to form puncta during
starvation. Through its binding to WIPI2b, ATG16L1 drives LC3 lipidation to the
phagophore (Dooley et al., 2014) (Figure 1.8). WIPI2b directly interacts with Atg16L1
through R108 and R125 on WIPI2b and E226 and E230 on ATG16L1. WIPI2b
binding site on ATG16L1 is adjacent to FIP200 binding site (Fujita et al., 2013,
Gammoh et al., 2013, Nishimura et al., 2013), allowing both proteins to bind
ATG16L1 simultaneously (Dooley et al., 2014). WIPI2b interaction with ATG16L1 is
starvation- and PI3P-independent, which opens a question how is WIPI2b-ATG16L1
interaction regulated. There have been reports of potential phosphorylation sites on
WIPI2, as can be observed at phosphosite.org. WIPI2b also has a role in Salmonella
clearance (Dooley et al., 2014), and its recruitment to Salmonella is facilitated by
TBK1 activity (Thurston et al., 2016).
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Figure 1.8 The function of WIPI2b in starvation-induced autophagy

WIPI2b binds PI3P and recruits ATG12~ATG5-ATG16L1 complex to phagophores,
thereby driving LC3 lipidation to PE.
WIPI3 is the least studied of mammalian PROPPINs. It is ubiquitously
expressed in non-cancerous human tissues, with aberrant expression in some
cancer tissues (Proikas-Cezanne et al., 2004). Recently, it has been shown that
WIPI3 interacts with FIP200 and with TSC complex, when TSC2 is phosphorylated
at S1387 by AMPK, possibly providing the scaffold for TSC2-FIP200 complex. WIPI3,
in complex with TSC and FIP200, associates with lysosomal membranes during
starvation, but not when mTOR is active. During starvation, WIPI3 also associates
with phagophores, where it binds FIP200. Depletion of WIPI3 from cells results in
arrested autophagosome formation, suggesting WIPI3 is a positive regulator of
autophagy (Bakula et al., 2017).
WIPI4, an Atg21 mammalian homolog, is predominantly expressed in skeletal
and heart tissue, but is also found in kidney and pancreatic cancer tissues (ProikasCezanne et al., 2004). WIPI4 is localized to the cytosol in nutrient-rich conditions.
Upon starvation, WIPI4 forms punctate structures which co-localise with WIPI1,
WIPI2 and LC3 (Lu et al., 2011, Bakula et al., 2017). The functional analysis showed
WIPI4 is required for proper autophagosome formation, as siRNA knockdown of
WIPI4 led to increased LC3 lipidation, and an increased number of ATG5- and LC3positive phagophores, suggesting the autophagosome formation is impaired (Lu et
al., 2011, Bakula et al., 2017). This data also suggested WIPI4 is downstream of
both WIPI1 and WIPI2 in the autophagy pathway. WIPI4 interacts with ATG2,
through WIPI4 residues N13 and D17 on the b1- b2 loop on blade 1 (Lu et al., 2011,
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Bakula et al., 2017). Recently, it has been shown that WIPI4 directly interacts with
ATG2B through residues Y1523, F1524 and S1525 on ATG2B (Zheng et al., 2017).
The electron microscopy analysis revealed that Rattus norvegicus WIPI4-ATG2B
forms a club-shaped complex with the size of 22 nm. Since the overall structure of
WIPI4-ATG2B complex resembles the one of the HOPS complex, it is suggested that
the WIPI4-ATG2B complex may act as a tethering factor during autophagosome
formation and maturation (Zheng et al., 2017). Depletion of both ATG2A and ATG2B
results in increased LC3-II levels and increased LC3 puncta during starvation, which
suggests that the two proteins act together during autophagy (Lu et al., 2011, Bakula
et al., 2017). During nutrient-rich conditions, WIPI4-ATG2 complex associates with
ULK1 and AMPK. Upon autophagy induction, WIPI4-ATG2 complex dissociates from
ULK1 and AMPK and translocates to nascent autophagosomes (Bakula et al., 2017).
Furthermore, WIPI4 de novo mutations cause BPAN – b-propeller protein-associated
neurodegeneration, a subtype of sporadic neurodegeneration with brain iron
accumulation, known as NBIA (Haack et al., 2012, Hayflick et al., 2013, Saitsu et al.,
2013). In patients with BPAN, mutated WIPI4 proteins are less abundant than the
wild type WIPI4 in healthy individuals. In affected patients, LC3 accumulated on
autophagosomal membranes, but autophagy flux was inhibited. LC3-positive
autophagosomal membranes were classified as abnormal structures. Thus, these
findings provided evidence about the importance of WIPI4 and autophagy in brain
and neural tissue (Saitsu et al., 2013).
Bakula et al. have also shown interactive relationships between WIPI1, WIPI2
and WIPI4. Interestingly, the three WIPI proteins also had an interacting partner in
common – a protein NudC (Nuclear distribution gene C), involved in spindle
formation, however not much is known about its role during autophagy (Bakula et al.,
2017). The WIPI protein interactome also revealed different interacting networks for
each of the four WIPI proteins, which suggested that the four WIPI proteins have
different functions in autophagy and beyond (Bakula et al., 2017).
1.3.5 Ubiquitin-like conjugation systems
Phagophore elongation is promoted by the recruitment of the two ubiquitin-like
systems. These two ubiquitin-like systems are conserved from yeast to human, and
are essential for autophagosome formation. The ATG12 conjugation system results
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in the formation of the constitutive ATG12~ATG5-ATG16L1 complex, while the ATG8
(LC3/GABARAP) conjugation system results in the formation of ATG8 lipidated to
the phosphatidylethanolamine (PE). ATG12 and hATG8 proteins contain a ‘ubiquitinfold’ with no apparent sequence homology to ubiquitin. Likewise, both systems
involve a cascade of protein reactions similar to ubiquitin conjugation to its target.
Hence, these systems were termed ‘ubiquitin-like’ conjugation systems.
1.3.5.1 The ATG12 conjugation system
The formation of ATG12~ATG5 conjugate requires the action of two proteins – ATG7
and ATG10. ATG7 acts as an E1-like enzyme, as it activates the C-terminal glycine
of ATG12 in ATP-dependent manner, and catalyses the transfer of ATG12 to the
active site of ATG10, an E2-like enzyme. ATG10 subsequently binds ATG5 and
catalyses the conjugation of the C-terminal glycine of ATG12 and a lysine within
ATG5 (Mizushima et al., 1998) (Figure 1.9). It is likely that ATG12 and ATG5 are
conjugated constitutively, since no monomeric ATG12 or ATG5 has been found in
cells.
ATG5 directly binds ATG16L1, which results in the formation of
ATG12~ATG5-ATG16L1

complex

(Mizushima

et

al.,

2003).

ATG16L1

homodimerises through its coiled coil domain, resulting in 2:2:2 stoichiometry of the
whole ATG12~ATG5-ATG16L1 complex (Fujioka et al., 2010). ATG12~ATG5ATG16L1 complex resides mostly on the outer phagophore membrane and
dissociates from the phagophore upon or just before autophagosome closure
(Mizushima et al., 2001). The complex acts as an E3-like enzyme in the second
ubiquitin-like system in autophagy – LC3 conjugation to PE (Hanada et al., 2007).
1.3.5.2 The ATG8 conjugation system
In yeast, there is only a single Atg8 isoform, but in higher eukaryotes and mammals,
Atg8 represents a family of at least six proteins that are split into two subfamilies –
LC3 (LC3A, LC3B and LC3C proteins) and GABARAP/GATE-16 (GABARAP,
GABARAP L1 and GABARAP L2 (also known as GATE-16). The Atg8 conjugation
system is conserved from yeast to human, and the process described can equally
be associated with the LC3 and GABARAP proteins, as well as other Atg8
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homologues. Therefore, for simplicity, I will refer to all Atg8 proteins ATG8, unless
specified otherwise.
The first step in ATG8 lipidation is cleavage by ATG4 (Kirisako et al., 2000).
ATG4 is a protease conserved from yeast to human. In yeast, only one Atg4 has
been identified, whereas there are four homologues identified in mammalian cells –
ATG4A, ATG4B, ATG4C and ATG4D – with reportedly different protease activities
and specificities for different ATG8 homologues (Marino et al., 2003, Kabeya et al.,
2004, Tanida et al., 2006, Li et al., 2011, Maruyama and Noda, 2017). Mouse studies
have shown specific and redundant roles for all four ATG4 homologues (Marino et
al., 2007, Marino et al., 2010, Read et al., 2011). ATG4 mediates the cleavage of
ATG8, exposing its C-terminal glycine. The processed ATG8 is localised in the
cytosol, and termed ATG8-I (Kirisako et al., 2000).
ATG7, the same E1-like enzyme that activates ATG12, binds and activates
ATG8-I in ATP-dependent manner. The ATG8-I glycine, exposed by ATG4, is then
used in the first cascade for the formation of a thioester bond with a cysteine residue
of ATG7 active site. ATG8 is then conjugated to ATG3, an E2-like enzyme (Kabeya
et al., 2000, Ichimura et al., 2000). ATG3 directly interacts with ATG12, thereby
recruiting ATG3-ATG8 conjugate to the membrane, where an amide bond is formed
between the exposed C-terminal lysine of ATG8 and PE (phosphatidylethanolamine)
(Figure 1.9). ATG8 is lipidated and attached to both the inner and outer phagophore
membranes, with the ATG8 at the inner membrane shown to be degraded in the
lysosome upon fusion. Lipidated ATG8 is termed ATG8-II. ATG8-II on the outer
membrane gets cleaved or de-lipidated by ATG4 protease. Experimental work on S.
cerevisiae shows that Atg4 cleaves Atg8-PE between the C-terminal carboxyl moiety
and the amine group of PE. Atg8 de-lipidation has a dual role – recycling Atg8 back
into the cytosol for the next round of lipidation and to promote phagophore elongation
(Nakatogawa et al., 2012, Hirata et al., 2017). Recently, it has been shown that LC3
processing is under the regulation of ULK1-dependent phosphorylation and PP2A
(Protein Phosphatase 2A)-dependent dephosphorylation of mammalian ATG4B
(Pengo et al., 2017).
Due to its localisation, LC3 is widely used as a marker for autophagy. LC3
lipidation provides a commonly used readout for autophagy by western blot, as LC3II migrates faster on SDS-PAGE gels than LC3-I, and also by immunofluorescence,
by forming small punctate structures associating with ER (Klionsky et al., 2012).
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Figure 1.9 The two ubiquitin-like conjugation systems in autophagy

ATG12 is activated by E1-like enzyme ATG7. E2-like enzyme ATG10 then promotes
the conjugation to ATG5, with can directly bind ATG16L1. LC3 is activated after Cterminal cleavage mediated by ATG4. LC3 is conjugated to the PE through the
cascade of reactions where ATG7, ATG3, and ATG12~ATG5-ATG16L1 complex act
as E1-, E2- and E3-like enzymes respectively, forming LC3-II.
Lipidated ATG8 proteins have a critical role in autophagosome formation, as
ATG8 lipidation promotes phagophore elongation. Besides phagophore elongation,
ATG8-II also functions in cargo recognition during selective autophagy, usually
facilitated by autophagic receptors (Noda et al., 2010, Birgisdottir et al., 2013, Suzuki
et al., 2017). ATG8 proteins possess Atg8-interacting motifs (AIMs) in yeast, termed
LC3-interacting regions (LIRs) and GABARAP-interacting motifs (GIMs) in mammals
(Rogov et al., 2017), which allows them to bind a variety of proteins, including cargo
adaptors, one of which is p62, also known as sequestosome-1 (Bjorkoy et al., 2005,
Pankiv et al., 2007, Fracchiolla et al., 2017). p62 also binds ubiquitinated protein
aggregates, and thus it mediates the removal of protein aggregates by aggrephagy.
During autophagosome formation, p62 is sequestered by the autophagosomal
membrane, and therefore degraded together with cargo upon starvation. Hence, p62
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is commonly used as a marker for autophagic flux by western blot (Klionsky et al.,
2012).
1.3.6 ATG9 trafficking
Phagophore biogenesis is a crucial event in autophagy, but what provides the
membrane source for its formation and elongation remains largely unknown. Atg9 is
the only conserved transmembrane protein, which is studied in order to shed light on
membrane sources in autophagy (Young et al., 2006). Atg9 is a multi-spanning
membrane protein, conserved from yeast to mammals and is essential for the
formation

of

the

autophagosomal

membrane.

Atg9

has

six

conserved

transmembrane domains, with unstructured N- and C-termini, which are not
conserved and are exposed in the cytosol (He et al., 2006, Young et al., 2006, Orsi
et al., 2012). Yeast Atg9 is found on separate compartments within cells, named Atg9
reservoirs, formed by vesicles and tubules (Mari et al., 2010). Atg9 shuttles between
the PAS and Atg9 reservoirs to provide lipids required for the formation of the PAS
(Reggiori et al., 2004, Yamamoto et al., 2012). Mammalian ATG9, under nutrientrich conditions, predominantly localises to the trans Golgi network (TGN). When
autophagy is upregulated, ATG9 dissociates from the Golgi, and concomitantly
disperses to peripheral sites of the cell, partially co-localising with the known
autophagy markers (Orsi et al., 2012). ATG9 localizes to a specific compartment,
with similar characteristics as Atg9 reservoir (Orsi et al., 2012). Mammalian ATG9
shuttles between the TGN, recycling endosomes, plasma membrane and forming
phagophores. ATG9 only transiently interacts with the forming phagophores, and
never becomes a constitutive part of phagophores or autophagosomes (Orsi et al.,
2012). ATG9 trafficking is dependent on several proteins involved in autophagy,
namely ULK1 and WIPI2. ULK1, in concert with AMPK, is involved in regulating
ATG9 trafficking (Mack et al., 2012). Furthermore, ULK1 phosphorylates ATG9 at
S14, which in part mediates autophagy initiation (Zhou et al., 2017). ULK1 depletion
inhibits ATG9 trafficking from the Golgi complex upon starvation (Orsi et al., 2012).
Likewise, two WIPI proteins are required for ATG9 trafficking. The depletion of WIPI2
inhibits ATG9 retrieval from the cell periphery back to the TGN, resulting in increased
accumulation of ATG9 on DFCP1-positive omegasomes (Orsi et al., 2012). The role
of WIPI4 in ATG9 trafficking has been previously suggested (Zheng et al., 2017),
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after the reports in yeast have shown Atg18, in complex with Atg2, to regulate Atg9
dynamics (Gomez-Sanchez et al., 2018). In patients suffering from BPAN, ATG9 has
been found to increasingly co-localise with LC3, revealing a potential role of WIPI4
in regulating ATG9 trafficking (Saitsu et al., 2013).

1.4 The role of phosphorylation during autophagy
Protein phosphorylation is a ubiquitous post-translational modification, which is
involved in the regulation of protein activity. Phosphorylation is reversible, and often
acts by introducing a negative charge at a specific site that can affect the structural
conformation of a protein, association with its binding partners, its subcellular
localisation in signalling pathways, and/or its enzymatic activity (Xie et al., 2015).
As described in Chapter 1.3, phosphorylation events are essential for the
induction of autophagy. However, phosphorylation is not restricted to initiation
machinery during the process of autophagy. Phosphorylation has been shown to
regulate ATG12~ATG5-ATG16L1 complex assembly and LC3 recruitment to
phagophores.
In mammals, ATG5 is phosphorylated at T75 by p38, and this phosphorylation
inhibits starvation- and lipopolysaccharide-induced autophagy (Keil et al., 2013).
Moreover, phosphorylation of ATG16L1 at S139 by Casein Kinase 2 promotes its
interaction

with

the

ATG12~ATG5

conjugate

in

cardiomyocytes

during

hypoxia/reoxygenation-induced autophagy (Song et al., 2015). The ATG12~ATG5ATG16L1 complex is important for LC3/GABARAP lipidation to PE. LC3 recruitment
to phagophores is inhibited by phosphorylation at S12 by Protein Kinase A (Cherra
et al., 2010). S12 is found within the N-terminal region of LC3A, LC3B and LC3C
proteins. The N-terminal region of LC3 proteins mediate a number of interactions
with LIR-containing proteins (Shvets et al., 2008). S12 is not conserved in the
GABARAP/GATE-16 subfamily. LC3 proteins are also phosphorylated at S6 and T29,
however, this phosphorylation has no evident effect on autophagic flux (Jiang et al.,
2010). Furthermore, ATG4B protease, involved in the process of LC3 lipidation
(Figure 1.9), is phosphorylated by ULK1 kinase at S316 in order to regulate its
catalytic activity (Pengo et al., 2017). Likewise, ULK1-mediated phosphorylation of
ATG9 at S14 contributes towards autophagy initiation (Figure 1.10).
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WIPI2b, as discussed previously, is required for the recruitment of the
ATG12~ATG5-ATG16L1 complex to the phagophore in order for LC3/GABARAP
lipidation to take place. Whilst it is not currently clear how WIPI2b association with
phagophores and ATG16L1 is regulated, Hsu et al. reported that residue S395 of
WIPI2b could be phosphorylated by mTOR (Hsu et al., 2011), indicating WIPI2b
could be regulated by phosphorylation during starvation-induced autophagy.

Figure 1.10 The role of phosphorylation in autophagy

Some phosphorylation events involved in autophagy. ULK1 phosphorylates ATG9,
positively regulating autophagy. ULK1 can negatively regulate autophagy by
phosphorylating ATG4B, therefore inhibiting its catalytic activity. PP2A can
dephosphorylate ATG4B, allowing the progression of autophagy. Casein kinase 2
phosphorylates ATG16L1, promoting its interaction with ATG12~ATG5 conjugate,
and p62, promoting its interaction with polyubiquitin chains marking the cargo
(Matsumoto et al., 2011). p38, while active, phosphorylates ATG5, positively
regulating autophagy. PKA and PKC phosphorylate LC3, therefore preventing its
lipidation to PE at the phagophore, inhibiting autophagy.

1.5 Hypothesis and Aims
Phosphorylation plays an essential role in regulating autophagy, providing an early
signal for its induction and controlling its progression.
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Previously, Dooley et al. have shown that WIPI2b is essential for LC3
lipidation to the phagophores, through its association with PI3P at phagophores and
its interaction with ATG16L1 (Dooley et al., 2014). Little is known about the regulation
of WIPI2b association with ATG16L1 or phagophores. However, the interaction
appears to be independent of starvation and PI3P-binding (Dooley et al., 2014). Gilad
et al have shown that WIPI2 interacts with ULK1 kinase (Gilad et al., 2014); likewise,
reports in yeast show that phosphorylation at the unstructured loop on Atg18 blade
6 regulates association of Atg18 with vacuolar membranes (Tamura et al., 2013).
These findings, along with a number of WIPI2 phosphorylation sites reported on
phosphosite.org, contributed to the formulation of my hypothesis that WIPI2b
function in autophagy is regulated by phosphorylation. Phosphorylation of WIPI2b in
autophagy may regulate its association with phagophores and/or ATG16L1, thereby
regulating the recruitment of downstream core autophagy proteins to phagophores.
In this study, I aimed to show if WIPI2b is phosphorylated and how that
phosphorylation affects WIPI2b association with membranes and ATG16L1, as well
as other interacting partners. The major outstanding question in the field is the
question of the phagophore biogenesis. Since WIPI2b is one of the first proteins
recruited to PI3P pools at phagophore nucleation sites, studying the regulation of its
recruitment can shed light on the origin of the autophagosomal membrane.
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Chapter 2.

Materials & Methods

2.1 Cell culture and transfection
2.1.1 Cell culture
Plates, multiwell dishes and flasks for cell culture were obtained from Corning, and
Dulbecco’s Modified Eagle Medium (DMEM), trypsin (0.25% in Tris Saline) and fetal
bovine serum (FBS) were obtained from Sigma. Earle’s Balanced Salt Solution
(EBSS) (5.56 mM D-glucose, 123.08 mM NaCl, 5.37 mM KCl, 1.82 mM CaCl2, 0.81
mM MgSO4, 0.99 mM Na2HPO4, 13.10 mM NaHCO3) and PBS were produced by
Cell Services at the Francis Crick Institute.
HEK293A cells were obtained from Cell Services, the Francis Crick Institute.
ULK1 wildtype (WT) and double knockout (DKO) MEFs were previously generated
and characterised (Mcalpine et al., 2013). All cell lines were maintained in DMEM,
supplemented with 10% FBS and 4.8 mM L-glutamine (Sigma) (full medium), under
humidified conditions at 37°C in 10% CO2.
Cells were grown until 80-90% confluent and were passaged by washing once
in PBS, before a five-minute incubation in trypsin to detach cells. For maintenance,
cells were split in 1:10 dilution, and used until reached passage number of 20 (unless
stated otherwise), after which they were discarded.
For freezing, trypsinised cells from a confluent T75 or T150 flask, were
centrifuged (700 g, 3 minutes, room temperature) and resuspended in 3 or 6 mL of
90% FBS with 10% DMSO mixture, respectively. Aliquots of 1 mL were frozen at 80°C before being transferred to liquid nitrogen. When thawing, aliquots were
resuspended in T75 flasks (HEK293A cells). The next day, the medium was changed
in order to remove the DMSO.
To induce autophagy by amino acid starvation, cells were washed once in
EBSS, and then incubated in EBSS for two hours. Cells labelled as ‘fed’ were
maintained in full medium as described above. Where indicated, cells were treated
for two hours with 100 nM Bafilomycin A1 (Calbiochem) or 100 nM Wortmannin
(Calbiochem), or for one hour with 1 µM MRT68921 (Sigma) (Petherick et al., 2015)
or 100 nM SBI-0206965 (Cayman Chemical) (Egan et al., 2015). To minimise
detachment of HEK293A cells, poly-D-lysine (Sigma) was used at concentration 0.1
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mg/ml, to coat the wells of 6-well, 12-well, 24-well and 96-well plates, as well as 10cm dishes and glass coverslips, when cells were cultured in/on these. Coating with
poly-D-lysine was not required for other cell lines, or HEK293A cells in flasks or other
dishes.
2.1.2 Transfection
All siRNA was used at a final concentration of 50 nM, or at a combined concentration
of 50 nM when multiple siRNAs were pooled together. For knockdown performed by
reverse transfection of ULK1 or WIPI4 siRNAs, the final siRNA concentration used
was 37.5 nM.
2.1.3 siRNA and plasmid DNA transfection
2.1.3.1 Oligofectamine transfection
Oligofectamine (Life Technologies) was used for siRNA transfections of HEK293A
cells. For 6-cm dishes, 5 x 105 cells were seeded the day before Oligofectamine
transfection, for 40% cell confluency on the day of Oligofectamine transfection (also
referred to as ‘hit 1’). Cell numbers seeded for smaller dishes were scaled according
to the surface area ratios. The following reaction mixtures were prepared for a
transfection – mix A was formed of 15 µL Optimem (Life Technologies) and 5 µL
Oligofectamine, and mix B contained 180 µL Optimem and 5 µL siRNA (stock
concentration 20 µM). Mixtures A and B were incubated separately 5 minutes at room
temperature before being mixed together and incubated for another 20 minutes at
room temperature. The A and B mixtures were added to cells where DMEM was
replaced by 1.8 mL of Optimem. Cells were incubated with siRNA-Oligofectamine
mix for 4-6 hours, before changing the medium back to DMEM.
2.1.3.2 Lipofectamine 2000 transfection
Lipofectamine 2000 (Life Technologies) was used for siRNA and plasmid DNA
transfections of cells that were over 80% confluent. For transfections of plasmid DNA
for immunoprecipitation experiments, 4 x 106 cells were seeded in 10-cm dishes. Cell
numbers for smaller dish sizes were scaled according to the ratio of plate surface
area. Reaction mixtures were prepared, scaled according to the cell culture dishes
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used. The following was the reaction for a 6-cm dish – mix ‘A’ is formed of 2 µl of
Lipofectamine 2000 in 500 µl Optimem, whereas mix ‘B’ is formed of 1 µg plasmid
DNA or 5 µl siRNA (20 µM stock) in 500 µl Optimem. Mixes ‘A’ and ‘B’ were incubated
separately for 5 minutes at room temperature before mixing and incubating for
another 20 minutes. Cells were incubated in the transfection mixture for at least 4
hours, after which the transfection mixture was replaced by full medium.
For siRNA knockdown experiments performed by reverse transfection, cells
were transfected as follows. For one well of a 24-well plate, mix ‘A’ was formed of
1.25 µl Lipofectamine 2000 in 50 µl Optimem. Mix ‘B’ was formed of 0.93 µl siRNA
(20 µM stock) in 50 µl Optimem. Similar to forward transfections, the mixes were
incubated separately for 5 minutes at room temperature, before being mixed and
incubated for additional 20 minutes. The final mix, totalling 100 µl, was added on to
the well, previously coated with pol-D-lysine, followed by 400 µl of a cell suspension
(1.75 x 105 cells/ml in full medium). Cells were incubated in this mixture for 48 hours,
before the media was changed to fresh full medium. The cells were incubated for
additional 24 hours and analysed after the total of 72 hours of knockdown.
2.1.3.3 siRNA duplexes
siRNA pellets were reconstituted in 1x siRNA buffer (Thermo Scientific) (60 mM KCl,
6 mM HEPES pH 7.5, 0.2 mM MgCl2).
Table 2.1 siRNAs used in this thesis

Target Gene
(RISC-free
control)
ULK1
WIPI1
WIPI4

siRNA
D-001220-01

Target Sequence
N/A

Supplier
Dharmacon

D-005049-04
D-018205-03
J-019758-10

UGUAGGUGUUUAAGAAUUG
CCUAUAAUCUUGUGCCGUG
GAUGUGAUGAAUACGAAUA

Dharmacon
Dharmacon
Dharmacon

2.2 Generation of CRISPR/Cas9 knock out cell lines
WIPI2 CRISPR knock out (KO) cells were generated following the protocol published
by the Zhang laboratory (Ran et al., 2013). Guide RNA sequences were generated
using CRISPR design tool (available on http://www.crispr.mit.edu, developed by Dr
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Feng Zhang’s group, MIT). Oligonucleotides targeting WIPI2 or WIPI4 were
annealed and cloned into pX458, a human codon-optimised sp-Cas9 plasmid,
containing GFP tag. The final product of cloning, pX458 containing the cloned WIPI2or WIPI4-specific sgRNA, was then transfected into HEK293A cells. GFP-positive
cells were single-cell sorted by flow cytometry into 96-well plates. The rest of the
GFP-positive cells were pooled, further expanded and eventually frozen. Cell sort
was performed by Debipriya Das at Flow Cytometry facility at the Francis Crick
Institute.
After the single cells in 96-well plates failed to grow, the pools were used to
manually sort a single cell into a well of 96-well plate, through serial dilutions of the
cell suspension. The cells were expanded until 100% confluent, when they were
transferred into larger dish and expanded further.
Table 2.2 Guide RNAs used in this thesis
Oligo name:

Sequence (5’ – 3’):

WIPI2 Guide 1 Fwd

caccgCAGCTACTCCAACACGATTC

WIPI2 Guide 1 Rev

aaacGAATCGTGTTGGAGTAGCTGc

WIPI2 Guide 4 Fwd

caccgAATGCACACATCTTCCGTAT

WIPI2 Guide 4 Rev

aaacATACGGAAGATGTGTGCATTc

WIPI2 Guide 7 Fwd

caccgTCGTCAGCCTTAAAGCACCA

WIPI2 Guide 7 Rev

aaacTGGTGCTTTAAGGCTGACGAc

WIPI4 Guide 1 Fwd

caccgATGACTCAACAGCCACTTCG

WIPI4 Guide 1 Rev

aaacCGAAGTGGCTGTTGAGTCATc

WIPI4 Guide 2 Fwd

caccgAGGCTGGTCACTCCTCGAAG

WIPI4 Guide 2 Rev

aaacCTTCGAGGAGTGACCAGCCTc

WIPI4 Guide 3 Fwd

caccgCGCATGCGCACAGAAAGCAC

WIPI4 Guide 3 Rev

aaacGTGCTTTCTGTGCGCATGCGc

2.2.1 Genotyping of CRISPR/Cas9 cell lines
The cells were plated into 6-well plates, and trypsinised the next day. Cell
suspensions were then centrifuged 10 minutes at 1000 g. To isolate the DNA, the
pellets were incubated 10 minutes at room temperature in 20 µl of mix ‘A’, which was
formed of 20 µl of Direct PCR buffer and 1 µl of RNase. After 10 minutes, 20 µl of
mix ‘B’ was added to the cells in mix ‘A’ and incubated 1 hour shaking at 55°C. Mix
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‘B’ was made by mixing 20 µl of Direct PCR buffer with 0.2 µl of Proteinase K. After
1 hour, the temperature was increased to 85°C to inactivate proteinase K. The DNA
solution was ready to be used in polymerase chain reaction (PCR).
The DNA was mixed with Mega Mix Blue (Clent Life Science) and forward
and reverse primers, as follows. The primers were designed to target sequences
100-200 nucleotides 3’ and 5’ away from the PAM (protospacer adjacent motif), the
motif following the guide RNA targeting sequence, recognised by Cas9 nuclease.
PCR reaction mix:
15 µl

Mega Mix Blue

50 ng

DNA

1 µl

Forward primer (10 µM)

1 µl

Reverse primer (10 µM)

PCR cycle:
Segment

Temperature (°C)

Cycles

Time

1

1

95

10 min

2

30

95

45 s

60

45 s

72

45 s/kb

3

1

72

10 min

4

1

10

¥

The PCR product was used for TOPO TA (Invitrogen) cloning, as follows:
2 µl

PCR product

0.5 µl

Salt solution*

0.5 µl

TOPO vector (pCR 4)

*Addition of salt (200 mM NaCl, 10 mM MgCl2) can increase the efficiency of cloning 2-3-fold.

The reaction was performed at room temperature for 4.5 hours.
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The cloned product will be transformed into competent bacteria (described in this
chapter), and sequenced using provided sequencing primers (M13 forward and
reverse).

2.3 Biochemistry
2.3.1 Antibodies
Table 2.3 Primary antibodies

Antigen

Species

Antibody

Supplier

Dilution

Actin

Rabbit

ab8227

Abcam

WB 1:1000

ATG13

Rabbit

SAB4200100

Sigma

WB: 1:1000

ATG13

Rabbit

STO281

CRUK

WB 1:500

ATG16L1

Mouse

M150-3

MBL

WB: 1:1000

ATG16L1

Rabbit

PM040

MBL

WB: 1:1000

IF: 0.1% triton-X

IF: 1:500

permeabilisation

Beta-tubulin

Rabbit

Ab6046

Abcam

WB: 1:1000

FLAG

Mouse

M2

Sigma

WB: 1:1000

GFP

Mouse

3E1

CRUK

WB:

Notes

(Chan et al., 2009)

1:1000-

1:5000
GFP

Rabbit

Sc-8334

Santa Cruz

WB: 1:1000

HA

Mouse

HA.11

Biolegend

WB:

Covance

1:2000

1:500-

IF: 1:1000
LC3B
Myc
p62

Rabbit
Mouse
Mouse

Ab48394
9E10
610832

Abcam
CRUK
BD Trans Lab

WB: 1:1000

IF: Methanol

IF: 1:2500

permeabilisation

WB: 1:500

IF: Methanol

IF: 1:200

permeabilisation

WB: 1:500

Does not work on
mouse p62

RFP

Rabbit

PM005

MBL

WB: 1:1000

SOD1

Rabbit

Ab16831

Abcam

WB: 1:2000

ULK1

Rabbit

5869

Cell Signalling

WB: 1:500

(mCherry)

WB: Use Crescendo
to visualise

ULK1

Rabbit

Sc-33182

Santa Cruz

WB: 1:250

Vamp3

Rabbit

V31 & V32

Andrew Peden

WB: 1:200

Vinculin

Mouse

V9264

Sigma

WB: 1:10000

WIPI1

Rabbit

Peter Parker,

WB: 1:500

CRUK
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WIPI2

Mouse

2A2

Dundee Cell

WB: 1:1000

IF: Methanol

Products

IF: 1:4000

permeabilisation
WB: 1% milk gives
better signal

WIPI2

Rabbit

STO280

CRUK

WB: 1:250

Use whole serum
(Polson et al., 2010)

WIPI2 p-S395

Rabbit

STO316

CRUK

WB: 1:2000

Block membrane in
TBS-T/BSA; use
TBS-T/BSA to
prepare antibody
solution

WIPI4

Rabbit

STO319

CRUK

WB: 1:250

Use affinity purified;
1% milk gives better
signal

WIPI4

Rabbit

STO320

CRUK

WB: 1:250

Use affinity purified;
1% milk gives better
signal

Table 2.4 Secondary antibodies
Antigen

Conjugated to

Supplier

Dilution

Mouse IgG

HRP

GE Healthcare

WB: 1:5000

Rabbit IgG

HRP

GE Healthcare

WB: 1:5000

Rabbit IgG

Alexa Fluor 488

Life Technologies

IF: 1:1000

Rabbit IgG

Alexa Fluor 555

Life Technologies

IF: 1:1000

Mouse IgG

Alexa Fluor 488

Life Technologies

IF: 1:1000

Mouse IgG

Alexa Fluor 555

Life Technologies

IF: 1:1000

2.3.2 Cell lysis for western blot
For analysis of knockdown, expression or autophagic readouts such as p62
degradation or LC3 lipidation, cells were washed twice in PBS to remove serum.
Cells incubated in EBSS were not washed in PBS prior the lysis, to reduce
detachment. Cells were then lysed in 0.3% Triton TNTE buffer (0.3% Triton X-100,
20 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM EDTA), supplemented with 1x complete
protease inhibitor cocktail (Roche) and 1x PhosSTOP (Roche) on ice. For analysis
of dephosphorylation by post-lysis treatment with lambda phosphatase, the TNTE
buffer was used without EDTA or PhosSTOP. For a single well of a 12-well dish, 100
µl of lysis buffer was used. Volumes of lysis buffer were adjusted for other tissue
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culture plates/dishes according to the ratio of their surface areas. Cells were
incubated in the lysis buffer on ice before being scraped and transferred into a clean
Eppendorf tube. The lysates were centrifuged at 19000 g for 10 minutes to pellet the
nuclei. The supernatant was then transferred into clean Eppendorf tubes, and 5x
SDS sample buffer (15% SDS (w/v), 213.5 mM Tris-HCl pH 6.8, 50% glycerol (w/v),
16% b-Mercaptoethanol, bromophenol blue) was added to a final concentration of
1x, before incubating the samples for 5 minutes at 100°C. The samples were then
ready to be loaded onto SDS-PAGE gels for electrophoresis and protein transfer
(see below).
2.3.3 SDS-PAGE and protein transfer
SDS-PAGE was carried out using either Nu-PAGE 4-12% Bis-Tris precast mini or
midi gels (Life Technologies) or hand-poured 8% gels. Hand-poured gels were used
to separate and observe different phosphorylated forms of WIPI2. SDS-PAGE gels
were electrophoresed at 200 V in 1x MES (Life technologies, 20x stock; 50 mM MES,
50 mM Tris Base, 0.1% SDS, 1mM EDTA, pH 7.3), 1x MOPS (Life technologies, 20x
stock; 50 mM MOPS, 50 mM Tris Base, 0.1% SDS, 1mM EDTA, pH 7.7) or 1x TrisGlycine lysis buffer (250 mM Tris-HCl, 1.9 M Glycine, 1% SDS, pH 8.8). Nu-PAGE
gels were run until the blue dye reached the bottom of the gel, and hand-poured gels
were run until the 38 kDa molecular weight marker was at the bottom, to allow
sufficient separation of non-phosphorylated protein from its phosphorylated
counterpart. MES was generally used for rescue experiments, when looking at LC3
lipidation. MOPS buffer was used when looking at high molecular weight proteins,
such as ULK1 and ATG13, in immunoprecipitation experiments.
Wet transfer (GENIEÒ electrophoretic transfer, Idea Scientific Company) was
used to transfer proteins onto PVDF (polyvinylidene fluoride) membrane (Milipore).
PVDF membrane was soaked in methanol before rinsing in 1x transfer buffer (0.2%
methanol, 20 mM Tris Base, 150 mM Glycine). The transfer unit was assembled by
soaking transfer sponges and thick blot paper (Sigma) in 1x transfer buffer and
placing them in the GENIEÒ system in the particular order, followed by the gel and
PVDF membrane. Thick blot paper and sponges were put over the PVDF membrane.
Proteins were transferred onto the membrane at 27 V, for 1 hour. The PVDF
membrane was incubated in Ponceau S stain, followed by the wash in water to
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remove surplus dye. The Ponceau S stained membrane was scanned and processed
for continuation of the Western blot protocol as below.
2.3.4 Western blot and detection
Following Ponceau S staining of membranes, the dye was washed off in water before
incubating 30 minutes on a rocker in 5% powdered skimmed milk (w/v) (Sigma) 0.1%
PBS-Tween 20 (PBS-T) for blocking. When using WIPI2 pS395 antibody,
membranes were blocked in 1% BSA (Roche) in 0.1% TBS-Tween 20 (TBS-T),
which was also used to dilute the antibody. TBS-T was used for washing the
membranes after incubating with the phospho-specific antibody.
Membranes were then incubated in primary antibodies overnight, rocking at
4°C, diluted as indicated in Table 2.2, in 5% milk/PBS-T unless otherwise specified
in Table 2.2. Following the incubation with primary antibodies, membranes were
washed once quickly, followed by 3 x 10 minute washes in PBS-T. Membranes were
then incubated in HRP-conjugated secondary antibodies (see Table 2.3) for 1-2
hours in 5% milk/PBS-T before washing in PBS-T as before. Following washing,
membranes were transferred onto a clean glass plate, where they were incubated 1
or 2 minutes in ECL (Amersham, GE Healthcare) or Luminata Crescendo Western
HRP substrate (Merck Milipore; generally used for amplification of weak signals)
respectively. Membranes were then exposed to film (Amersham Hyperfilm ECL, GE
Healthcare). Exposure times varied between western blots.
For re-probing the same membrane, membranes were incubated in stripping
buffer (200 mM Glycine, 1% SDS, pH 2.5), for 15 minutes. Membranes were
subsequently washed in water five times quickly and three times in PBS-T for 5
minutes, before blocking in 5% milk/PBS-T for 30 minutes, and then continuing with
primary and secondary antibody incubations and washes as above.
2.3.5 Crude subcellular fractionation
9 x 106 WIPI2 CRISPR control or KO cells were seeded into a 15-cm dish per sample
the day prior to the extraction for assessing endogenous protein. 2 x 106 HEK293A
cells were seeded into a 15-cm dish per sample for assessing overexpressed
proteins, for the Lipofectamine 2000 transfection the next day (see Chapter 2.1.3.2).
The proteins were extracted 24 hours following transfection. On the day of extraction,
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the cells were washed once in 8 ml HB buffer (20 mM HEPES-KOH pH 7.5, 10 mM
KCl, 2.5 mM MgOAc, 1 mM EDTA) and incubated on ice for 10 minutes. The buffer
was aspirated and replaced with 500 µl of HB2 buffer (20 mM HEPES-KOH pH 7.5,
2.5 mM MgOAc, 1 mM EDTA, 250 mM sucrose, 1mM dithiothreitol (DTT), 1x
PhosSTOP (Roche) and 1x complete protease inhibitors cocktail (Roche)). Cells
were scraped and collected into clean 2-ml Eppendorf tubes. The cells were then
homogenised by pipetting with P1000 pipette-tip and then passing through a 27gauge needle (Becton, Dickinson and Company) 5-7 times for transfected cells, or
10-15 times for non-transfected cells, using a 1-ml syringe. Cell breakage was
monitored by Trypan Blue staining, using a light microscope. Homogenised cells
were centrifuged for 5 minutes at 4°C and 1000 g to pellet the nuclei. Post-nuclear
supernatant (PNS1) was transferred into a clean Eppendorf tube, and the nuclear
pellet was discarded. PNS1 was centrifuged again for 5 minutes at 1000 g to yield
PNS2. 100 µl of PNS2 was transferred into a clean Eppendorf tube for western blot
analysis. 5x SDS sample buffer was added to PNS2. The rest of the PNS2 was
centrifuged in a 1.5 ml Beckman Coulter ultracentrifuge tube at 100000 g for 1 hour
at 4°C in a benchtop ultracentrifuge. The supernatant produced the true cytosol, and
was transferred into a clean 1.5 ml Eppendorf tube. 5x SDS sample buffer was added
to the cytosolic fraction. The membrane pellet was first resuspended in 50 µl of 2x
SDS sample buffer, and then diluted to the final volume equalling the cytosol volume
of the same sample. All samples were heated for 10 minutes at 65°C to denature
proteins and processed by Western blot as described above.
2.3.6 Crosslinking WIPI2 antibody to Protein G sepharose beads
The following protocol was developed by The Duke Proteomics Core Facility. Protein
G sepharose beads (Sigma) were washed three times in PBS. After the third wash,
a known volume of PBS was added and the total volume of resin was measured by
a pipette. Deducting the volume of PBS added equalled the volume of Protein G
beads. PBS was aspirated and Protein G sepharose beads were resuspended in
PBS to make 50% slurry. 20 µg of antibody was incubated with 30 µl of Protein G
beads (60 µl of 50% slurry) in 500 µl of PBS, rotating overnight at 4°C. Beads were
then washed three times in 1 ml of 0.2 M sodium borate pH 9 (0.2 M boric acid
adjusted to pH 9 with NaOH). Upon removal of sodium borate, antibody/beads were
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incubated in 1 ml of 20 mM DMP (dimethylpimelimidate) suspension made in 0.2 M
sodium borate pH 9, rotating at room temperature for 40 minutes. The beads were
washed twice in 0.2 M ethanolamine (pH 8). During the second wash, the beads
were incubated in ethanolamine, rotating at room temperature for 1-2 hours.
Ethanolamine was then aspirated and the beads were washed three times in 1 ml of
0.58 v/v acetic acid with 150 mM NaCl, followed by three washes in 1 ml of cold PBS.
The beads were then resuspended in 50 µl of PBS and were ready for use in
immunoprecipitation.
2.3.7 Immunoprecipitation
For immunoprecipitation of endogenous proteins, 6x106 cells were seeded into 15cm dishes for immunoprecipitation the next day. For immunoprecipitation of
overexpressed proteins, 3x106 cells were seeded into 10-cm dishes for
Lipofectamine 2000 transfection the next day (see Chapter 2.1.3.2). For extraction,
cells were washed twice in PBS, unless they were incubated in EBSS, and lysed on
ice in 750 µl of TNTE lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM NaCl
and 0.3% Triton-X) supplemented with 1x PhosSTOP (Roche) and 1x EDTA-free
Complete Protease Inhibitor Cocktail (Roche). Following the lysis, cells were
centrifuged at 19000 g for 10 minutes at 4°C to pellet insoluble material.
Protein G sepharose beads were washed as described in Chapter 2.3.6, and
30 µl of a 50% slurry was incubated with the clarified lysate, to pre-clear, rotating at
4°C for 2 hours. After the pre-clear, 5 µl or 25 µl of conjugated antibody (WIPI2 or
IgG)/Protein G resin was used for western blot or analysis by mass spectrometry
respectively. 40 µl of pre-cleared lysate was taken for the ‘input’ lysate sample. The
rest of the pre-cleared lysate was incubated with the conjugated resin overnight,
rotating at 4°C. Following the immunoprecipitation, the beads were washed three
times in 1ml of low-stringency lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 10
mM EGTA, 0.2% NP-40), suggested in the protocol by the Duke Proteomics Core
Facility. After removal of the final wash, beads were resuspended in 30 µl of 2x SDS
sample buffer, heated for 5 minutes at 100°C and analysed by western blot.
For

GFP-,

RFP-

or

myc-Trap

(ChromoTek)

or

HA

(Roche)

immunoprecipitation, 5 µl of GFP/RFP/myc-Trap or blocked agarose beads or 20 µl
of HA-affinity matrix, per sample, was washed once with TNTE lysis buffer. Cells
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were lysed as indicated above for endogenous immunoprecipitations. Clarified
lysates were pre-cleared for 1 hour using 5 µl of blocked agarose beads
(ChromoTek). 40 µl of pre-cleared lysate was taken for the ‘input’ lysate sample. The
remaining lysate was incubated with GFP/RFP/myc-Trap beads or HA-affinity matrix
for 2 hours, rotating at 4°C. All immunoprecipitation samples were washed three
times with TNTE wash buffer (50 mM TRIS-HCl pH 7.5, 300 mM NaCl, 5 mM EDTA,
0.1% Triton X100, 0.02% NaN3) before adding 30 µl of 2x SDS sample buffer and
boiling for 5 minutes at 100°C.
2.3.7.1 Immunoprecipitation from mixed lysates
In some instances, the co-expression of two or more proteins have proven to be
variable. To overcome this, in some experiments involving co-immunoprecipitation
of overexpressed proteins, the proteins were overexpressed separately, in different
cell populations (for transfection protocol see Chapter 2.1.3.2). After the cell lysis
(described above, Chapter 2.3.7), and clarification by centrifugation, the lysates from
the two cell populations were mixed in equal ratios before preclearing using blocked
agarose beads. Immunoprecipitation was then performed as described above
(Chapter 2.3.7).

2.3.8 Lambda phosphatase assay
Cells for lambda phosphatase treatment were seeded 2 x 105 per well of as 12-well
dish for the treatment the next day or 1 x 105 for the Lipofectamine 2000 transfection
(Chapter 2.1.3.2) the next day, and lambda phosphatase treatment 24 hours after
transfection. Cells were then lysed in 80 µl of TNTE lysis buffer without EDTA
supplemented with 1x EDTA-free protease inhibitor cocktail (Roche). The lysates
were centrifuged at 19000 g for 10 minutes. After the centrifugation, 79 µl of clarified
lysate was transferred into a clean 1.5 ml Eppendorf tube. 10 µl of 10 mM MnCl2
(New England BioLabs) was added, together with 10 µl of 10x NEBuffer for Protein
MetalloPhosphatases (PMP) (New England BioLabs; 0.5 M HEPES, 0.1 M NaCl, 20
mM DTT, 0.1% Brij 35) into all samples. Sodium Orthovanadate was added into the
control sample, at the final concentration of 100 µM. 1 µl of lambda phosphatase was
added to testing samples. The reaction was carried out by incubating the samples at
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30°C for 30 minutes. To stop the reaction, 5x SDS sample buffer was added to all
samples. The samples were boiled for 5 minutes and analysed by Western blot.
2.3.9 Mass spectrometry to identify phosphorylation sites on WIPI2
HEK293A cells were co-transfected with either pcDNA3.1+ or GFP-WIPI2b WT with
HA-ULK1 WT or HA-ULK1 K46I. The cells were maintained in full medium, and then
washed twice in PBS and lysed in TNTE buffer as described in Chapter 2.3.7. The
lysates were clarified by centrifuging at 19000 g for 10 minutes at 4°C. The lysates
from cells expressing GFP-WIPI2b and HA-ULK1 WT/K46I were incubated with
GFP-Trap beads overnight for maximum binding efficiency, while the lysates from
cells expressing empty vector and HA-ULK1 WT/K46I were incubated overnight with
WIPI2 antibody crosslinked to Protein G sepharose beads. Pelleted GFP-Trap or
Sepharose beads were washed with TNTE wash buffer or low-stringency wash buffer
for respectively under sterile conditions (under a laminar-flow hood). The samples
were subjected to SDS-PAGE, which was carried out in a clean gel tank, using sterile
MOPS running buffer. The SDS-PAGE gel was run for approximately 7 minutes,
when the dye reached roughly 1.5 cm into the gel. Proteins were fixed on the gel
after the incubation in methanol and glacial acetic acid before staining in GelCode
Blue Stain Reagent (Thermo Scientific), a colloidal Coomassie-based dye. WIPI2 or
GFP-WIPI2b were excised out of the gel by cutting a thicker band around the
molecular weight marker corresponding to 52 kDa or 76 kDa respectively (see Figure
3.5). Each of the bands was cut into ~1 mm3 pieces and placed into wells of a 96well plate, containing 100 µl HPLC-grade water, before being sent to the proteomics
facility at the Francis Crick Institute.
The following was the protocol provided by the Proteomics facility at the
Francis Crick Institute, for processing samples by mass spectrometry. This work was
performed by Aaron Borg and Bram Snijders. Gel pieces were processed using ingel trypsin digestion procedure adapted for a Janus liquid handling system (Perkin
Elmer). Peptide extracts were dried to completion using vacuum centrifugation.
Peptides were reconstituted in 0.1% Triflouroacetic acid and resolved by liquid
chromatography system. Data was acquired using an Orbitrap Fusion Lumos Tribrid
mass spectrometer (Thermo Scientific). All raw files were first converted to MGF file
format and analysed by MASCOT software (Matrix Science), queried against the
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Uniprot human database to identify peptide matches. Raw files and MASCOT search
data were then imported into Skyline software (Maclean et al., 2010) and used to
visualise the peak areas for the peptides of interest.
2.3.10 Immunofluorescence labelling and confocal microscopy
HEK293A cells, and their derivatives, were plated onto 6-cm dishes for transfection
the next day. 24 hours after the transfection, the cells were split and 1.4 x 105 or 7 x
104 cells were seeded onto coverslips (The Francis Crick Institute), coated with PolyD-lysine, in 12-well or 24-well plates respectively. On the day of fixation, the cells
were

treated

under

indicated

conditions.

The

cells

were

fixed

in

3%

paraformaldehyde (Agar Scientific) in PBS supplemented with 0.01 mM CaCl2 and
0.01 mM MgCl2 for 20-60 minutes. All the steps were carried out at room temperature
unless stated otherwise. Cells were washed twice in PBS, followed by
permeabilisation with either methanol or 0.1% Triton-X100 for 5 minutes (see Table
2.2) and another two washes with PBS, before blocking in 5% BSA fraction V (Roche)
in PBS for 1 hour. Coverslips were incubated with primary antibodies diluted as
indicated in Table 2.2, in 1% BSA in PBS for 1 hour in humidified chamber at room
temperature, after which they were washed three times in PBS, followed by the
incubation in secondary antibodies, diluted as indicated in Table 2.3, in 1% BSA in
PBS for one hour, also in humidified chamber. Hoechst (Sigma) was added to the
diluted secondary antibody solution at final concentration of 5 µg/ml. Finally,
coverslips were washed three times in PBS and once in water, and then mounted
onto glass microscope slides (Thermo Scientific) with 10 µl of Mowiol 4-88
(Calbiochem).
Confocal images were taken with a Zeiss Axioplan 2 LSM710 laser-scanning
microscope with a 63x, 1.4 NA oil-immersion objective (Carl Zeiss MicroImaging, Inc),
with a slice thickness of 0.8 µm. Images were taken of cells with lower levels of
plasmid expression. Laser settings were kept constant for imaging each condition of
an experiment for comparison. Images were processed using Zen software to obtain
scale bars.
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2.3.11 In vitro kinase assay
3x106 HEK293A cells were seeded into 10-cm dishes for Lipofectamine 2000
transfection the next day (see Chapter 2.1.3.2). 24 hours after transfection, the cells
expressing the kinase were incubated for 1 hour in EBSS. The cells were lysed and
immunoprecipitated using myc-Trap beads (ChromoTek) and HA-affinity matrix
(Roche) as described in Chapter 2.3.7. After the immunoprecipitation, the beads
were washed once and then resuspended in the kinase reaction buffer (20 mM
HEPES pH 7.5, 20 mM MgCl2, 25 mM beta-glycerophosphate, 2 mM DTT, 100 µM
sodium orthovanadate). myc-ULK1 and HA-WIPI2 immunoprecipitates were mixed
for testing of the kinase activity, or left unmixed as controls. Beads were then
incubated in 32 µl of kinase buffer containing 20 µM ATP and 2 µC [g-32P] ATP for
30 minutes at 30°C. 5x SDS sample buffer was added to each sample to stop the
kinase reaction. Samples were boiled for 5 minutes before being resolved on 8%
hand-poured SDS-PAGE gel. The gel was run until the dye was ~1 cm off the bottom,
making sure that [g-32P] ATP stays in the gel. The gel was incubated in Instant Blue
dye (Sigma) for 1 hour and destained overnight in water. The gel was dried in
Laboratory Gel Dryer (Bio-Rad) and visualised by exposing to film (Amersham
Hyperfilm ECL, GE Healthcare).

2.4 Molecular biology
2.4.1 PCR
Polymerase chain reaction (PCR) was generally performed using AccuPrimeÔ Pfx
DNA polymerase kit (Thermo Scientific).
PCR mix:
5 µl

10x AccuPrimeÔ reaction mix

1 µl

Forward primer (10 µM from Sigma)

1 µl

Reverse primer (10 µM from Sigma)

5.6 µl

10x PCR enchancer

1 µl

Plasmid template (50 ng)

0.4 µl

AccuPrimeÔ Pfx DNA polymerase

Up to 50 µl

dH2O
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PCR cycle:
Segment

Cycles

Temperature (°C)

Time

1

1

95

2 min

2

30

95

15 s

65

30 s

68

1 min/kb

4

¥

3

1

A small amount of the complete PCR reaction was assayed by DNA agarose
gel electrophoresis (Chapter 2.4.2). If a single PCR product was yielded, it was
purified using the QIAquick PCR Purification Kit (Qiagen) according to the
manufacturer’s instructions. In case of multiple PCR products from a single PCR
reaction, the correct PCR product was extracted from the gel, after subjecting the
whole sample to DNA agarose gel electrophoresis, using QIAquick Gel Extraction
Kit (Qiagen) according to the manufacturer’s instructions. PCR products were
typically eluted in 30 µl of elution buffer (Qiagen).
2.4.2 Agarose gel electrophoresis
1% agarose (w/v) (Invitrogen) was dissolved, using a microwave, in 1x TBE (Trisborate-EDTA) buffer (Cell services, The Francis Crick Institute). 50-100 ml of molten
agarose was mixed with one drop of 0.625 mg/ml ethidium bromide (Amresco) or a
drop of GelRedâ Nucleic Acid Gel Stain (10000x) (Biotium). The agarose was left to
set with a well comb attached. The DNA was mixed with 6x Purple Gel Loading Dye
(New England Biolabs) to a final of 1x concentration, and loaded into wells.
HyperladderÔ was used as a size ladder marker. The gel was electrophoresed for
30 minutes at 120 V. DNA bands were then imaged using a UV irradiator
(GeneFlash, SynGene BioImaging). When required, DNA bands were excised using
a clean scalpel, while using UV irradiator, and purified using QIAquick Gel Extraction
Kit (Qiagen), as described in Chapter 2.4.1.
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2.4.3 DNA digest with restriction enzymes
Plasmid DNA and PCR products were digested using the required restriction
enzymes (New England Biolabs) according to manufacturer’s instructions.
The mix was prepared in PCR strips as follows:
1 µg

PCR product (DNA)

5 µl

10x NEB Buffer*

1 µl

Restriction enzyme (1)

1 µl

Restriction enzyme (2)

Up to 50 µl

dH2O

NEB buffer was chosen based on restriction enzymes used, which was
planned using NEBcloner (nebcloner.neb.com). Restriction digest reactions were
incubated for 30 minutes at 37°C, and the reaction was usually stopped by incubating
the samples for 20 minutes at 65°C.
2.4.4 Antarctic Phosphatase treatment
Digested vector was treated with Antarctic Phosphatase to prevent re-ligation of the
vector. 1 µg of vector was incubated with 10x Antarctic Phosphatase buffer (New
England Biolabs) (final concentration 1x) and 5 units of Antarctic Phosphatase for 30
minutes at 37°C. The phosphatase was inactivated by incubating the sample 5
minutes at 70°C.
2.4.5 Ligation
DNA fragments were ligated using T4 DNA Ligase (New England Biolabs) according
to manufacturer’s protocol.
Ligation mix:
50 ng

Insert DNA (1 kb)

50 ng

Vector DNA (3 kb)

1 µl

T4 DNA Ligase

2 µl

T4 DNA Ligase Buffer

Up to 20 µl

dH2O
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The reactions were incubated overnight at room temperature. A vector to
insert ratio of 1:3 is shown above. If ligations were unsuccessful, a higher insert-tovector ratio was tried.
2.4.6 GATEWAYÔ cloning technology
GATEWAYÔ cloning technology was used alternatively to ‘cut and paste’ cloning
described above. The Gateway system is based on recombination system that uses
bacteriophage lambda, which can transfer sequences between different vectors
containing flanking att sites (entry vectors and destination vectors). Gateway cloning
was chosen because of its efficiency, which was higher than with ligation cloning.
The primers were designed by adding att sites as overhangs, according to
manufacturer’s instructions and used in PCR reaction, as described in chapter 2.4.1.
PCR cycles were used as follows:
PCR cycle:
Segment

Cycles

Temperature (°C)

Time

1

1

94

2 min

2

30

94

1 min

55-58 (gradient)

1 min

68

2 min

3

1

68

10 min

4

1

4

¥

The annealing step was set up using ‘Gradient’ option as two different
temperatures were used for each reaction. The PCR products were electrophoresed
on 1% agarose gel and extracted using QIAquick Gel Extraction kit according to
manufacturer’s instructions. First recombination reaction was BP reaction. Half
reactions proved to work well, and were set up as follows:
BP reaction:
50 ng

Insert DNA

75 ng

Entry vector DNA (pDONOR 221)

1 µl

BP clonase III

Up to 5 µl

TE buffer
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The samples were incubated for 2 hours at 25°C in a water bath, followed by
Proteinase K treatment. 1 µl of Proteinase K was added to BP reaction and the
samples were incubated for 30 minutes at 37°C. Reactions were transformed using
One Shot TOP10 competent cells, as described below in chapter 2.4.8. Produced
clones were verified by sequencing, and clones carrying an entry clone containing
the insert of interest were selected for LR reaction, where the insert was transferred
into destination vectors. LR reaction were set up using half of the volumes suggested
by manufacturer, which worked well.
LR reaction:
50 ng

Entry clone (BP reaction product)

75 ng

Destination vector DNA (pDest vectors)

1 µl

LR clonase III

Up to 5 µl

TE buffer

The samples were incubated 2 hours at 25°C in a water bath. 1 µl of
Proteinase K was added to LR reactions after the incubation, and the samples were
incubated for 30 minutes at 37°C. The LR reactions were used to transform One Shot
TOP10 chemically competent cells (see Chapter 2.4.8). The clones picked were
verified by sequencing. Positive clones were subjected to maxiprep DNA production.
2.4.7 Site-directed mutagenesis
QuikChange Multi Site-Directed Mutagenesis Kit (Agilent Technologies) was used
for site-directed mutagenesis according to the manufacturer’s instructions. Sitedirected mutagenesis allows the use of multiple primers in a single reaction to
generate multiple mutations, so long the primers do not overlap. The primers were
designed to incorporate single or multiple base pair changes following the guidelines
set by the manufacturer. A circular PCR product was produced after using the
designed primers in combinations with an enzyme mix containing high-fidelity
PfuTurbo DNA polymerase and nick-sealing ‘components’. PCR reaction mix and
PCR cycles used for this reaction are outlined below.
Note, shown below are the half-reactions of PCR mix, as half of the
manufacturer’s recommended volumes work well.
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Site-directed mutagenesis PCR mix:
1.25 µl

10x QuikChange Multi reaction buffer

0.25 µl

QuikSolution

50 ng

Template DNA

50 ng

Mutagenic primer

0.5 µl

dNTP mix

0.5 µl

QuikChange Multi enzyme blend

Up to 12.5 µl

dH2O

PCR cycle:
Segment

Cycles

Temperature (°C)

Time

1

1

95

1 min

2

30

95

1 min

55

1 min

65

2 min/kb

4

¥

3

1

Following PCR, the reactions were treated with DpnI for 1 hour at 37°C to
degrade the template (un-mutated) plasmid DNA. The remaining DNA was used to
transform XL10-GOLD ultracompetent cells (see Chapter 2.4.7). The grown colonies
were used for miniprep plasmid purification and verification by sequencing. After the
sequencing, the clones carrying wanted mutations were selected and used for
maxiprep production.
2.4.8 Bacterial transformation
Chemically competent E. coli (DH5a, One ShotÔ TOP10; Invitrogen) were thawed
on ice. 50 µl of One ShotÔ TOP10 or 20 µl DH5a was used per transformation. DNA
was added to bacteria and incubated on ice for 10 minutes. For transformation of
ligation products, 10 µl of ligation reaction was mixed with bacteria, and for
transformation of plasmids for maxiprep DNA production, 1 µl of DNA was used.
Bacteria were then subjected to heat shock at 42°C for 45 seconds before incubating
on ice for another 1 minute. 200 µl of SOC medium (2% Tryptone (w/v), 0.5% yeast
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extract (w/v), 10 mM NaCl, 2.7 mM KCl, 21 mM MgCl2, 20.8 mM MgSO4, 20 mM Dglucose; The Francis Crick Institute) was added to bacteria, followed by 1 hour
incubation at 37°C in an Eppendorf ThermoMixer. Bacteria were then plated onto
LB-agar plates (1% Bacto-Tryptone (w/v), 0.5% yeast extract, 170 mM NaCl, 1.5%
agar; The Francis Crick Institute) containing the appropriate antibiotic (ampicillin at
100 µg/µl or kanamycin 50 µg/µl). For transformation of plasmids for maxiprep, 50 µl
of bacterial suspension was plated, and for transformation of ligation reaction, the
whole volume (>250 µl) of bacterial suspension was plated. Plated bacteria were
incubated overnight at 37°C, to allow growth of colonies.
For the transformation of site-directed mutagenesis (SDM) products, XL10Gold Ultracompetent cells (Agilent) were used. 40 µl of XL10-Gold Ultracompetent
cells was thawed on ice before adding 2 µl of b-Mercaptoethanol (Agilent; provided
in kit) and mixing gently, followed by 10-minute incubation on ice. 5 µl of SDM
reaction was added to bacteria and the mixtures were incubated on ice for 30
minutes, followed by the same steps taken for transformation using other competent
bacteria.
2.4.9 Purification of plasmid DNA
After the transformation, bacterial colonies were picked over a flame and inoculated
into 5 ml or 200 ml of LB starter culture (1% Bacto-Tryptone (w/v), 0.5% yeast extract,
170 mM NaCl; The Francis Crick Institute) supplemented with the appropriate
antibiotic, for miniprep or maxiprep respectively. The cultures were incubated
overnight at 37°C, shaking at 220 rpm. Bacteria were pelleted at 1000 g for 8 minutes
at 4°C and the supernatant was discarded. For minipreps, the miniprep service at
the Francis Crick Institute equipment park was used.
For the production of larger quantities of plasmids, verified by sequencing,
maxipreps were performed using the Qiagen Plasmid Endo-free Maxi kit, according
to manufacturer’s instructions. After precipitation and washing, DNA was dissolved
in 500 µl TE (Tris-EDTA) buffer. The concentration of DNA was subsequently
measured using a spectrophotometer (Nanodrop, Thermo Scientific). When the DNA
concentration was higher than 1 µg/µl, the DNA was diluted to 1 µg/µl with TE. DNA
was stored at -20°C
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2.4.10 Primers
All primers were purchased from Sigma.
Table 2.5 Primers used in this thesis
Primer name:

Sequence:

Used for:

To make:

WIPI2b S394A

GTCTGTGTAGGCAAGTCTCTCTGGGTCTTCA

SDM

GFP-WIPI2b 3A

S395A T397A

GGCAC

WIPI2b S394E

GTGCCTGAAGACCCAGAGAGACTTGCCTAC

SDM

GFP-WIPI2b 3D

S395D T397E

ACAGAC

ULK1 K46I

GAGGTCGCCGTCATTTGCATTAACAAGAAG

SDM

HA-ULK1 K46I

WIPI2b S39A

GTCCGGTTATAAATTTTTCGCCCTTTCTTCT

SDM

GFP-WIPI2b S39A;

GTGGATAAG

WIPI2b-HA S39A

WIPI2b S39D

GGTTATAAATTTTTCGACCTTTCTTCTGTGG

SDM

WIPI2b S68A

GATTGTTCTCCAGCGCCCTAGTGGCCATC

SDM

GFP-WIPI2b S39D;
WIPI2b-HA S39D
GFP-WIPI2b S68A;
WIPI2b-HA S68A; HAWIPI2b S68A

WIPI2b S68D

GATTGTTCTCCAGCGACCTAGTGGCCATCG

SDM

GFP-WIPI2b S68D;
WIPI2b-HA S68D; HAWIPI2b S68D

WIPI2b S96A

CTGAGATCTGCAACTACGCCTACTCCAACAC

SDM

GATTC

GFP-WIPI2b S96A;
WIPI2b-HA S96A;
HA-WIPI2b S68A S96A

WIPI2b S96D

CTGAGATCTGCAACTACGACTACTCCAACAC

SDM

GATTC
WIPI2b S185A

GFP-WIPI2b S96D;
WIPI2b-HA S96D;

CGGCTCACGACGCCCCTTTAGCGGC

SDM

GFP-WIPI2b S185A;
WIPI2b-HA S185A

WIPI2b S185D

GATTCCGGCTCACGACGACCCTTTAGCGGC

SDM

ACTG

GFP-WIPI2b S185D;
WIPI2b-HA S185D (Y.
Gilad)

WIPI2b S284A

GAAAGTGCTCATGGCCGCCACCAGCTACCT

SDM

GC
WIPI2b S284D

WIPI2b-HA S284A

GGAAAGTGCTCATGGCCGACACCAGCTACC

SDM

TGCCTTC
WIPI2b S360A

SDM

WIPI2b FL Rev

GFP-WIPI2b S360A;
WIPI2b-HA S360A

CACCGGCTGGACGGCGACCTGGAAACGACC

SDM

AATG
WIPI2b FL Fwd

GFP-WIPI2b S284D;
WIPI2b-HA S284D

CACCGGCTGGACGGCGCACTGGAAACGACC
AATG

WIPI2b S360D

GFP-WIPI2b S284A;

GFP-WIPI2b S360D;
WIPI2b-HA S360D

GGGGACAAGTTTGTACAAAAAAGCAGGCTG

Gateway

CATGAACCTGGCGAGCCAGAGC

cloning

GGGGACCACTTTGTACAAGAAAGCTGGGTC

Gateway

TCAGTCAGTCCGAAGAATCATGGG

cloning

WIPI2b FTTG >

AAACTCTTTGAGTTTCGGAGAGGAGTAAAGA

SDM

FRRG

GGTGC

HA-WIPI2b WT
HA-WIPI2b WT
mCherry-WIPI2b WT;
mCherry WIPI2b CAAX
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WIPI4 L97P

AAGGAGAAGCTGGTGCCGGAGTTCACCTTC

SDM

GFP-WIPI4 L97P

SDM

GFP-WIPI4 N61K

SDM

GFP-WIPI4 R59D

SDM

mCherry-WIPI4 H58A

SDM

HA-WIPI2b S395A;

ACC
WIPI4 N61K

GATGCTGCACCGCTCCAAACTTCTGGCCTTG
GTGG

WIPI4 R59D

GGTGGAGATGCTGCACGACTCCAACCTTCT
GGCC

WIPI4 H58A

CTTGGTGGAGATGCTGGCCCGCTCCAACCT
TCTGG

WIPI2b S395A

GGTACTTACGTGCCTTCAGCCCCAACGAGA
CTTGCC

WIPI4 BamHI Fwd
WIPI4 XbaI Rev

WIPI2b-HA S395A

AATAATGGATCCACTCAACAGCCACTTCGAG

Ligation

GAGTGACC

cloning

TTATTATCTAGATTAAAAGTCATCATCATCAC

Ligation

AGATGTCAAGGTACACGTC

cloning

iRFP670-WIPI4 WT
iRFP670-WIPI4 WT

2.4.11 Plasmids
Table 2.6 Plasmids used in this thesis
Name

Insert

Vector

pcDNA3.1+

empty

pcDNA3.1+

Ampicilin

pEGFP C1

GFP

pEGFPC1

Kanamycin

Clontech

GFP-WIPI2b WT

WIPI2b full length

pEGFPC1

Kanamycin

H. Polson

GFP-WIPI2a WT

WIPI2a full length

pEGFPC1

Kanamycin

M. Clague

GFP-WIPI2b
FTTG
GFP-WIPI2b
RERE
GFP-WIPI2b
S68A
GFP-WIPI2b
S68D
GFP-WIPI2b
S96A
GFP-WIPI2b
S96D
GFP-WIPI2b
S284A
GFP-WIPI2b
S284D
GFP-WIPI2b
S39D
GFP-WIPI2b
S185D
GFP-WIPI2b
S360D
GFP-WIPI2b
S395A
GFP-WIPI2b
S395D

WIPI2b FTTG

pEGFPC1

Kanamycin

H. Polson

WIPI2b R108E
R125E
WIPI2b S68A

pEGFPC1

Kanamycin

H. Dooley

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S68D

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S96A

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S96D

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S284A

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S284D

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S39D

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S185D

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S360D

pEGFPC1

Kanamycin

A. Gubas

WIPI2b S395A

pEGFPC1

Kanamycin

H. Dooley

WIPI2b S395D

pEGFPC1

Kanamycin

H. Dooley
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GFP-WIPI2b 3A

pEGFPC1

Kanamycin

A. Gubas

GFP-WIPI2b
3EDE
GFP-WIPI1a WT

WIPI2b S394A,
S395A, T397A
WIPI2b S394E,
S395D, T397E
WIPI1a full length

pEGFPC1

Kanamycin

A. Gubas

pEGFPC1

Kanamycin

GFP-WIPI4 WT

WIPI4 full length

pMRX-IP

Ampicilin

T.
ProikasCezanne
N. Mizushima

GFP-WIPI4 L97P

WIPI4 L97P

pMRX-IP

Ampicilin

A. Gubas

GFP-WIPI4
N61K
GFP-WIPI4
R59D
iRFP-WIPI4 WT

WIPI4 N61K

pMRX-IP

Ampicilin

A. Gubas

WIPI4 R59D

pMRX-IP

Ampicilin

A. Gubas

WIPI4 full length

pLVX-iRFP

Ampicilin

A. Gubas

HA-WIPI2b WT

WIPI2b full length

pDest HA

Ampicilin

A. Gubas

HA-WIPI2a WT

WIPI2a full length

pDest HA

Ampicilin

A. Gubas

HA-WIPI2b S68A

WIPI2b S68A

pDest HA

Ampicilin

A. Gubas

HA-WIPI2b S68D

WIPI2b S68D

pDest HA

Ampicilin

A. Gubas

HA-WIPI2b
S395A
HA-WIPI2b S68A
S96A
WIPI2b-HA WT

WIPI2b S395A

pDest HA

Ampicilin

A. Gubas

WIPI2b S68A
S96A
WIPI2b full length

pcDNA3.1

Ampicilin

A. Gubas

pcDNA3.1

Ampicilin

Y. Gilad

WIPI2b-HA S39A

WIPI2b S39A

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b-HA S39D

WIPI2b S39D

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b-HA S68A

WIPI2b S68A

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b-HA S68D

WIPI2b S68D

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b-HA S96A

WIPI2b S96A

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b-HA S96D

WIPI2b S96D

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b-HA
S185A
WIPI2b-HA
S185D

WIPI2b S185A

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b S185D

pcDNA3.1

Ampicilin

Y. Gilad

WIPI2b-HA
S284A
WIPI2b-HA
S284D
WIPI2b-HA
S360A
WIPI2b-HA
S360D
WIPI2b-HA
S395A
WIPI2b-HA 6A

WIPI2b S284A

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b S284D

pcDNA3.1

Ampicilin

Y. Gilad

WIPI2b S360A

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b S360D

pcDNA3.1

Ampicilin

Y. Gilad

WIPI2b S395A

pcDNA3.1

Ampicilin

A. Gubas

WIPI2b S39A,
S68A, S96A,
S185A, S284A,
S360A
WIPI2b S39D,
S68D, S96D,
S185D, S284D,
S360D

pcDNA3.1

Ampicilin

Y. Gilad

pcDNA3.1

Ampicilin

Y. Gilad

WIPI2b-HA 6D
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WIPI2b-HA 7A

pcDNA3.1

Ampicilin

A. Gubas

mCherrypcDNA3.1mCherrypcDNA3.1mCherrypcDNA3.1mCherrypcDNA3.1-

Ampicilin

H. Jefferies

Ampicilin

A. Gubas

Ampicilin

H. Dooley

Ampicilin

H. Dooley

mCherrypcDNA3.1-

Ampicilin

A. Gubas

mCherrypcDNA3.1mCherrypcDNA3.1-

Ampicilin

H. Dooley

Ampicilin

H. Dooley

WIPI2b full length

pCMVTag3

Kanamycin

H. Polson

WIPI2b S395A

pCMVTag3

Kanamycin

H. Dooley

WIPI2b S395D

pCMVTag3

Kanamycin

H. Dooley

murine ULK1 full
length
murine ULK1 K46I

pRK5 Myc

Ampicilin

T. Tomoda

pRK5 Myc

Ampicilin

E. Chan

pcDNA3.1+

Ampicilin

A. Longatti

HA-hULK1 KI

human ULK1 full
length
human ULK1 K46I

pcDNA3.1+

Ampicilin

A. Gubas

HA-ULK1 1-278

ULK1 aa1-278

pcDNA3.1+

Ampicilin

E. Chan

HA-ULK1 CTD

ULK1 aa829-1051

pcDNA3.1+

Ampicilin

E. Chan

HA-ULK1 DCTD

ULK1 aa1-829

pcDNA3.1+

Ampicilin

E. Chan

flag-ATG16L1
WT
3xflag-FIP200
WT
mCherry-ATG13
WT
px458

murine ATG16L1
full length
FIP200 full length

pcDNA3.1

Ampicilin

T. Yoshimori

p3xFlagCMV-10
pcDNA4

Ampicilin

N. Mizushima

Ampicilin

N. Ktistakis

Ampicilin

Addgene

px458-WIPI2
guide 1
px458-WIPI2
guide 4
px458-WIPI2
guide 7
px458-WIPI4
guide 1
px458-WIPI4
guide 2

GFP + guide 1
(WIPI2)
GFP + guide 4
(WIPI2)
GFP + guide 7
(WIPI2)
GFP + guide 1
(WIPI4)
GFP + guide 2
(WIPI4)

pSpCas9(BB)
-2A-GFP
pSpCas9(BB)
-2A-GFP
pSpCas9(BB)
-2A-GFP
pSpCas9(BB)
-2A-GFP
pSpCas9(BB)
-2A-GFP
pSpCas9(BB)
-2A-GFP

Ampicilin

A. Gubas

Ampicilin

A. Gubas

Ampicilin

A. Gubas

Ampicilin

A. Gubas

Ampicilin

A. Gubas

pcDNA3.1mCherry
mCherry-WIPI2b
WT
mCherry-WIPI2b
FTTG (DCAAX)
mCherry-WIPI2b
FTTG RERE
(DCAAX)
mCherry-WIPI2b
CAAX
mCherry-WIPI2b
FTTG CAAX
mCherry-WIPI2b
FTTG RERE
CAAX
myc-WIPI2b WT
myc-WIPI2b
S395A
myc-WIPI2b
S395D
myc-mULK1 WT
myc-mULK1 KI
HA-hULK1 WT

WIPI2b S39A,
S68A, S96A,
S185A, S284A,
S360A, S395A
mCherry
WIPI2b full length
WIPI2b FTTG no
CAAX
WIPI2b FTTG
R108E R125E no
CAAX
WIPI2b full length
with CAAX at the
C terminus
WIPI2b FTTG
CAAX
WIPI2b FTTG
RERE CAAX

ATG13 full length
GFP
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2.4.12 Sequencing
Sequencing was performed with BigDye Terminator v3.1 (BDT) (The Francis Crick
Institute) sequencing reactions.
Reaction mix
8 µl

BDT Mix (provided by equipment park, The Francis Crick Institute)

1 µl

Sequencing primer (3.2 µM)

200 ng

Plasmid DNA

Up to 20 µl

dH2O

Sequencing reaction PCR cycle:
Segment

Cycles

Temperature (°C)

Time

1

1

96

3 min

2

25

96

10 s

50

5s

60

4 min

4

¥

3

1

Sequencing reactions were cleaned up using the DyeEx 2.0 Spin Kit (Qiagen)
according to the manufacturer’s instructions. The reactions were then dried using a
vacuum centrifuge (SpeedVac) at 45°C for 20 minutes. Sequencing was performed
using capillary sequencing on an Applied Biosystems 3730XI DNA analyser by the
Francis Crick Institute equipment park team. DNA sequences were analysed and
aligned using Seqman Pro (DNASTAR) software.

2.5 Data analysis
2.5.1 Imaris image analysis software
LC3 and WIPI2 puncta were quantified using Imaris 8x64 software (Bitplane). The
thresholds for detection limits based on the size and intensity of puncta, were set
manually by comparing puncta detection in starved (or starved with Bafilomycin A1)
and fed cells. The same image analysis settings were used for each condition of an
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experiment for comparability. LC3 and WIPI2 puncta were counted manually after
setting the thresholds, in order to avoid counting the puncta in non-transfected cells.
2.5.2 ImageJ densitometry
ImageJ (National Institute of Health) was used for quantification of western blots. The
density of film exposure was measured and the measurements were transferred to
Microsoft Excel for normalisation of the data.
2.5.3 Statistical analysis
Statistical analysis was carried out using GraphPad Prism 7 software as indicated in
figure legends. Asterisks indicate significance: *, p £ 0.05, **, p £ 0.01, ***, p £ 0.001,
****, p £ 0.0001. Data shown is the mean of the indicated number of experiments.
Error bars display the standard error of the mean.
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Chapter 3.

Validation of WIPI2b phosphorylation and

its interaction with ULK1 kinase
3.1 Introduction and aim
3.1.1 Introduction
Post-translational modifications (PTMs) allow the variety and diversity of protein
functions. One of the most studied PTMs is protein phosphorylation, a reversible
process involved in regulation of protein function in cells. Phosphorylation plays an
important role in autophagy induction and is essential for its progression. AMPK is
one of the first kinases that contributes to the induction of autophagy by sensing low
energy levels in the cell. Once activated, AMPK is constitutively phosphorylated at
T172 (Hardie, 2007), subsequently inhibiting the master regulator of autophagy,
mTORC1, through direct phosphorylation of TSC2, at T1227 and S1345 (Inoki et al.,
2003), and Raptor, at S722 and S792 (Gwinn et al., 2008), which results in mTORC1
dissociation from ULK1 kinase complex and its inability to phosphorylate ULK1 at
S758 (Alers et al., 2012). The increasing evidence suggests AMPK directly activates
ULK1 through phosphorylation at S556, S638 and S660, leading to ULK1
autophosphorylation (at T180, S1042 and T1046) (Bach et al., 2011, Liu et al., 2016),
phosphorylation of its subunits ATG13 and FIP200 and the translocation of the ULK1
complex to pre-autophagosomal membranes. This then triggers the production of
PI3P and subsequent formation of a double membrane phagophore.
WIPI2b function is highly conserved – in S. cerevisiae, Atg21, one of the
WIPI2b orthologues, has been found to bind PI3P and interact with Atg16 at the PAS,
therefore docking Atg12~Atg5-Atg16 complex to facilitate the lipidation of Atg8 to the
PAS (Juris et al., 2015). Similarly, in mammalian cells, WIPI2b association with PI3P
at phagophores and its interaction with ATG16L1 are crucial for autophagic flux, as
it provides a platform for LC3 recruitment to the phagophore (Dooley et al., 2014).
However, the regulation of WIPI2b recruitment to the phagophore and its interaction
with ATG16L1 remains unknown.
In 2011, Hsu and colleagues performed an mTOR phospho-proteomics
screen and found WIPI2b to be phosphorylated at S395 (Hsu et al., 2011). WIPI2b
S395 lies in a region that constitutes an mTOR phosphorylation motif, with a proline
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residue at +1, which made authors suggest that mTOR could be directly involved in
WIPI2 phosphorylation (Hsu et al., 2011). There have also been reports of various
other phosphorylation sites on WIPI2, as found on phosphosite.org (Figure 3.1a,
Table 3.1). Furthermore, Tamura et al. have reported that phosphorylation at S388,
S391, S492 and S495, can regulate the association of Atg18 (P. pastoris), a yeast
homologue of WIPI2, with PI(3,5)P2 (Tamura et al., 2013). Another group has
reported a number of phosphorylation sites on Atg18 (S. cerevisiae), spread across
the Atg18 sequence (Table 3.1) (Feng et al., 2015). Our collaborators, Yuval Gilad
and Adi Kimchi (Weizmann Institute, Israel) detected six phosphorylation sites on
WIPI2b, upon the overexpression of ULK1 kinase (Figure 3.1b). Moreover, WIPI2b
has been found to interact with ULK1 kinase, as shown by mass spectrometry and
immunoprecipitation experiments (Gilad et al., 2014). Hence, there is an increasing
amount of data pointing towards the possibility that WIPI2b is regulated by
phosphorylation during autophagy.

Figure 3.1 Previously reported phosphorylation sites on WIPI2.

(a) Schematic representation of WIPI2 propeller; Phosphorylation sites on WIPI2
reported on phosphosite.org. The phosphorylation sites are spread across the WIPI2
sequence and located on unstructured loops connecting the b-sheets. The
corresponding references for each site can be found in the Table 3.1. (b)
Phosphorylation sites on WIPI2b detected by Yuval Gilad and Adi Kimchi upon
overexpression of ULK1. The sites are spread across the WIPI2b sequence
(unpublished data). Blades are labelled with numbers 1 to 7; dotted line represents
unstructured and flexible parts of the protein.
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Table 3.1 Previously reported phosphorylation sites on WIPI2 homologues
Domain

Site

Protein

Species

Reference

Blade 1(b4) – Blade

S41

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 2 (b1 – b2) loop

T56

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 2 (b1 – b2) loop

S57

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 b1 sheet

S140

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 (b1 – b2) loop

S142

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 b2 sheet

S146

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 (b2 – b3) loop

S173

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 (b2 – b3) loop

S192

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 (b2 – b3) loop

S195

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 (b2 – b3) loop

S214

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 4 (b3 – b4) loop

T234

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 6 (b3 – b4) loop

S349

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 6 (b3 – b4) loop

T393

Atg18

S. cervisiae

(Feng et al., 2015)

Blade 6 (b3 – b4) loop

S388

Atg18

P. pastoris

(Tamura et al., 2013)

Blade 6 (b3 – b4) loop

S391

Atg18

P. pastoris

(Tamura et al., 2013)

Blade 7 (b1 – b2) loop

S492

Atg18

P. pastoris

(Tamura et al., 2013)

Blade 7 (b1 – b2) loop

S495

Atg18

P. pastoris

(Tamura et al., 2013)

Blade 2 (b1 – b2) loop

S67

WIPI2

R. norvegicus

(Hoffert et al., 2006)

Blade 5 (b2 – b3) loop

S203

WIPI2

M. musculus

(Wang et al., 2011)

Blade 5 (b2 – b3) loop

T207

WIPI2

M. musculus

(Wang et al., 2011)

Blade 6 (b3 – b4) loop

T274

WIPI2

H. sapiens

N/A

Blade 6 (b3 – b4) loop

S308

WIPI2

H. sapiens

N/A

Extended C-terminus

S360

WIPI2

H. sapiens

(Mertins et al., 2016)

Extended C-terminus

S370

WIPI2

M. musculus

(Degryse et al., 2018)

Extended C-terminus

S394

WIPI2

H. sapiens

(Britton et al., 2014)

Extended C-terminus

S394

WIPI2

M. musculus

(Reinartz et al., 2014, Lundby et al., 2013, Wu

2(b1) loop

et al., 2012, Wang et al., 2011, Manes et al.,
2011, Huttlin et al., 2010, Rinschen et al.,
2010, Villen et al., 2007)
Extended C-terminus

S394

WIPI2

R. norvegicus

(Lundby et al., 2012, Moser and White, 2006)

Extended C-terminus

S395

WIPI2

H. sapiens

(Huang et al., 2016, Tsai et al., 2015, Britton
et al., 2014, Schweppe et al., 2013, Zhou et
al., 2013, Klammer et al., 2012, Kettenbach et
al., 2011, Brill et al., 2009, Gauci et al., 2009,
Dephoure et al., 2008)

Extended C-terminus

S395

WIPI2

M. musculus

(Degryse et al., 2018, Parker et al., 2015)
(Pinto et al., 2015, Wilson-Grady et al., 2013,
Wu et al., 2012, Grimsrud et al., 2012,
Trinidad et al., 2012, Hsu et al., 2011, Wang
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et al., 2011, Huttlin et al., 2010, Wisniewski et
al., 2010, Rinschen et al., 2010, TweedieCullen et al., 2009, Wang et al., 2008)
Extended C-terminus

S395

WIPI2

R. norvegicus

(Lundby et al., 2012, Moser and White, 2006)

Extended C-terminus

T397

WIPI2

H. sapiens

(Tsai et al., 2015, Yi et al., 2014, Beli et al.,

Extended C-terminus

T397

WIPI2

M. musculus

2012, Brill et al., 2009, Beausoleil et al., 2006)
(Pinto et al., 2015, Reinartz et al., 2014, Wu et
al., 2012, Wang et al., 2011, Rinschen et al.,
2010)

3.1.2 Aim
To understand if phosphorylation regulates WIPI2b function in starvation-induced
autophagy, I began by carrying out an immunoprecipitation (IP) approach coupled
with a phospho-proteomics analysis to identify novel phosphorylation sites on
WIPI2b, and confirm the existence of the reported ones. To improve the IP of
endogenous WIPI2, I optimised the crosslinking of the WIPI2 antibody (which
recognises all WIPI2 isoforms) to sepharose beads coated with protein G, using the
dimethyl pimelimidate (DMP) crosslinker. Then, I either overexpressed HA-ULK1 WT
or HA-ULK1 K46I (kinase inactive mutant) (Chan et al., 2009) in HEK293A cells, or
co-expressed GFP-tagged WIPI2b with either HA-ULK1 WT or HA-ULK1 K46I. I
used the cell lysates for IP using WIPI2/protein G beads in order to pull down
endogenous WIPI2, or using GFP-Trap beads to pull down overexpressed GFPWIPI2b. Protein complexes were resolved by SDS-PAGE, fixed and stained by Gel
Code Blue (Thermo Scientific). I then passed the gel on to the colleagues at Mass
Spectrometry STP, who did the analysis. We confirmed some of the already reported
phosphorylation sites, as well as identified additional ten serines. I focused on the
sites identified with high confidence, which I mutated to aspartates and alanines,
mimicking

phosphorylated

or

non-phosphorylatable

protein

respectively.

Furthermore, by performing a series of IPs I wanted to gain a deeper understanding
of the relationship between WIPI2b and ULK1, and if ULK1 plays a role in regulating
WIPI2b phosphorylation during autophagy.
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3.2 Crosslinking – mass spectrometry
3.2.1 Crosslinking WIPI2b antibody to Protein G beads
WIPI2 is a 49 kDa protein and, upon immunoprecipitation, the WIPI2 signal is often
obscured by the heavy chain signal which runs at a similar kDa height on a western
blot. To overcome this, I crosslinked the WIPI2 monoclonal mouse antibody (Dundee
Cell Products) to protein G sepharose beads using a DMP crosslinker. DMP contains
two amine-reactive imidoester groups – one at each end of a 7-atom spacer arm.
The crosslinking protocol (see Chapter 2.3.6), developed by The Duke Proteomics
Core Facility, yields the product (antibody covalently conjugated to beads) that is
compatible for analysis by mass spectrometry. I performed the crosslinking by using
DMP dissolved in sodium borate buffer (pH 9.0). Importantly, sodium borate buffer
does not contain any amines that could compete for the binding to the crosslinker.
Optimal crosslinking reaction requires an alkaline pH (ideally pH 8-9). After the
crosslinking, I washed the beads with ethanolamine at pH 8.0, to remove residual
DMP. Finally, I used acetic acid to wash away uncoupled IgG. To troubleshoot the
crosslinking of mouse IgG, as a control for immunoprecipitation, and the WIPI2
antibody to protein G beads, I kept a small sample of beads from four different steps
in the crosslinking protocol – step 1) antibody and the beads before the binding; step
2) antibody and the beads after the binding; step 3) antibody and the beads after the
crosslinking, and; step 4) antibody and the beads after the crosslinking and acetic
acid wash that removes uncoupled IgG. The samples from the troubleshooting are
shown in Figure 3.2. The disappearance of both heavy and light chains in the fourth
sample suggests that the crosslinking was successful.
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Figure 3.2 Crosslinking WIPI2 antibody to Protein G sepharose beads

Troubleshooting steps of crosslinking IgG or WIPI2 antibody to protein G sepharose
beads using DMP crosslinker. The arrows indicate the heavy (H) and the light (L)
chain. Molecular weight (Mw) markers are in kDa.
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3.2.2 Optimisation of endogenous WIPI2 immunoprecipitation
Upon successful crosslinking of IgG and the WIPI2 antibody to protein G beads, I
went

on

to

optimise

the

volume

of

antibody-beads

resin

required

for

immunoprecipitations and analysis by mass spectrometry. I lysed 2x107 HEK293A
cells in TNTE lysis buffer and incubated the lysate (1 mg/ml) overnight with 2.5, 5 or
12.5 µL of IgG- or WIPI2-coupled protein G resin, corresponding to 1, 2 or 5 µg of
antibody coupled to beads respectively. I saved the unbound samples before
washing the beads three times with low stringency lysis buffer (see Chapter 2.3.7).
Western blot analysis showed a strong binding of WIPI2 to the crosslinked WIPI2beads conjugate, and no binding to IgG-beads crosslinked conjugate (Figure 3.3).
Since the affinity of WIPI2 to the WIPI2-beads conjugate was high, I decided to use
2 µg of antibody with 1 mg/ml lysate for immunoprecipitation experiments, and 10 µg
of antibody with 5 mg/ml of lysate for IPs performed for the analysis by mass
spectrometry.

Figure 3.3 Optimisation of the volume of crosslinked antibody to the beads for
immunoprecipitation experiments and mass spectrometry

HEK293A cells were lysed in TNTE lysis buffer containing 0.3% triton, followed by
the immunoprecipitation of 1 mg/ml of HEK293A lysate with 2.5, 5 or 12.5 µL of IgG
or WIPI2-coupled protein G resin. The beads were washed three times before being
boiled in 2x sample buffer and subjected to SDS-PAGE. WIPI2 polyclonal rabbit
antibody (STO285, CRUK) was used in combination with anti-rabbit secondary
antibody to detect WIPI2 bands. Experiment performed once. Molecular weight is
indicated in kDa.
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Since these beads will be used for immunoprecipitation experiments to detect
interactions by western blot, I optimised the lysis and wash buffer conditions. I used
WIPI2 binding to ATG16L1 as the best control for low-affinity IP (Dooley et al., 2014),
as well as ULK1 (Gilad et al., 2014) and WIPI4 (Bakula et al., 2017). I first tested the
combination of TNTE lysis buffer (0.3% Triton-X and 150 mM NaCl) with low
stringency NP-40-based wash buffer (0.2% NP-40 and 150 mM NaCl). Tris and
EDTA concentrations were the same in all buffers I used during the optimisation –
20 mM Tris-HCl and 5 mM EDTA. While I was able to detect all three tested WIPI2
interacting partners (ATG16L1, ULK1 and WIPI4), there was some background
binding to the IgG beads control (Figure 3.4a). To overcome this, I tested different
combinations of lysis and wash buffers. TNTE lysis buffer, combined with TNTE
wash buffer (0.1% Triton-X and 150 mM NaCl) resulted in a weak binding of known
interactors to WIPI2. In parallel, I used NP-40-based lysis buffer (1% NP-40 and 150
mM NaCl) with the addition of 10% glycerol, and combined it with a low stringency
NP-40-based wash buffer mentioned above, containing 10% glycerol. However,
while I detected ULK1 and WIPI4 binding to WIPI2, I also observed background
binding, and I was unable to detect ATG16L1 binding (Figure 3.4b). The background
binding was also observed after I used NP-40 based lysis and wash buffers, so I
wanted to test if increasing salt concentration in NP-40-based wash buffer could
improve the detection of the known interactors. After using the NP-40 combination
with 150 mM NaCl in the wash buffer, I could detect ATG16L1, but no other
interaction partners of WIPI2 (Figure 3.4c). The combination with 300 mM salt failed
to preserve any of the tested interactors (Figure 3.4c). From the collected data on
endogenous WIPI2 immunoprecipitation optimisation, I concluded that the TNTE
lysis buffer, in combination with the low stringency NP-40-based buffer, provides the
efficient cell lysis and preserves the binding of the known binding partners, with
minimal background binding to IgG beads.
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Figure 3.4 Optimisation of lysis and washing conditions

(a) HEK293A cells were lysed with TNTE lysis buffer containing 150 mM NaCl and
0.3% Triton-X, followed by immunoprecipitation using IgG or WIPI2 crosslinked
protein G beads, later washed with low-stringency lysis buffer, containing 150 mM
NaCl and 0.2% NP-40. (b) HEK293A cells lysed in either NP-40-based lysis buffer
(1% NP-40) or TNTE lysis buffer (0.3% Triton-X) subjected to immunoprecipitation
using IgG/WIPI2 crosslinked protein G beads, washed with wash buffers containing
150 mM NaCl and 0.2% NP-40 or 0.1% Triton-X respectively. (c) HEK293A cells
lysed in 1% NP-40 lysis buffer were incubated overnight with IgG or WIPI2
crosslinked protein G beads. The beads were washed with 0.2% NP-40 wash buffer
containing either 150 mM or 300 mM NaCl.
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3.2.3 Identification of phosphorylation sites on WIPI2
Following up on our collaborators’ work (Yuval Gilad and Adi Kimchi), who detected
six phosphorylation sites on exogenous WIPI2b upon ULK1 overexpression, my aim
was to detect those sites, and identify novel ones, on endogenous WIPI2 upon
overexpression of ULK1 WT or ULK1 kinase inactive mutant, K46I. For mass
spectrometry (MS) analysis, I set up two 15 cm dishes of HEK293A cells per
condition (for endogenous WIPI2) or one 15 cm dish per condition for
immunoprecipitation of GFP-tagged WIPI2b, in duplicates, to ensure I had the
sufficient amount of endogenous protein for the MS analysis. The cells were
maintained in full medium and were not subjected to any treatments. I subsequently
lysed the cells in TNTE lysis buffer, containing protease and phosphatase inhibitors,
and performed immunoprecipitation using GFP-Trap beads or WIPI2-protein G
crosslinked beads (Figure 3.5a and b). I have run the immunoprecipitated complexes
on an SDS-PAGE gel before fixing the gel in MeOH and glacial acetic acid and
staining with GelCode Blue stain (Figure 3.5a). I have run the gel for a short time,
excised the bands predicted to be GFP-WIPI2b or endogenous WIPI2 and submitted
for mass spectrometry analysis performed by Aaron Borg and Bram Snijders. Since
I was unable to see a band corresponding to endogenous WIPI2 on the gel, I
predicted its size on the gel, and cut slightly larger slice of the gel, to make sure no
WIPI2 stays on the gel (Figure 3.5a).
We identified a number of phosphorylation sites on GFP-WIPI2b (Figure 3.5c),
five of which were also detected in mass spectrometry performed by Yuval Gilad and
Adi Kimchi (Figure 3.1b). We identified four phosphorylation sites on endogenous
WIPI2 – S68, S96, S360 and S395 (Figure 3.5d). The peptide coverage was lower
for endogenous WIPI2, compared to GFP-WIPI2b, which could be the reason why
we only identified four phosphorylation sites. I compared the WIPI2b sequence to the
one of WIPI1, as well as sequences of their homologues in other organisms, and I
found that serine 68 is in a region that is conserved from yeast to mammals, which
could suggest that this region has a biological function (Figure 3.5e). Other
phosphorylation sites detected were not highly conserved in WIPI2 homologues. To
narrow down the number of phosphorylation sites to test, in agreement with Adi
Kimchi and Yuval Gilad, we decided to focus on the six sites they identified, as the
six sites have been consistently detected in mass spectrometry screens. The six
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serines are spread across the protein. My hypothesis is that phosphorylation could
potentially disrupt WIPI2b association with ATG16L1 or membranes.

Figure 3.5 Mass spectrometry analysis of WIPI2 phosphorylation sites
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(a) HEK293A cells expressing HA-ULK1 WT or K46I with or without GFP-WIPI2b
were lysed and incubated with GFP-Trap beads or with crosslinked WIPI2-protein G
beads respectively. Immunoprecipitated complexes were eluted followed by SDSPAGE and GelCode Blue staining. Fixed gel slices were processed for mass
spectrometry analysis by Aaron Borg. (b) Western blot of samples from (a) before
and after immunoprecipitation. Of note, ULK1 K46I mutant expression appears to be
weaker than the one of ULK1 WT. (c) Phosphorylation sites detected on GFPWIPI2b under both conditions (ULK1 WT and ULK1 KI overexpression). (d)
Phosphorylation sites detected on endogenous WIPI2 upon overexpression of ULK1
WT. None of these sites have been identified upon overexpression of ULK1 KI. (e)
Alignment of WIPI2 and homologues in different species reveals high conservation
of the sequence surrounding serine 68. Serine 68 is highly conserved from yeast to
humans, with only C. elegans having alanine instead of serine.

3.3 Validation of WIPI2b phosphorylation
The detection of phosphorylation sites on WIPI2 by mass spectrometry confirmed
that WIPI2 is phosphorylated. As there was no obvious molecular weight shift of
WIPI2 in the presence of ULK1 WT on precast 4-12% gels, I wanted to further test
this using lambda protein phosphatase. I starved HEK293A cells for two hours in
EBSS or I left them untreated in full medium (fed) and lysed in TNTE lysis buffer that
does not contain phosphatase inhibitors and EDTA, as EDTA can partially inhibit
lambda phosphatase. I then treated the lysates with sodium orthovanadate, a
phosphatase inhibitor, or lambda protein phosphatase following the manufacturer’s
protocol (see Chapter 2.3.8). I have run the samples on an 8% SDS-PAGE gel. The
results in Figure 3.6a show that endogenous WIPI2 runs as a double band on the
gel in both fed and starved conditions. The upper band disappears upon lambda
phosphatase treatment, suggesting the upper and the lower band correspond to
phosphorylated and non-phosphorylated forms of the protein respectively. The
double band of WIPI2 was only observed on 8% hand-poured gels, and not in precast
4-12% gels.
For immunoblotting, I used the WIPI2 mouse monoclonal antibody that
recognises WIPI2 C-terminus. The C-terminal region recognised by the antibody is
common to all isoforms of WIPI2, so I speculated that all WIPI2 isoforms undergo
dephosphorylation in the presence of lambda phosphatase. To confirm that the
WIPI2b isoform is dephosphorylated upon lambda phosphatase treatment, I
transiently expressed HA-WIPI2b WT in HEK293A cells, lysed in TNTE lysis buffer
without phosphatase inhibitors and EDTA, and treated the lysate with lambda protein
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phosphatase. HA-WIPI2b runs as a double band, similarly to endogenous WIPI2,
and the top band disappeared upon lambda phosphatase treatment. The intensity of
the lower molecular weight WIPI2b band after lambda phosphatase treatment was
higher than the intensity of the lower band in the untreated sample, which suggested
that, after lambda phosphatase treatment, all of the HA-WIPI2b protein runs as a
single, unphosphorylated band (Figure 3.6b). These data suggested that WIPI2, in
particular the b isoform, is phosphorylated in cells under normal conditions.

Figure 3.6 WIPI2 is dephosphorylated upon lambda phosphatase treatment

(a) HEK293A cells were treated with EBSS (S) or left untreated (F). Cells were lysed
and treated with lambda phosphatase, or sodium vanadate. Samples were analysed
by immunoblotting. ATG13 is used as a control for lambda phosphatase treatment.
(b) HEK293A cells transiently expressing HA-WIPI2b WT were harvested and
treated with lambda phosphatase or Na vanadate, before immunoblotting.
3.3.1 ULK1 promotes WIPI2b phosphorylation
In 2014, Adi Kimchi’s group had shown that WIPI2b interacts with ULK1 (Gilad et al.,
2014). Combining this with the data I obtained through mass spectrometry analysis,
where I detected phosphorylation sites on WIPI2b upon overexpression of ULK1, I
hypothesised that ULK1 could be involved in the phosphorylation of WIPI2b. To test
this, I transiently expressed ULK1 WT and ULK1 kinase inactive mutant (K46I) in
HEK293A cells. I treated the cells for two hours in EBSS to induce amino acid
starvation, lysed in TNTE lysis buffer and run on 8% SDS-PAGE gel. WIPI2 did not
change its mobility on the gel, suggesting no changes in phosphorylation status upon
overexpression of the kinase (Figure 3.7a). One of the requirements for full ULK1
activity is the formation of a stable complex with its subunits ATG13, ATG101 and
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FIP200. I co-expressed ATG13 and FIP200 with ULK1 WT or kinase inactive mutant
and I looked for changes in WIPI2 mobility on an 8% gel during starvation. However,
I observed no mobility changes (Figure 3.7b). To test if the depletion of ULK1 from
cells affects WIPI2 mobility on the gel, I knocked down ULK1, incubated cells for two
hours in full medium or in EBSS to induce amino acid starvation, lysed cells in TNTE
lysis buffer without EDTA and phosphatase inhibitors and treated selected samples
with lambda phosphatase. I have run the samples on an 8% gel. Upon lambda
phosphatase treatment, as expected, the upper WIPI2 band disappeared. However,
ULK1 knockdown had no effect on WIPI2 mobility in fed or starved conditions (Figure
3.7c). One of the drawbacks of protein knockdown using siRNA is incomplete
depletion of endogenous protein. Additionally, ULK2 can compensate for the loss of
ULK1, so I decided to use ULK1/ULK2 double knockout MEFs. I incubated
ULK1/ULK2 DKO MEFs for two hours in EBSS or full medium and lysed in TNTE
lysis buffer without EDTA and phosphatase inhibitors. I treated the lysates with
lambda phosphatase, followed by SDS-PAGE. There was no obvious effect on
WIPI2 mobility in ULK1/ULK2 DKO cells, compared to WT cells in fed or starved
conditions (Figure 3.7d). These results suggested either that endogenous WIPI2 is
unaffected by ULK1 kinase, that phosphorylation by ULK1, or rapid and transient and
thus difficult to pick up on a western blot, or that not all isoforms of WIPI2 are affected
and regulated by ULK1. It is also likely that not all phosphorylation events can be
detected by a migration shift on the gel.
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Figure 3.7 Overexpression of ULK1 does not affect the phosphorylation status of
endogenous WIPI2

(a) HEK293A cells transiently expressing empty vector, myc-ULK1 WT and mycULK1 KI were incubated for 2 hours in EBSS and subjected to SDS-PAGE and
western blot. (b) HEK293A cells transiently co-expressing mCherry-Atg13 and
3xflag-FIP200 with either empty vector, myc-ULK1 WT or myc-ULK1 KI were starved
for 2h and analysed by immunoblot. (c) HEK293A cells treated with RISC free
(siControl) or ULK1 siRNA incubated in full medium (F) or EBSS (S) for 2 hours were
lysed and treated with either Na vanadate or lambda phosphatase, followed by
immunoblot. (d) MEF WT and ULK1/ULK2 DKO cells treated with EBSS (S) or left
untreated (F) were incubated with either Na vanadate or lambda phosphatase and
immunoblotted. The antibody against RFP was used to detect mCherry. Asterisk
marks a non-specific band. These experiments have been performed 3 times.

Since the focus of my project is on the WIPI2b isoform, I transiently coexpressed HA-tagged WIPI2b construct (WIPI2b-HA WT) with myc-tagged murine
ULK1 WT or the kinase inactive mutant. I treated the cells for two hours in EBSS,
lysed in TNTE lysis buffer and run on an 8% gel. Strikingly, myc-ULK1 WT
overexpression resulted in a decreased mobility of WIPI2b-HA on the gel, while
88

Chapter 3 Results

ULK1 K46I had no overall effect on WIPI2b-HA mobility (Figure 3.8a). Since murine
and human ULK1 sequences are not 100% conserved, I also co-expressed myctagged WIPI2b with HA-tagged human ULK1 to exclude the possibility of murine
ULK1 affecting the WIPI2b mobility. Another reason for performing this experiment
was to eliminate the possibility of HA-tag being the phosphorylated part of the protein.
I observed that the overexpression of human HA-ULK1 affected the mobility of mycWIPI2b similarly to the murine ULK1 (Figure 3.8b). These data suggested that
WIPI2b isoform is a substrate of ULK1, which could make the detection of the mobility
changes of endogenous protein by western blot challenging, considering the
antibody for endogenous WIPI2 recognises all five isoforms. I cannot exclude the
possibility that other WIPI2 isoforms could also be substrates for ULK1.
To further confirm this, I used two commercially available small-molecule
inhibitors of ULK1. SBI-0206965 (further referred to as ‘6965’), reported by Egan et
al., is a highly selective ULK1 inhibitor, also targeting ULK2, with the only off-target
effect being the inhibition of FAK kinase at the same concentration (10 µM) (Egan et
al., 2015). The other ULK1 inhibitor I tested was MRT68921, characterised by Ian
Ganley’s group (Petherick et al., 2015). MRT68921 is specific towards inhibiting
ULK1 and ULK2, however, it also inhibited TBK1 and AMPK activity by 80%. The
authors have shown that the autophagy inhibition, which was observed after the
treatment with MRT68921, is a result of ULK1 inhibition, rather than the inhibition of
TBK1 or AMPK. I co-expressed HA-WIPI2b WT with either an empty vector or mycULK1 WT in HEK293A cells, and treated those cells for one hour in EBSS, EBSS
with 6965 or MRT68921, or treated with lambda phosphatase after the lysis. For the
lysis, I used TNTE lysis buffer without EDTA and phosphatase inhibitors. Surprisingly,
there was an increase in HA-WIPI2b mobility in cells overexpressing myc-ULK1 WT
upon the treatment with 6965 and MRT68921. This was not observed in cells that
were not expressing myc-ULK1 (Figure 3.8c). This could be due to ULK1 levels in
HEK293A cells, which were significantly lower compared to the levels in cells
overexpressing myc-ULK1 WT, and were possibly not sufficient to induce higher
levels of phosphorylation of WIPI2b. 6965 and MRT28921 could induce slight
mobility changes in ULK1, suggesting that ULK1 was inhibited. I also tried testing
this with a phospho-specific antibody targeting S318 on ATG13, but was unable to
make it work. Together, these data confirmed that the inhibition of ULK1 can
subsequently lead to lower phosphorylation of WIPI2b.
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Figure 3.8 ULK1 drives the phosphorylation of WIPI2b

(a) HEK293A cells expressing empty vector, myc-ULK1 WT or myc-ULK1 KI with
HA-WIPI2b WT were starved for 2h and analysed by immunoblot. (b) HEK293A cells
expressing empty vector, HA-ULK1 WT or HA-ULK1 KI with myc-WIPI2b WT were
starved for 2h and immunoblotted. (c) HEK293A cells expressing HA-WIPI2b WT
with either empty vector or myc-ULK1 WT were treated 1h with 6965, MRT68921 or
DMSO in EBSS. Post lysis, one DMSO-treated sample was treated with lambda
phosphatase. Samples were then subjected to immunoblot. (d) HEK293A cells, cotransfected with HA-WIPI2a or HA-WIPI2b and empty vector, myc-ULK1 WT or mycULK1 KI, were starved for 2h in EBSS and immunoblotted. All experiments shown in
this figure have been performed 3 times.

Furthermore, considering WIPI2a has the same sequence as WIPI2b, apart
from the 18-amino acid insert at the amino-terminus, I hypothesised ULK1 can
phosphorylate WIPI2a, and therefore cause a WIPI2a mobility shift on a gel. To test
this, I co-expressed HA-WIPI2a or HA-WIPI2b with myc-ULK1 WT or K46I, and I
observed a decreased mobility of WIPI2a upon overexpression of ULK1 (Figure 3.8d).
I was unable to test the rest of the isoforms due to the lack of reagents, however, the
main difference between WIPI2a/WIPI2b and WIPI2c/WIPI2d isoforms is that the
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latter lack 11 amino acids at the carboxy-terminus. The sequences missing in WIPI2c
and WIPI2d contain S395, a phosphorylation site that is consistently detected with
high confidence in phospho-proteomics screens (Figure 1.7).
3.3.2 Validation of ULK1 overexpression effects on the mobility of WIPI2b
phospho-mimicking and non-phosphorylatable mutants
I focused on the six phosphorylation sites (S39, S68, S96, S185, S284 and S360)
Adi Kimchi identified in their mass spectrometry screen. In 2014, Papinski et al.
reported an Atg1 phosphorylation motif that was characterised by hydrophobic
residues at positions -3, +1 and +2 (Papinski et al., 2014). Soon after, research by
Reuben Shaw’s group revealed an ULK1 phosphorylation motif, similar to the motif
of Atg1 – characterised by hydrophobic residues at -3, +1 and +2 (Egan et al., 2015).
I aligned sequences of the six phosphorylation sites detected by Yuval Gilad and Adi
Kimchi with ULK1 phosphorylation motif logo published by Egan et al. S68, S185
and S284 conform the ULK1 phosphorylation motif well, as all three sites contain
hydrophobic residues at -3, +1 and +2. S39, S96 and S360 only partially conform to
the consensus motif, with two out of three noted hydrophobic residues (Figure 3.9).

Figure 3.9 ULK1 consensus phosphorylation motif

ULK1 consensus phosphorylation motif reported by Egan et al., 2005. The motif is
characterised by hydrophobic residues on -3, +1 and +2. Six phosphorylation sites
detected upon ULK1 overexpression (Kimchi and Gilad, unpublished data) were
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aligned. The detected serines are in red. Hydrophobic amino acids on -3, +1 or +2
are in green.
Yuval Gilad mutated the six serines (S39, S68, S96, S185, S284 and S360)
to alanines, to generate a non-phosphorylatable mutant of WIPI2b (6A mutant), or to
aspartates, to generate a phospho-mimicking mutant (6D mutant) and kindly shared
the constructs with me. To validate these mutants, I co-expressed WIPI2b-HA WT,
6A and 6D mutants with empty vector, myc-ULK1 WT or myc-ULK1 K46I in
HEK293A cells, and starved for two hours in EBSS. I have run the samples on an 8%
hand-poured gel (Figure 3.10). As expected, WIPI2b-HA WT shifted to a higher
molecular weight upon overexpression of ULK1 WT, which was not observed upon
the co-expression with ULK1 K46I. WIPI2b-HA 6A mutant runs as a double band,
with the bottom band being of higher intensity. Upon ULK1 K46I overexpression, the
intensity of the bands did not change (Figure 3.10). However, ULK1 WT
overexpression increased the intensity of the top band, which suggested there are
other phosphorylation sites on WIPI2b-HA, possibly under the regulation of ULK1.
One such site could be S395, which was detected in all mass spectrometry analyses
I performed, and also mass spectrometry screens performed by others (see Table
3.1).

Figure 3.10 ULK1 overexpression affects the phosphorylation at serines 39, 68, 96,
185, 284 and 360 on WIPI2b

Empty vector, myc-ULK1 WT or myc-ULK1 KI were co-expressed with either WIPI2bHA WT, WIPI2b-HA 6A or WIPI2b-HA 6D in HEK293A cells, starved for 2h and
analysed by immunoblot. This experiment was performed 3 times.
I previously mentioned that S68 lies within a highly-conserved region of
WIPI2b, and it had been detected in phospho-proteomics screens with high
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confidence, on both GFP-WIPI2b and endogenous WIPI2. GFP-WIPI2b WT showed
increased mobility upon treatment with lambda phosphatase, but the same change
in mobility was not observed with GFP-WIPI2b S68A or S68D (Figure 3.11a),
confirming WIPI2b is phosphorylated at serine 68. ULK1 did not affect GFP-WIPI2b
mobility on 7% gel (data not shown), possibly due to increased molecular weight of
GFP-WIPI2b, compared to smaller tags. Using a lower percentage gel (such as 6%)
might help overcome this issue.

Figure 3.11 WIPI2b is phosphorylated at serine 68

(a) HEK293A cells transiently expressing GFP-WIPI2b WT, GFP-WIPI2b S68A or
GFP-WIPI2b S68D were lysed and treated with either Na Vanadate or lambda
phosphatase and immunoblotted. (b) HEK293A cells co-expressing HA-WIPI2b WT,
HA-WIPI2b S68A or HA-WIPI2b S68A S96A and empty vector or myc-ULK1 WT
were starved for 2h with EBSS and immunoblotted. These experiments have been
performed 3 times.
To confirm the phosphorylation of WIPI2b S68 is affected by ULK1, I coexpressed HA-WIPI2b WT, HA-WIPI2b S68A and HA-WIPI2b S68A S96A double
mutant with empty vector or myc-ULK1 WT. S96 is another phosphorylation site on
WIPI2b detected in both Adi Kimchi’s mass spectrometry screen and in my mass
spectrometry screen, on both GFP-WIPI2b and endogenous WIPI2. While HAWIPI2b WT mobility was expectedly decreased, HA-WIPI2b S68A mobility also
decreased, but not to the same extent as WIPI2b WT. I also observed a bottom band
of WIPI2b S68A and WIPI2b S68A S96A, which did not appear with WIPI2b WT
(Figure 3.11b). This suggested WIPI2b S68 is phosphorylated by ULK1, even though
it is unclear if this is direct, through activation of ULK1, or indirect, through another
kinase that is affected by ULK1 activity. Interestingly, the addition of S96A mutation
to WIPI2b S68A (WIPI2b S68A S96A) did not further increase its mobility, suggesting
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that S96 phosphorylation might not be affected by ULK1 (Figure 3.11b). Similarly, I
tested WIPI2b-HA S39A, S39D, S185A, S185D, S284A, S284D, S360A and S360D
mutants in presence or absence of myc-ULK1 WT. While all the mutants appear as
a double band in the absence of myc-ULK1 WT on an 8% hand-poured gel, only
S284D had a different lower:upper band ratio. Upon the expression of myc-ULK1
WT, I observed that only S284A and S360A have different band patterns, and
lower:upper band ratio (Figure 3.12). This suggested S284 and S360 could be under
the regulation of ULK1 kinase.

Figure 3.12 Effect of ULK1 overexpression on WIPI2b single non-phospho and
phospho mutants

HEK293A cells transiently co-expressing empty vector or myc-ULK1 WT and
WIPI2b-HA WT, WIPI2b-HA S39A, WIPI2b-HA S39D, WIPI2b-HA S185A, WIPI2bHA S185D, WIPI2b-HA S284A, WIPI2b-HA S284D, WIPI2b-HA S360A or WIPI2bHA S360D were starved for 2h in EBSS and immunoblotted. (n=1)

3.3.3 Validation of WIPI2b phosphorylation at S395
Hannah Dooley, a former PhD student in the lab who worked extensively on WIPI2
before I joined, generated and characterised a phospho-specific antibody against
S395 of WIPI2. The antibody recognises WIPI2a and WIPI2b, since these are the
only two WIPI2 isoforms that possess S395 residue (Figure 1.7). In Figure 3.10, it is
clear that other phosphorylation sites on WIPI2b 6A mutant are upregulated upon
ULK1 WT overexpression. I tested p-S395 antibody on transiently expressed HAtagged WIPI2b, in order to understand if one of those sites is S395. I used HEK293A
cell line depleted of WIPI2 by CRISPR/Cas9, described in Chapters 2.2 and 4.2, to
prevent the detection of endogenous phospho-WIPI2, which might interfere with the
final result. The non-phosphorylatable mutant of WIPI2b, WIPI2b-HA S395A, and
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WIPI2b-HA WT treated with lambda phosphatase were negative controls (Figure
3.13a). As mentioned previously, WIPI2b 6D mutant contains the six sites detected
in Adi Kimchi’s mass spectrometry analysis mutated to aspartates (Figure 3.1b). I
tested both WIPI2b-HA WT and 6D in the presence or absence of myc-ULK1 WT.
The p-S395 antibody recognised WIPI2b in all conditions, apart from both lambda
phosphatase treated control and S395 mutation to alanine. Both completely
abolished the phosphorylation at that site. I observed that the protein mobility on the
gel was decreasing with the addition of ULK1 WT, which was consistent with my
previous observations (Figure 3.13a).

Figure 3.13 Characterisation of WIPI2b S395 phosphorylation

(a) HEK293A cells depleted from WIPI2 by CRISPR/Cas9 method were transiently
co-transfected with WIPI2b-HA WT, WIPI2b-HA S395A or WIPI2b-HA 6D and either
empty vector or myc-ULK1 WT. Lysates were then treated with either lambda
phosphatase or Na Vanadate and immunoblotted. (b) WIPI2 KO cells were
transiently co-transfected with WIPI2b-HA WT and empty vector, myc-ULK1 WT or
myc-ULK1 K46I were incubated two hours in EBSS and analysed by immunoblot. (c)
Quantification of (a) mean ± SEM from 3 independent experiments, one-way ANOVA
with Tukey’s post-test, ***, p £ 0.001.

Now that I confirmed the WIPI2 phospho-S395 antibody works well with the
overexpressed protein, I wanted to understand if the overexpression of ULK1 can
increase the phosphorylation of S395. I transiently co-expressed WIPI2b-HA WT with
empty vector, myc-ULK1 WT or myc-ULK1 K46I in WIPI2 CRISPR KO, starved in
EBSS for two hours and lysed in TNTE lysis buffer. I have run the cells on a precast
gradient 4-12% gel, in MOPS running buffer. I looked at phospho-S395 levels and
how they changed upon co-expression with ULK1 WT and K46I. Interestingly,
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phosphorylation at S395 was significantly increased upon overexpression of ULK1
WT, but decreased upon treatment with ULK1 kinase inactive mutant (Figure 3.13b
and c). The result showed that ULK1 plays a role in WIPI2b phosphorylation at S395,
which was unexpected, considering David Sabatini’s lab suggested S395 with an
mTOR site (Hsu et al., 2011). However, this result does not exclude the possibility of
WIPI2b being phosphorylated at S395 by two or more kinases. To further
characterise WIPI2b S395 phosphorylation, I used myc-WIPI2b S395A mutant. At
the time of performing this experiment, the only WIPI2b S395A mutant available was
tagged with myc. In Figure 3.8 I showed that both myc- and HA-tagged WIPI2b
constructs are similarly affected with HA (human) and myc (mouse)-tagged ULK1
respectively. I co-expressed myc-WIPI2b WT or S395A with either an empty vector,
HA-ULK1 WT or HA-ULK1 K46I in HEK293A cells, which were incubated for two
hours in full medium or EBSS and lysed in TNTE lysis buffer. I have run the samples
on an 8% hand-poured gel. I observed that, compared to WIPI2b WT, which runs as
a double band, WIPI2b S395A runs as a single band in place of the bottom band of
WIPI2b WT (Figure 3.14a). This suggested that WIPI2b is predominantly
phosphorylated at S395. This has made the characterisation of WIPI2b
phosphorylation more straight-forward. Co-expression with ULK1 WT, compared to
co-expression with empty vector, caused WIPI2b S395A to run as a double band,
confirming there are other sites on WIPI2b that are affected by ULK1 WT
overexpression. Starvation had no effect on WIPI2b mobility (Figure 3.14a).
Previously, I have shown that the WIPI2b 6A mutant, which is nonphosphorylatable at S39, S68, S96, S185, S284 and S360, can still be
phosphorylated upon the co-expression with ULK1 WT. Combining that data with the
data I accumulated on WIPI2b S395A mutant, I hypothesised that S395 could be the
site that is phosphorylated on WIPI2b 6A. In order to test this, I mutated S395 to
alanine on WIPI2b 6A, to generate a WIPI2b 7A mutant. I co-expressed WIPI2b-HA
WT, 6A and 7A with either empty vector, myc-ULK1 WT or myc-ULK1 K46I in
HEK293A cells (Figure 3.14b). I lysed the cells in TNTE lysis buffer and I have run
samples on an 8% hand-poured gel. Strikingly, upon ULK1 WT overexpression,
WIPI2b 7A mutant did not change its mobility, and there was no appearance of a top
band, whereas the migration of both WIPI2b WT and 6A changed upon
overexpression of ULK1 WT (Figure 3.14b). This confirms WIPI2b is phosphorylated
at S395, and suggests there are no other phosphorylation sites on WIPI2b 7A mutant
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that are affected by ULK1 kinase activity, with the assumption that we can observe
all phosphorylation events as a shift migration on the western blot. It is possible that
not all of the sites mutated in WIPI2b 6A are affected by ULK1, as discussed in the
Chapter 3.3.2.

Figure 3.14 WIPI2b is predominantly phosphorylated at S395

(a) HEK293A cells were transiently transfected with myc-WIPI2b WT or myc-WIPI2b
S395A and empty vector or HA-ULK1 WT and incubated for two hours in either full
medium (F) or EBSS (S). The cells were lysed and analysed by immunoblot. The
experiment was performed twice. (b) HEK293A cells transiently co-expressing empty
vector, myc-ULK1 WT or myc-ULK1 K46I and WIPI2b-HA WT, WIPI2b-HA 6A or
WIPI2b-HA 7A were incubated for two hours in EBSS and immunoblotted.
Experiment was performed three times. Molecular weight is in kDa.
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In Figure 3.12, I showed that WIPI2b S284D mutant runs as a double band,
with the top band intensity being increased. Considering the data I showed in Figure
3.14a, where the top band of WIPI2b corresponds to WIPI2b phosphorylated at S395,
I hypothesised that the phosphorylation at S395 could be driven by the
phosphorylation at S284. In order to test this, I used the anti-pS395 WIPI2 antibody
and overexpressed single non-phosphorylatable and phospho-mimicking mutants of
S39, S68, S96, S185, S284 and S360, as well as 6A and 6D mutants, in WIPI2
CRISPR KO cells (Figure 3.15). I lysed the cells in TNTE lysis buffer and run the
samples on a pre-cast 4-12% gel. Interestingly, the phosphorylation at S395 was
significantly increased on WIPI2b S284D mutant, and significantly decreased on
WIPI2b S284A mutant. This phenotype was also observed with 6D and 6A mutants
respectively, as both had the S284 mutations. The result suggested that S284
phosphorylation can facilitate S395 phosphorylation, and possibly provide an
explanation as to why I observed higher phosphorylation of S395 upon ULK1
overexpression, when the site is suggested to be an mTOR site (Hsu et al., 2011).
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Figure 3.15 WIPI2b S284D mutant can increase the phosphorylation of WIPI2b at
S395

(a) WIPI2 CRISPR KO cells expressing the indicated WIPI2b phospho-null and
phospho-mimicking mutants were lysed and immunoblotted. (b) Statistical analysis
of (a) mean ± SEM from 3 independent experiments, one-way ANOVA with Tukey’s
post-test, *, p £ 0.05. (c) Statistical analysis of (a) mean ± SEM from 3 independent
experiments, one-way ANOVA, ***, p £ 0.001.
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3.3.4 Validation of WIPI2b as an ULK1 substrate
I have provided the data in this chapter that ULK1 can phosphorylate WIPI2b, but
the question whether ULK1 phosphorylation of WIPI2b is direct, remains to be
addressed. Our collaborator, Yuval Gilad, was able to show that ULK1 can
phosphorylate WIPI2b directly in vitro (Figure 3.16a). To consolidate the data
obtained by Yuval, I set up an in vitro kinase assay, where I included WIPI2b-HA 6A
mutant alongside WIPI2b-HA WT. The aim of this experiment was to confirm that the
sites identified by our mass spectrometry analyses are directly phosphorylated by
ULK1 in vitro. Using

32

P-ATP, I detected phosphorylation of WIPI2b-HA WT in

presence of ULK1 WT. Phosphorylation of WIPI2b-HA 6A was noticeably decreased
compared to the phosphorylation of WIPI2b-HA WT, suggesting that some, or all, of
the six sites mutated in 6A construct are phosphorylated by ULK1 in vitro (3.16b).
The possible remaining phosphorylation signal of WIPI2b-HA 6A might be due to the
phosphorylation of S395, which I have shown earlier to be increased upon ULK1
overexpression (Figure 3.14b and c).

Figure 3.16 ULK1 phosphorylates WIPI2b in vitro

(a) In vitro kinase assay performed by Yuval Gilad (Weizmann Institute, Israel)
showing the fragment of ULK1 (1-649) phosphorylates WIPI2b in vitro. (b) Lysates
from HEK293A cells expressing WIPI2b-HA WT, WIPI2b-HA 6A, myc-ULK1 WT or
myc-ULK1 KI were used for immunoprecipitation with HA-affinity matrix or myc-Trap
beads. The beads were mixed as indicated for kinase assay with hot ATP (32P).
Protein complexes were resolved by SDS-PAGE and visualised by autoradiograph.
This experiment was performed 3 times.
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3.4 Validation of ULK1 as a WIPI2b interaction partner
ULK1 translocates to omegasomes upon autophagy induction, and ULK1 puncta
have been shown to co-localize with WIPI2 puncta. It was, therefore, not unexpected
when Gilad et al. showed that ULK1 interacts with WIPI2b (Gilad et al., 2014).
Considering ULK1 phosphorylates WIPI2b, I wanted to strengthen the understanding
we currently have on the relationship between WIPI2b and ULK1. As shown in
Figures 3.4 and 3.5b, I was able to confirm the interaction between endogenous
WIPI2 and ULK1, or overexpressed WIPI2b and ULK1. As a control experiment, I
also performed immunoprecipitation of endogenous WIPI2 in WIPI2 CRISPR control
and knockout cells, to confirm endogenous ULK1 indeed binds WIPI2, rather than
non-specifically binding to the crosslinked antibody, using the approach optimised as
described in Chapter 3.2.2. As expected, ULK1 bound to WIPI2 beads in WIPI2
CRISPR control cells, but not in WIPI2 CRISPR KO cells, suggesting the interaction
between endogenous WIPI2 and ULK1 is real (Figure 3.17).

Figure 3.17 Endogenous WIPI2 interacts with ULK1

HEK293A WIPI2 CRISPR control (WT) and knockout (KO) (clone G41C11,
described in Chapter 4.2) cells were lysed, followed by immunoprecipitation using
IgG or WIPI2 crosslinked protein G beads. Protein complexes were visualised by
western blot. (n=2)
One of the subunits of ULK1 complex is FIP200. FIP200 also interacts with
ATG16L1 (Nishimura et al., 2013, Gammoh et al., 2013, Fujita et al., 2013) through
a region localized between amino acids 239 and 246 on ATG16L1 (Fujita et al., 2013).
FIP200 binding domain is adjacent to WIPI2b binding site (residues E226 and E230)
(Dooley et al., 2014) and it is likely ULK1 can associate with WIPI2b through
ATG16L1-FIP200. To understand if ULK1 binding to WIPI2b is dependent on
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Atg16L1-FIP200, I used WIPI2b RERE mutant, deficient for ATG16L1 binding
(Dooley et al., 2014). I transiently transfected GFP, GFP-WIPI2b WT or GFP-WIPI2b
RERE mutant into HEK392A cells. I lysed the cells in TNTE lysis buffer and
performed immunoprecipitation using GFP-Trap beads. As expected, coimmunoprecipitated GFP-WIPI2b RERE mutant failed to bind ATG16L1. ULK1 and
ATG13 both interacted with WIPI2b WT, and, interestingly, this binding was further
stabilised with WIPI2b RERE. ATG13 blot confirmed that WIPI2b interacts not only
with ULK1, but the ULK1 complex. Considering the strong background given by
ULK1 antibody, I used ATG13 binding levels for quantification, which showed a
significant increase in binding of ATG13 to GFP-WIPI2b RERE (Figure 3.18). This
result shows that ULK1 does not bind WIPI2b through its association with ATG16L1FIP200, and possibly binds better when WIPI2b is not bound to ATG16L1.

Figure 3.18 Disruption of WIPI2b-ATG16L1 binding stabilises the interaction
between WIPI2b and ULK1.

(a) Cell lysates from HEK293A cells transiently expressing GFP, GFP-WIPI2b WT or
GFP-WIPI2b RERE were used for GFP-Trap. Immunoprecipitated protein
complexes were analysed by western blot. Mw markers are shown in kDa. (b)
Statistical analysis of (a) mean ± SEM from 3 independent experiments, unpaired
Student’s t-test, **, p £ 0.001.
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Furthermore, ULK1 binding to WIPI2b remained unaffected by the mutation
in PI3P-binding site (FRRG > FTTG) (Figure 3.19), which suggested the binding
between WIPI2b and ULK1 is not PI3P-dependent. To understand if ULK1 binding
to

WIPI2b

is

dependent

on

ULK1

activity,

I

performed

GFP-Trap

co-

immunoprecipitation from HEK293A cells transiently co-expressing GFP and GFPWIPI2b with either empty vector, myc-ULK1 WT or myc-ULK1 K46I. I noticed a strong
background signal in IP samples during the long exposure with the myc antibody I
was using, however, the myc-ULK1 bands were clear. I observed a small, but
significant decrease in ULK1 K46I binding to WIPI2b (Figure 3.20). This result
suggested that, while the ULK1 activity itself might not be the limiting factor in ULK1WIPI2b binding, it can help stabilise the interaction. The decrease in binding affinity
can also be explained by the conformational change of ULK1 K46I mutant (Chan et
al., 2009).

Figure 3.19 WIPI2b binding to ULK1 is PI3P-independent.

Cell lysates from HEK293A cells transiently transfected with GFP, GFP-WIPI2b WT
or GFP-WIPI2b FTTG were used for GFP-Trap. Immunoprecipitated protein
complexes were analysed by immunoblot. Mw markers are shown in kDa.
Experiment was performed 3 times.
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Figure 3.20 ULK1 activity stabilises the binding between WIPI2b and ULK1

(a) HEK293A cells transiently expressing indicated constructs were lysed and
subjected to GFP-Trap co-immunoprecipitation. Protein immuno-complexes were
analysed by western blot. (b) Quantification of (a) was performed by normalising
myc-ULK1 binding to myc-ULK1 input levels, which was then normalised to GFPWIPI2b levels. Statistical analysis is presented as mean ± SEM from 3 independent
experiments, unpaired Student’s t-test, *, p £ 0.05.

The change in ULK1 conformation could make the surface of ULK1 unsuitable
for its association with WIPI2b. Thus, it is possible that the kinase domain of ULK1
is required for the binding to WIPI2b. In order to explore that, I used the fragments
of human ULK1, previously generated and characterised by Ed Chan (Chan et al.,
2009); Figure 3.21). ULK1 FL corresponds to ULK1 WT. ULK1 DCTD lacks amino
acids 829-1051 – a C-terminal domain required for interaction with ATG13 and
association with membranes (Chan et al., 2009). ULK1 1-278 is the kinase domain
only, and a short fragment ULK1 CTD is a C-terminal domain (829-1051). I coexpressed these fragments with GFP or GFP-WIPI2b WT in HEK293A cells. I
performed the co-immunoprecipitation with GFP-trap beads. The results revealed
WIPI2b bound strongly to ULK1 kinase domain, as well as DCTD.
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Figure 3.21 The kinase domain of ULK1 is required for its interaction with WIPI2b

(a) Schematic of human ULK1 constructs used. Adapted from (Chan et al., 2009).
(b) Lysates from HEK293A cells transiently expressing indicated constructs were
used for GFP-Trap co-immunoprecipitation and analysed by western blot. This
experiment has been performed 3 times.
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3.5 Discussion
In this chapter, I have explored the relationship between WIPI2b and ULK1 kinase. I
identified a number of phosphorylation sites on WIPI2b upon overexpression of ULK1
WT.
I focused on the ULK1 kinase in my project, as the relationship between
WIPI2b and ULK1 has previously been identified (Gilad et al., 2014). It is likely ULK1
is not the only kinase that phosphorylates WIPI2, with mTOR being the second likely
candidate (Hsu et al., 2011).
As mentioned previously, the six phosphorylation sites on WIPI2b that I
focused on in this thesis (S39, S68, S96, S185, S284 and S360), conform to the
ULK1 consensus phosphorylation motif, by having at least two hydrophobic residues
of the suggested three in positions -3, +1 or +2. WIPI2b requires ULK1 activity for
the phosphorylation at S68, S284 and S395. Our collaborators, Yuval Gilad and Adi
Kimchi, showed that ULK1 can directly phosphorylate WIPI2b in vitro.
I was particularly interested in serine 68. As mentioned previously, S68 is
localised on a loop between b1 and b2 sheets of Blade 2 on WIPI2b, and also found
on WIPI1. S68 is highly conserved from yeast to mammals, thus the phosphorylation
at this site could be of biological importance.
Another residue on WIPI2b, S395, has been consistently detected in my mass
spectrometry analyses. However, the enrichment of S395 phosphorylation was
unchanged between overexpression of ULK1 WT and ULK1 K46I. S395 motif
conforms to the mTOR consensus phosphorylation motif, with a proline residue on
+1 (Hsu et al., 2011). By using WIPI2b phospho-specific antibody against pS395, I
showed that the phosphorylation of WIPI2b at S395 is upregulated upon
overexpression of ULK1 WT, and downregulated upon overexpression of ULK1 KI.
It is, therefore, possible that S395 is directly phosphorylated by ULK1, which could
explain why WIPI2b 6A mutant remains phosphorylated by ULK1, albeit weakly.
WIPI2b S284 is localised on the hydrophobic loop 6CD, between b3 and b4
sheets of Blade 6. While the site itself is not conserved, Atg18 in yeast has been
shown to be phosphorylated at the same loop, thereby regulating its association with
vacuolar membranes (Tamura et al., 2013). Hence, S284 phosphorylation is likely to
inhibit WIPI2b association with membranes.
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Moreover, my data suggests that WIPI2b interacts with ULK1 through its
kinase domain, but it remains unclear if this interaction is direct. ULK1 kinase inactive
mutant showed slight, but significant decrease in binding to WIPI2b. Since the
binding affinity between WIPI2b and ULK1 K46I was still high, I hypothesised that
ULK1 does not require its kinase activity for the binding to WIPI2b. The kinase activity
can help stabilise the interaction between WIPI2b and ULK1, if WIPI2b interacts with
the kinase domain of ULK1. ULK1 K46I, being inactive, is unable to
autophosphorylate, hence, it is possible that the binding between WIPI2b and ULK1
is facilitated by ULK1 autophosphorylation. Another possibility is that the
conformational change of ULK1 K46I affects its association with WIPI2b. From the
work by Ed Chan, it was proposed that ULK1 WT is able to autophosphorylate,
thereby maintaining its closed conformation, where the kinase domain is closely
associated with the carboxy-terminal domain. Upon ablation of its kinase activity,
ULK1 autophosphorylation is inhibited, allowing the C-terminal domain to dissociate
from the kinase domain, resulting in a more open protein conformation (Chan et al.,
2009).
While assessing WIPI2 phosphorylation by studying the band shifts of WIPI2b,
I observed that WIPI2b migrates on the gel in at least three different phosphorylation
forms (Figure 3.22). The lower band corresponds to non-phosphorylated WIPI2b. P1
band represents WIPI2b phosphorylated at S395, or, upon overexpression of ULK1,
WIPI2b phosphorylated at some ULK1 sites and S395. P2 band appears only upon
overexpression of ULK1 kinase, and represents heavily phosphorylated WIPI2b at
ULK1 sites and S395. I cannot exclude the possibility that the non-P band also
contains a small population of WIPI2b, level of phosphorylation of which is low.
The data I have proposed sets the scene for building an understanding of the
effect phosphorylation at these sites could have in cells, and, more importantly, an
understanding of the mechanism of WIPI2b regulation during starvation-induced
autophagy.
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Figure 3.22 Different phosphorylation forms of WIPI2b
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Chapter 4.

WIPI2b

phospho-mutants

negatively

regulate autophagic flux
4.1 Introduction and aim
4.1.1 Introduction
Upon autophagy induction, ULK1 phosphorylates the VPS34 kinase complex, which
subsequently generates pools of PI3P at the phagophore nucleation sites. WIPI2b is
able to bind PI3P, therefore recruiting ATG12~ATG5-ATG16L1 complex to the
forming phagophore through a direct interaction with ATG16L1. The recruitment of
ATG12~ATG5-ATG16L1 complex leads to the subsequent lipidation of hATG8
proteins to phosphatidylethanolamine at the phagophore. WIPI2b has an essential
role in autophagy, but it remains unclear what triggers its recruitment to PI3P and
membranes, as well as its interaction with ATG16L1. Hannah Dooley, previously
working in the laboratory, showed that the WIPI2b-ATG16L1 interaction is starvationand PI3P-independent (Dooley et al., 2014). Furthermore, Hannah’s unpublished
data suggests that phosphorylation at WIPI2b S395 does not regulate its interaction
with ATG16L1, even though the removal of the carboxy-terminus of WIPI2b
increased the binding between the two proteins. In Chapter 3, I have shown that
WIPI2b is phosphorylated, and ULK1 is one of the key players required for this. To
understand if phosphorylation could regulate WIPI2b association with ATG16L1 or
membranes, Michael Wilson (Babraham Institute, Cambridge, UK) provided a model
of predicted structure of WIPI2b indicating the six phosphorylation sites I
characterised.
WIPI2b serine 39 is conserved in WIPI1 and WIPI2, but not in WIPI3 and
WIPI4. WIPI2b S39 is positioned in close proximity to the FIP200-binding loop on
ATG16L1. Hence, the phosphorylation at S39 could repel the FIP200-binding loop
away from WIPI2b surface. WIPI2b serine 68 lies in a region that is highly conserved
from yeast to humans in both WIPI1 and WIPI2, but not in WIPI3 and WIPI4. It is
positioned on a loop between b1 and b2 in blade two, next to the WIPI2b-binding
helix of ATG16L1. Phosphorylation at S68 could disrupt the binding between WIPI2b
and ATG16L1, possibly by electrostatic interactions. WIPI2b serine 96, also
conserved in WIPI1, is positioned adjacent to a highly conserved basic patch, and
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the phosphorylation at this site is likely to disrupt potential interactions with other
proteins. WIPI2b serine 185 is only found in WIPI2, and is highly conserved in
metazoans and plants. It is located adjacent to the second PI3P binding site on
WIPI2b, and phosphorylation at this site is likely to disrupt the binding to PI3P.
However, this site might be inaccessible if WIPI2b is already bound to PI3P. In this
case, phosphorylation could occur in the cytosol, subsequently preventing the
association of WIPI2b with PI3P. Serine 284 of WIPI2b, found in WIPI2 only and
conserved only in vertebrates, is positioned on the 6CD loop previously described.
In yeast, the 6CD loop is involved in mediating the association with membranes. On
the model provided by M. Wilson, the loop appears to be flexible, and the
phosphorylation at S284 is likely to interfere with WIPI2b association with
membranes. WIPI2b serine 360 is only found in WIPI2 and conserved in vertebrates,
located in an open pocket, making it accessible for a kinase. This information
provided a basis for my hypothesis that phosphorylation of WIPI2b at the identified
sites can regulate the association between WIPI2b, ATG16L1, PI3P and membranes.
4.1.2 Aim
Following from the WIPI2b phosphorylation results, my aim was to understand how
the sites phosphorylated on WIPI2b affect its function in starvation-induced
autophagy. I began by performing a series of co-immunoprecipitation experiments to
understand if phosphorylation at these sites can affect the binding to ATG16L1. I
then went on to investigate how WIPI2b phosphorylation status can affect autophagy.
To do this, I generated and characterised a WIPI2 knockout cell line using
CRISPR/Cas9 approach. The detailed protocol can be found in Chapter 2.2. In order
to investigate the effects of WIPI2b mutants, I transiently expressed these mutants
in WIPI2 CRISPR KO cells and looked at autophagic flux. Furthermore, I was
interested to know if the phospho-mutants’ ability to bind membranes is disrupted,
so I performed crude cell fractionation and looked at membrane fractions.

4.2 Generation and characterisation of WIPI2 CRISPR
knockout cell line
Previous work has shown the knockdown of WIPI2 decreases LC3 lipidation (Polson
et al., 2010). However, since knockdown does not deplete all WIPI2 from cells,
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residual levels of WIPI2 could mask possible effects of transfected phospho-mutants
on autophagic flux. With the rise of CRISPR/Cas9 technique, I generated a WIPI2
knockout cell line using CRISPR. I designed single guide RNAs (sgRNA), which
target all five isoforms of WIPI2. From alignments of the five WIPI2 isoforms, I found
that the exon 3 is the first conserved exon in all five isoforms. Using the CRISPR
design tool (crispr.mit.edu) set up by Zhang lab, MIT, I designed three sgRNAs
targeting exon 3, with the fewest off-target effects (Figure 4.1). I cloned the sgRNA
sequences into px458 vector, a GFP-tagged Cas9. I transfected HEK293A cells of
low passage number (P4) with px458, px458 guide 1 (G1), px458 guide 2 (G4) and
px458 guide 3 (G7). GFP fused to Cas9 was used to single-cell sort the Cas9expressing cells into 96-well plates, and the rest of GFP-positive cells were kept as
pools, which I seeded and expanded for freezing and for western blot analysis. Single
cell sort was performed by Debipriya Das (Flow Cytometry facility, The Francis Crick
Institute). I performed the Western blot analysis of pools, which revealed that there
was a decrease in WIPI2 levels using G1 and G4, but not G7 (Figure 4.2a).

Figure 4.1 Positions of guide RNAs designed for Cas9 targeting of WIPI2
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After the FACS sort, the single cells failed to grow in the 96-well plates, so I
manually plated one cell per 96-well plate. To plate a single cell per well, I counted
the cells, and then subjected them to a series of dilutions until they reached a
concentration of 10 cells/ml. Using a multi-channel pipette, I transferred 100 µl of cell
suspension into a well of 96-well. I monitored the cells and marked the ones with a
single colony. I left the cells in the wells to grow and expand, and I eventually froze
them at every passage. I kept a small amount of cell suspension for Western blot
analysis. After immunoblotting with WIPI2 antibody, I immediately discarded the
clones with detectable WIPI2 (Figure 4.2b, c and d). I discarded G7 clones as WIPI2
was present in all of them (Figure 4.2e).

Figure 4.2 Characterisation of WIPI2 CRISPR KO clones

HEK293A cells were transfected with px458 control, px458 G1, px458 G4 or px458
G7 and sorted using FACS. (a) pools of GFP-positive cells. (b) single clones
expressing either px458 G1 or px458 G4. C1 and C10 are controls. (c) single clones
expressing either px458 G1 or px458 G4. C1 is a control. (d) single clones
expressing px458 G4. C1, C2, C3, C4, C7 and C10 are controls. (e) single clones
expressing px458 G7. C1, C2, C3, C4, C7 and C10 are controls. C1-C10 control
clones were selected after the expression and characterisation of empty px458 in
HEK293A cells. Highlighted in red are the clones taken forward for experiments.
Markers indicate molecular weight in kilodaltons. These experiments have been
performed once.
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Then, I checked the clones without WIPI2 by immunofluorescence after
staining for WIPI2, and discarded the cells with WIPI2 signal (data not shown). The
GFP signal is lost after a couple of days. From the remaining clones (10), I chose
two cell lines based on their LC3 and p62 levels – clones G12C11 and G41C11
(Figures 4.2b and d, highlighted in red). p62 levels in these cells were significantly
increased, and LC3-II was significantly decreased (Figure 4.3a-f). Strikingly,
immunostaining with LC3 antibodies in these clones revealed no LC3 puncta upon
the tested conditions (fed, starved (2h EBSS) and starved with Bafilomycin A1)
(Figure 4.3g). The phenotype of these clones was in line with previous WIPI2
knockdown results (Polson et al., 2010) – confirming WIPI2 was required for
canonical autophagy. I genotyped the two cell lines in order to understand which
mutation in genome caused the depletion of WIPI2. From genotyping results, I was
able to conclude that there are at least two or more copies of WIPI2 gene per cell.
Insertions and deletions in G12C11 and G41C11 caused frameshift mutations,
resulting in premature stop codons in exons 3 or 5 (Table 4.1). As WIPI2 is a 7bladed propeller, a protein truncation can result in misfolding, rendering the protein
non-functional, most likely targeted for degradation. In case of WIPI2, the truncations
can allow the synthesis of approximately a 7-10 kDa protein, which would not be able
to associate with PI3P.
Table 4.1 CRISPR WIPI2 gene mutations
Clone

Mutation

G12C11
G41C11

69 nt insertion

STOP
codon
exon 3

Mw of synthesised
product
~7 kDa

8 nt deletion

exon 5

~10 kDa

97 nt insertion

exon 3

~7 kDa

53 nt insertion

exon 3

~7 kDa
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Figure 4.3 Phenotypic characteristics of WIPI2 CRISPR KO cell lines

(a) WIPI2 control and KO clone G12C11 were incubated 2 hours in full medium (F),
EBSS (S) or EBSS supplemented with Bafilomycin A1 (SB) and analysed by
immunoblotting. (b) LC3-II levels from 3 independent experiments were quantified
using one-way ANOVA with Tukey’s post-test. **, p £ 0.01. (c) p62 levels from 3
independent experiments were quantified using one-way ANOVA with Tukey’s posttest. *, p £ 0.05. (d) WIPI2 control and KO clone G41C11 were incubated 2 hours in
full medium (F), EBSS (S) or EBSS supplemented with Bafilomycin A1 (SB) and
immunoblotted. (e) LC3-II levels from 3 independent experiments were quantified
using one-way ANOVA with Tukey’s post-test. *, p £ 0.05. (f) p62 levels from 3
independent experiments were quantified using one-way ANOVA with Tukey’s posttest. **, p £ 0.01. (g) WIPI2 control, G12C11 and G41C11 cell lines were incubated
in EBSS with Bafilomycin A1 for 2 hours and analysed by confocal microscopy after
staining with LC3 antibody. This experiment has been performed 3 times.
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4.3 WIPI2b phosphorylation negatively affects autophagy
4.3.1 Multiple WIPI2b phospho-mimicking mutants (6D) inhibit autophagic
flux in WIPI2 KO cells
Following the successful generation of WIPI2 knockout cell lines, my aim was to
perform rescue experiments to understand if multiple WIPI2b phospho-mimicking
mutants can affect autophagic flux in these cells. I transiently expressed empty
vector (pcDNA3.1+) in control cells, and pcDNA3.1+, WIPI2b-HA WT, WIPI2b-HA
6A or WIPI2b-HA 6D in WIPI2 knockout cells. I treated the cells 2h in EBSS or EBSS
with Bafilomycin A1, or left untreated in full medium, which I added fresh. Western
blot results showed WIPI2b WT and WIPI2b 6A rescued LC3 lipidation in WIPI2
knockout cells, but strikingly, WIPI2b 6D mutant inhibited LC3 lipidation in these cells
(Figure 4.4). When overexpressed in HEK293A cells, WIPI2b 6D mutant inhibited
LC3 lipidation (data not shown). These data suggest that phosphorylation of WIPI2b
is likely to negatively regulate WIPI2b function during autophagy. I have not tested if
these multiple phospho- and non-phospho mutants interact with ATG16L1, because
of the possibility that the six mutations could change the fold of the protein and overall
charge. However, based on Michael Wilson’s observations, it is likely that the
ATG16L1 binding is disrupted with WIPI2b phospho-mutant, 6D.

Figure 4.4 Multiple phospho-mimicking mutant of WIPI2b inhibits LC3 lipidation in
WIPI2 KO cells

(a) WIPI2 WT cells expressing empty vector and WIPI2 KO cells expressing empty
vector, WIPI2b-HA WT, WIPI2b-HA 6A or WIPI2b-HA 6D were incubated 2 hours in
full medium, EBSS or EBSS with Bafilomycin A1 were analysed by immunoblot. (b)
Quantification of (a) mean ± SEM from 3 independent experiments, one-way ANOVA
with Tukey’s post-test, *, p £ 0.05.
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4.3.2 Analysis of WIPI2b 6A and 6D cellular localisation
In starvation-induced autophagy, WIPI2 forms puncta that represent early
autophagic structures. In order to understand if WIPI2b 6A and WIPI2b 6D mutants
are recruited to phagophores, I performed immunostaining with anti-HA antibody and
looked at the formation of starvation-induced puncta of WIPI2b-HA 6A and WIPI2bHA 6D mutants. WIPI2b-HA WT formed starvation-induced puncta as expected
(Figure 4.5). These puncta were not formed in cells expressing WIPI2b-HA 6D
mutant. WIPI2b-HA 6A mutant formed an increased number of puncta in both fed
and starved conditions. These experiments show that WIPI2b 6D phosphomimicking mutant is unable to be recruited to phagophores. This result is in line with
Michael Wilson’s observations of the phosphorylation sites on predicted WIPI2b
structure, where S185 and S284 phosphorylation could disrupt the associations with
PI3P and membranes respectively. In contrast, WIPI2b phospho-null 6A mutant
formed more puncta in fed and starved cells, suggesting that these mutants are
bound more stably to phagophores or their release from phagophores could be
stalled.
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Figure 4.5 Multiple WIPI2b phospho-mimicking mutant do not form starvationinduced puncta

(a) WIPI2b-HA WT, WIPI2b-HA 6A and WIPI2b-HA 6D were expressed in Hek293A
cells and treated for 2 hours in EBSS (Starved) or left untreated (Fed). Cells were
then fixed, stained and analysed by confocal microscopy. Scale bars = 10 μm. (b)
Quantification of HA-positive puncta per cell from (a). Analysis was performed by
one-way ANOVA; ****, p £ 0.0001. Mean ± SEM of 30 fields per condition from 2
independent experiments.
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Previous results show that only a small fraction of WIPI2 is membraneassociated, and that this membrane-associated fraction of WIPI2 is not starvationor Wortmannin-sensitive (Polson et al., 2010). This result can be explained by not
only PI3P binding, but also the 6CD loop of WIPI2 being required for its membrane
association. In addition, the WIPI2 membrane-bound pool is likely to be associated
with the endoplasmic reticulum (Dooley et al., 2015). To understand if phosphomimicking and phospho-null mutations on WIPI2b would interfere with its membrane
association, I isolated crude membrane fractions from HEK293A cells transiently
expressing WIPI2b-HA WT, WIPI2b-HA 6A or WIPI2b-HA 6D. I used Vamp3 and
SOD1 antibodies to visualise membrane and cytosolic proteins respectively, as a
validation of the technique used. As anticipated, WIPI2b WT was found
predominantly in the cytosol, and a small fraction on membranes. WIPI2b 6A and
WIPI2b 6D mutants were found predominantly in the cytosol, but the membrane
population was consistently increased and decreased respectively, compared to the
WT (Figure 4.6a). However, despite the consistent increase of WIPI2b 6A and
decrease of WIPI2b 6D membrane populations, the differences were not statistically
significant (Figure 4.6b). These results suggest that the six non-phospho or phospho
mutations on WIPI2b do not affect its localisation in cells.

Figure 4.6 WIPI2b 6A and 6D mutants associate with membranes

(a) Crude cell fractionation was performed in HEK293A cells transiently expressing
WIPI2b-HA WT, WIPI2b-HA 6A and WIPI2b-HA 6D. Equal volumes of post-nuclear
supernatant (P), cytosol (C) and membranes (M) were analysed by immunoblot. (b)
Quantification of (a) mean ± SEM from three independent experiments. One-way
ANOVA with Tukey’s post-test. ns, p > 0.05.
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4.4 WIPI2b interaction with ATG16L1 is regulated through
phosphorylation on WIPI2b serine 68
4.4.1 WIPI2b phosphorylation at S68 regulates the binding with ATG16L1
WIPI2b serine 68 is positioned on blade 2 of its propeller, on a loop between b1 and
b2 sheets. The loop is positioned on the region of WIPI2b formed of two residues
required for ATG16L1 binding (Figure 4.7). The region surrounding S68 is highly
conserved from yeast to human, suggesting the site could be biologically important
(Figure 3.5e).

Figure 4.7 S68 is positioned near the ATG16L1-binding residues of WIPI2b

Model for human WIPI2b based on the X-ray structure of Kluyveromyces marxianus
Hsv2 homologue (3vu4.pdb), interacting with coiled coil domain of ATG16L1. Circled
in red is serine 68. Modelling done by Michael Wilson.
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ATG16L1 binding to WIPI2b is mediated by electrostatic interactions between
charged residues, R108 and R125 on blade 3 of WIPI2b and E226 and E230 on
ATG16L1. Introduction of a phosphate in the region of the two arginines, which form
the ATG16L1 binding surface, would change the surface charge, rendering it
unsuitable for ATG16L1 binding. Based on this, I hypothesised that phosphorylation
at S68 could regulate the binding between WIPI2b and ATG16L1. I generated single
WIPI2b S68 phospho-null (S68A) and phospho-mimicking (S68D) mutants, with GFP,
HA and mCherry tags. I expressed GFP-tagged WIPI2b S68A and S68D mutants,
and WIPI2b WT, in HEK293A cells and performed GFP-Trap co-IP (Figure 4.8a and
b). As expected, GFP-WIPI2b WT bound ATG16L1. Both GFP-WIPI2b S68A and
S68D showed a decreased binding to ATG16L1. Interestingly, GFP-WIPI2b S68D
binding to ATG16L1 was reduced by over 70%. In Chapter 3.3.2, I showed that S68
corresponds to an ULK1 site, and ULK1 activity was required for its phosphorylation
(Figure 3.11). To show that the reduction in binding between WIPI2b and ATG16L1
was not a consequence of a point mutation on ATG16L1-binding surface, I coexpressed GFP-WIPI2b WT with empty vector, myc-ULK1 WT and myc-ULK1 KI in
HEK293A cells and performed GFP-Trap co-IP (Figure 4.8c and d). GFP-WIPI2b WT,
co-expressed with empty vector, bound ATG16L1 as expected. Expression of ULK1
WT slightly, but significantly decreased the interaction between WIPI2b WT and
ATG16L1, whereas expression of ULK1 K46I had no effect on the interaction, which
can suggest that the ULK1 activity could be required for the binding between WIPI2b
and ATG16L1.
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Figure 4.8 Phospho-mimicking S68D mutation of WIPI2b significantly decreases
its interaction with ATG16L1

(a) HEK293A cells transiently expressing GFP, GFP-WIPI2b WT, GFP-WIPI2b S68A
or GFP-WIPI2b S68D were lysed and incubated with GFP-Trap beads for co-IP.
Protein complexes were analysed by SDS-PAGE and western blot. (b) Quantification
of (a) mean ± SEM from 3 independent experiments. One-way ANOVA with Tukey’s
post-test. ***, p £ 0.001. (c) HEK293A cells transiently expressing indicated
constructs were lysed and incubated with GFP-Trap beads for co-IP. Protein
complexes were analysed by immunoblot. (d) Quantification of (c) mean ± SEM from
3 independent experiments. One-way ANOVA with Tukey’s post-test. *, p £ 0.05.
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4.4.2 WIPI2b S68D is unable to rescue autophagic flux in WIPI2 knockout
cells
The interaction between WIPI2b and ATG16L1 is required for LC3 lipidation to
phagophores. This is inhibited by mutating R108 and R125 to glutamate residues
(Dooley et al., 2015). As a control experiment, I transiently expressed GFP alone
(pEGFP C1), GFP-WIPI2b WT and GFP-WIPI2b RERE in WIPI2 knockout cells, and
GFP only in WIPI2 control cells. As expected, using WIPI2 knockout cells, as GFPWIPI2b RERE was unable to rescue LC3 lipidation and p62 degradation in WIPI2
knockout cells (Figure 4.9).

Figure 4.9 WIPI2b RERE mutant inhibits LC3 lipidation and p62 degradation in
WIPI2 CRISPR KO cells

(a) WIPI2 control cells were transiently transfected with GFP and WIPI2 CRISPR KO
cells were transfected with GFP, GFP-WIPI2b WT or GFP-WIPI2b RERE and
incubated 2 hours in full medium (F), EBSS (S) or EBSS with Bafilomycin A1 (SB).
The lysates were analysed by immunoblot. (b) LC3-II levels from (a) were quantified
as mean ± SEM from 3 independent experiments. One-way ANOVA with Tukey’s
post-test. ****, p £ 0.0001. (c) p62 levels from (a) quantified as mean ± SEM from 3
independent experiments. One-way ANOVA with Tukey’s post-test. ****, p £ 0.0001.
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Phosphorylation at WIPI2b S68 reduces the binding between WIPI2b and
ATG16L1, so I hypothesised that the WIPI2b S68D mutant is unable to rescue LC3
lipidation in WIPI2 KO cells. I transiently expressed empty vector, HA-WIPI2b WT,
HA-WIPI2b S68A or HA-WIPI2b S68D in WIPI2 KO G12 cells, and empty vector only
in WIPI2 control cells. By Western blot, I could observe that both HA-WIPI2b WT and
HA-WIPI2b S68A rescued LC3 lipidation and p62 degradation. In contrast, HAWIPI2b S68D was unable to rescue LC3 lipidation or p62 degradation, confirming
my hypothesis (Figure 4.10). To complement this result, I performed immunostaining
using HA and LC3 antibodies, and I could show that HA-WIPI2b WT and HA-WIPI2b
S68A are able to induce LC3 puncta formation, whereas HA-WIPI2b S68D did not
induce LC3 puncta formation in WIPI2 CRISPR KO cells, in all tested conditions
(Figure 4.11).
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Figure 4.10 WIPI2b S68D is unable to rescue LC3 lipidation in WIPI2 KO cells

(a) WIPI2 control cells transiently expressing with empty vector and WIPI2 KO cells
expressing empty vector, HA-WIPI2b WT, HA-WIPI2b S68A and HA-WIPI2b S68D
were incubated 2 hours in full medium (F), EBSS (S) or EBSS with Bafilomycin A1
(SB). The lysates were analysed by SDS-PAGE, followed by western blot. (b) LC3II levels from (a) were quantified as mean ± SEM from 3 independent experiments.
One-way ANOVA with Tukey’s post-test. ***, p £ 0.001. (c) p62 levels from (a)
quantified as mean ± SEM from 3 independent experiments. One-way ANOVA with
Tukey’s post-test. ***, p £ 0.001.
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Figure 4.11 WIPI2b S68D is unable to rescue LC3 puncta formation in WIPI2
CRISPR KO cells

(a) WIPI2 control cells transiently expressing with empty vector and WIPI2 KO cells
expressing empty vector, HA-WIPI2b WT, HA-WIPI2b S68A and HA-WIPI2b S68D
were incubated 2 hours in EBSS or EBSS with Bafilomycin A1. Cells were analysed
by confocal microscopy after immunostaining with anti-LC3 and anti-HA antibodies.
Scale bars = 10 µm. (b) Quantification of (a) mean ± SEM from at least 100 cells per
condition from 3 independent experiments. One-way ANOVA with Tukey’s post-test.
***, p £ 0.001. EBSS (S); EBSS + Bafilomycin A1 (SB).
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To test if ATG16L1 is recruited to early autophagic structures, I repeated the
immunofluorescence experiment and stained with HA and ATG16L1 antibodies.
CRISPR control cells showed a formation of ATG16L1 puncta upon starvation. WIPI2
knockout cells were depleted from ATG16L1 puncta (Figure 4.12a and c).
Interestingly, one or two ATG16L1-positive punctate structures per cell were
observed adjacent to nuclei, which could be centrioles (Joachim et al., 2017).
Autophagy proteins have previously been reported to localise to pericentriolar
material and the centrosome (Betin and Lane, 2009, Joachim et al., 2015, Joachim
et al., 2017). However, it is also likely that the staining is non-specific.
As expected, HA-WIPI2b WT formed puncta upon starvation (Figure 4.12b
and d), and those puncta were ATG16L1-positive (Figure 4.12a). I could see the
same phenotype with HA-WIPI2b S68A. HA-WIPI2b S68D formed fewer puncta
upon starvation, which were also smaller in size. WIPI2b S68D puncta were not
positive for ATG16L1 (Figure 4.12b). Inhibition of WIPI2b S68D puncta formation
suggests that WIPI2b S68 phosphorylation could affect its association with
phagophores.
These experiments show that WIPI2b phosphorylation at S68 can regulate
WIPI2b association with ATG16L1, and consequently LC3 lipidation, therefore
regulating autophagosome maturation. Furthermore, this regulation is dependent on
ULK1 activity. However, it remains unclear why, when and where phosphorylation of
WIPI2b at S68 takes place, and whether the phosphorylation at this site facilitates
the removal of WIPI2b from early autophagic structures.
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Figure 4.12 WIPI2b S68D cannot recruit ATG16L1 onto phagophores
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(a) WIPI2 CRISPR control cells transiently expressing with empty vector and WIPI2
CRISPR KO G12 cells expressing empty vector, HA-WIPI2b WT, HA-WIPI2b S68A
or HA-WIPI2b S68D were incubated 2 hours in EBSS. Cells were analysed by
confocal microscopy after immunostaining with anti-ATG16L1 and anti-HA
antibodies. (b) WIPI2 CRISPR KO G12 cells transiently expressing HA-WIPI2b WT,
HA-WIPI2b S68A or HA-WIPI2b S68D were starved for 2 hours in EBSS or left
untreated (Fed). Cells were analysed by immunostaining with the anti-HA antibody.
(c) Quantification of (a) mean ± SEM from at least 120 cells per condition from 2
independent experiments. One-way ANOVA with Tukey’s post-test. ****, p £ 0.0001.
(d) Quantification of (b) mean ± SEM from at least 250 cells per condition from 3
independent experiments. One-way ANOVA with Tukey’s post-test. ****, p £ 0.0001.

4.5 Validation of WIPI2b phosphorylation at S284
As previously described, S284 lies on a flexible, hydrophobic loop within the blade
6, between sheets b3 and b4 (Figure 4.13). In yeast Atg18, the 6CD loop is required
for membrane association – the loop is inserted into the lipid bilayer, allowing stable
association with membranes (Busse et al., 2015). Interestingly, although present in
all PROPPINs, the 6CD loop is the least conserved part of the protein sequence
(Baskaran et al., 2012). From previous work on S. cerevisiae Atg18, it is proposed
that PROPPIN association with membranes is mediated by non-specific electrostatic
interactions, the 6CD hydrophobic loop and PIP binding (Busse et al., 2015). As
shown by mutagenesis studies and molecular dynamics, non-specific electrostatic
interactions allow initial membrane targeting; the 6CD hydrophobic loop is inserted
into the membrane, stabilising the binding; and, PIP binding is required for retaining
PROPPINs on the membrane, as the dissociation rate of Hsv2 from liposomes, which
did not contain PIPs, was increased (Busse et al., 2015).
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Figure 4.13 Serine 284 is positioned on the flexible hydrophobic loop of WIPI2b

Model for WIPI2b based on the X-ray structure of Kluyveromyces marxianus Hsv2
homologue (3vu4.pdb), interacting with coiled coil domain of ATG16L1. Circled in
red is serine S284. Modelling done by Michael Wilson.

In P. angusta Atg18, the 6CD loop has been found to be phosphorylated,
which inhibits the association with membranes. S388 and S391 are phosphorylated
during oxidative stress, allowing cells to adapt to stress conditions (Tamura et al.,
2013). Although the 6CD loop is structurally conserved in all PROPPINs, residues
S388 and S391 are not conserved across species. However, NetPhosYeast analysis
revealed the presence of phosphorylation sites on 6CD of Hsv2 from K. lactis and S.
cerevisiae, corresponding to S278 and S340 respectively. In mammals, one such
residue has been reported at phosphosite.org – T292 on WIPI2a (corresponding to
T274 on WIPI2b) (Possemato, 2009). Mass spectrometry analysis by Gilad and
Kimchi (Weizmann Institute), and my data in collaboration with Aaron Borg and Bram
Snijders (The Francis Crick Institute), revealed S284 on WIPI2b as a residue
phosphorylation of which was increased upon overexpression of ULK1 kinase.
Serine 284 is positioned in the middle of the 6CD loop, and, as predicted by Michael
Wilson, phosphorylation at this site may inhibit WIPI2b associations with membranes.
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In Chapter 3.3.3, I showed that the phospho-mimic of S284, S284D, appears
to be more phosphorylated at S395, and could possibly drive the phosphorylation at
other WIPI2b residues. Here, I focus on understanding the effect phosphorylation at
S284 could have on autophagic flux during starvation-induced autophagy.
4.5.1 Validation of WIPI2b S284A and S284D effect on autophagy
WIPI2b FTTG mutant, a mutant unable to bind PI3P, is not recruited to phagophores
and is therefore unable to rescue LC3 lipidation upon WIPI2 knockdown (Dooley et
al., 2014). Based on Michael Wilson’s suggestion that phosphorylation of S284 on
WIPI2b could disrupt its association with membranes, I hypothesised that WIPI2b
S284D phospho-mimicking mutant would not rescue LC3 lipidation in WIPI2 CRISPR
KO cells. Expression of WIPI2b-HA S284A and WIPI2b-HA S284D mutants in WIPI2
KO cells, along with WIPI2b-HA WT and empty vector, showed only WIPI2b-HA WT
and WIPI2b-HA S284A could rescue LC3 lipidation, but not WIPI2b-HA S284D
(Figure 4.14).
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Figure 4.14 WIPI2b S284D mutant is unable to rescue LC3 lipidation in WIPI2
CRISPR KO cells

(a) WIPI2 WT cells expressing empty vector and WIPI2 KO cells expressing empty
vector, WIPI2b-HA WT, WIPI2b-HA S284A or WIPI2b-HA S284D were incubated 2
hours in full medium (F), EBSS (S) or EBSS with Bafilomycin A1 (SB) were analysed
by immunoblot. (b) Quantification of (a) mean ± SEM from 3 independent
experiments, one-way ANOVA with Tukey’s post-test, **, p £ 0.01.
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To eliminate the possibility of the mutation affecting the association with
ATG16L1, I performed GFP-Trap co-immunoprecipitation experiments, and
confirmed that both WIPI2b S284A and S284D bind ATG16L1 (Figure 4.15a and b).
WIPI2b S284A and S284D also bind ULK1 complex, which was quantified by looking
at ATG13 bound to GFP-WIPI2b S284A and S284, with no significant differences
compared to the WT (Figure 4.15a and c). ATG13 binding levels were again used
for the quantification because of the strong background given by the ULK1 antibody.

Figure 4.15 WIPI2b phospho-null and phospho-mimicking mutants of S284 can
both bind ATG16L1 and ATG13 (ULK1 complex)

(a) HEK293A cells transiently expressing GFP, GFP-WIPI2b WT, GFP-WIPI2b
S68A, GFP-WIPI2b S68D, GFP-WIPI2b S284A or GFP-WIPI2b S284D were lysed
and incubated with GFP-Trap beads for co-IP. Protein complexes were analysed by
immunoblot. (b) Quantification of ATG16L1 binding to GFP-WIPI2b; mean ± SEM
from 3 independent experiments. One-way ANOVA with Tukey’s post-test. *, p £
0.05. (b) Quantification of ATG13 binding to GFP-WIPI2b; mean ± SEM from 3
independent experiments. One-way ANOVA with Tukey’s post-test. ns, p > 0.05.
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To understand if the cellular localisation of these mutants is affected, I looked
at puncta formation during starvation, with or without Bafilomycin A1 or Wortmannin,
in WIPI2 CRISPR KO cells, transiently expressing WIPI2b-HA WT, S284A and
S284D (Figure 4.16). I used Bafilomycin A1 to block the fusion between
autophagosomes and lysosomes, thereby blocking autophagic flux and allowing the
accumulation of autophagosomes. WIPI2b WT formed puncta upon starvation, and
the number of puncta was significantly decreased upon Bafilomycin A1 treatment.
This suggested WIPI2b dissociates from phagophores before the autophagosome is
formed. WIPI2b-HA S284A mutant formed more puncta during fed conditions and
starvation compared to the WT, which was not statistically significant. Surprisingly,
WIPI2b S284A puncta number was significantly increased during starvation with
Bafilomycin A1 treatment, compared to starvation alone. WIPI2b-HA S284D mutants
did not form any puncta upon tested conditions. This result suggests that WIPI2b will
be removed from the phagophores when it is phosphorylated at S284, and that
phosphorylated WIPI2b is unable to associate with membranes (Figure 4.16). To test
if the puncta formed by WIPI2b S284A are phagophores, I treated cells with
Wortmannin to inhibit PI3P production. Wortmannin treatment prevented the
formation of WIPI2b WT or WIPI2b S284A puncta, suggesting the puncta I observed
during starvation and starvation with Bafilomycin are early autophagic structures
(Figure 4.16).
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Figure 4.16 Phosphorylation of WIPI2b at S284 is required for its removal from
phagophores

(a) WIPI2 KO cells transiently expressing HA-WIPI2b WT, HA-WIPI2b S284A and
HA-WIPI2b S284D were incubated 2 hours in EBSS, EBSS with Bafilomycin A1 or
EBSS with Wortmannin. Cells were analysed by confocal microscopy after
immunostaining with anti-HA antibody. Scale bars = 10 µm. (b) Quantification of (a)
mean ± SEM from at least 100 cells per condition. One-way ANOVA with Tukey’s
post-test. ****, p £ 0.0001.
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To understand if phosphorylation of WIPI2b at S284 regulates its association
with all membranes, or is only limited to phagophores, I performed crude cell
fractionation, and looked at membrane populations of WIPI2b-HA WT, S284A and
S284D. WIPI2b-HA S284A associated significantly more with membranes than
WIPI2b-HA WT, whereas WIPI2b-HA S284D membrane population was significantly
reduced compared to both WIPI2b-HA WT and WIPI2b-HA S284A. I concluded that
phosphorylation at S284 of WIPI2b contributes towards regulating WIPI2b
association with membranes (Figure 4.17).
Together, these results suggest that phosphorylation of the WIPI2b 6CD
hydrophobic loop can regulate its association with membranes, which, during
starvation-induced autophagy, could be an important step in phagophore maturation.

Figure 4.17 WIPI2b serine 284 phosphorylation contributes towards the regulation
of WIPI2b association with membranes

(a) Crude cell fractionation was performed in HEK293A cells transiently expressing
WIPI2b-HA WT, WIPI2b-HA S284A and WIPI2b-HA S284D. Equal volumes of postnuclear supernatant (PNS), cytosol and membranes were analysed by SDS-PAGE,
followed by western blot. (b) Quantification of (a) mean ± SEM from three
independent experiments. One-way ANOVA with Tukey’s post-test. ***, p £ 0.001.
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4.6 Phosphorylation of WIPI2b at S395 has no effect on
autophagy
WIPI2b S395 was consistently detected in mass spectrometry screens with high
confidence, along with S394 and T397 (Table 3.1). These three residues are
positioned on the unstructured, flexible C-terminus of WIPI2a and WIPI2b. The
removal of the C-terminus from either WIPI2a or WIPI2b increased the interaction of
both proteins with ATG16L1 (Dooley et al., 2015). However, single mutants of
WIPI2b, S395A and S395D, as well as double mutants S394A S395A and S394E
S395D, can all bind ATG16L1 with the same affinity as WIPI2b WT (H. Dooley,
unpublished data). I could detect that WIPI2b S395A and S395D both bind ULK1, to
a similar extent as WIPI2b WT (data not shown). To understand if phosphorylation
at these sites could have a role in autophagy, I generated triple phospho-mimicking
and phospho-null mutants of GFP-WIPI2b, with S394, S395 and T397 mutated to
aspartates or glutamates and alanines respectively. I expressed these mutants,
along with GFP-WIPI2b WT, in WIPI2 KO cells and looked at LC3 lipidation by
western blot. Both triple mutants rescued LC3 lipidation and, to lesser extent, p62
degradation in these cells, albeit the difference in p62 levels was not significantly
different compared to the negative control (Figure 4.18).
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Figure 4.18 WIPI2b phospho-null and phospho-mimicking mutants of S394, S395
and T397 can rescue LC3 lipidation in WIPI2 CRISPR KO cells

(a) WIPI2 control cells transiently expressing with empty vector and WIPI2 KO cells
expressing empty vector, GFP-WIPI2b WT, GFP-WIPI2b 3A and HA-WIPI2b 3EDE
were incubated 2 hours in full medium (F), EBSS (S) or EBSS with Bafilomycin A1
(SB). The lysates were analysed by immunoblot. (b) LC3-II levels from (a) were
quantified as mean ± SEM from 3 independent experiments. One-way ANOVA with
Tukey’s post-test. *, p £ 0.05. (c) p62 levels from (a) quantified as mean ± SEM 3
three independent experiments. One-way ANOVA with Tukey’s post-test. **, p £
0.01.
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I also looked at LC3 puncta formation in WIPI2 KO cells upon rescue with
single WIPI2b S395A and S395D mutants. Both WIPI2b S395A and S395D mutants
could rescue LC3 puncta formation in WIPI2 KO cells, similarly to WIPI2b WT (Figure
4.19). These results suggest that WIPI2b S395 phosphorylation has no effect on
starvation-induced autophagy, but it might have an important biological role in
regulating a possibly unknown function of WIPI2b, potentially during selective
autophagy, considering the abundance of WIPI2b S395 phosphorylation.

Figure 4.19 WIPI2b phospho-null and phospho-mimicking mutants of serine 395
can rescue LC3 puncta formation in WIPI2 CRISPR KO cells

(a) WIPI2 KO cells expressing empty vector, myc-WIPI2b WT, myc-WIPI2b S395A
and myc-WIPI2b S395D were incubated 2 hours in EBSS with Bafilomycin A1. Cells
were analysed by confocal microscopy after immunostaining with anti-LC3 and antimyc antibodies. Scale bars are 10 µm. (b) Quantification of (a) mean ± SEM from at
least 150 cells per condition from 2 independent experiments. One-way ANOVA with
Tukey’s post-test. ****, p £ 0.0001.
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4.7 Discussion
In this chapter I addressed the functional role of WIPI2b phosphorylation in
starvation-induced autophagy, using phospho-mimic and phospho-null mutants of
WIPI2b in combination with WIPI2 KO cell line. The WIPI2 KO cell line became a
valuable tool in my study, allowing me to test the mutants, without any residual WIPI2
masking the effects these mutants might have in cells. WIPI2b is predominantly
phosphorylated at S395 residue, with the phosphorylation at that site being
detectable by western blot. However, I was unable to observe any effects of the
phospho-mutant WIPI2b S395D on starvation-induced autophagy. Considering how
prominent the phosphorylation at WIPI2b S395 is, I hypothesised that it could have
a housekeeping role, such as regulating the turnover of WIPI2b, and even WIPI2a,
by the proteasome. I performed some preliminary experiments to explore if WIPI2b
S395 has a role in WIPI2b degradation by the proteasome, by treating the cells
expressing WIPI2b WT or WIPI2b S395A with a protein synthesis inhibitor
cycloheximide, a proteasomal inhibitor epoxomicin or a combination of both. I did not
observe any differences in WIPI2b levels when WIPI2b S395 was mutated to alanine
upon epoxomicin or cycloheximide treatment (data not shown). I am unable to
confirm that WIPI2b S395 phosphorylation does not have a role in degradation of
WIPI2b, as I only tested this under normal cell growth conditions, and including
different conditions might possibly yield different results. One such condition could
be mitotic arrest, as our collaborator Han-Ming Shen found that WIPI2 is targeted for
degradation by proteasome during mitosis (Lu et al., under revision).
Furthermore, I have shown that phospho-mimicking mutants of WIPI2b
negatively affect autophagic flux – WIPI2b S68D through the inhibition of its binding
to ATG16L1; and WIPI2b S284D, through the inhibition of its association with
membranes. Association of WIPI2b with membranes and PI3P, as well as its
interaction with ATG16L1, are all required for fully functional autophagic flux (Dooley
et al., 2014). I have shown that phosphorylation of WIPI2b contributes towards the
regulation of two events – with phospho-mutants being unable to rescue the
autophagic flux. WIPI2b S68 residue is positioned on a surface that is predicted to
be accessible for the ULK1 kinase, and the phosphorylation may render the surface
negatively charged, hence inhibiting the interaction with ATG16L1. The number of
WIPI2b S68D puncta was significantly decreased upon starvation, which could be
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due to decreased clustering of WIPI2b when it is unable to bind ATG16L1. ATG16L1
dimerises on phagophores, which may result in WIPI2b clustering that is detectable
as WIPI2b-positive puncta.
WIPI2b S284 is positioned on the hydrophobic loop within blade 6 of the
propeller, within the 18 amino acids suggested to be involved in the formation of an
amphipathic helix on WIPI2b (Gopaldass et al., 2017). Phosphorylation of the loop
could disrupt the association with membranes, which was what I observed with
phospho-mimicking mutant. WIPI2b S284D failed to form starvation-induced puncta,
and poorly associated with a crude membrane fraction. It is likely that
phosphorylation at WIPI2b S284 can prevent the formation of the amphipathic helix,
as suggested by Gopaldass et al (Gopaldass et al., 2017). Interestingly, WIPI2b
phospho-mimicking mutants that negatively affected autophagic flux, such as
WIPI2b S68D and S284D, failed to form starvation-induced puncta. It is possible that
there is a correlation between phosphorylation status of WIPI2b and puncta
formation, with only dephosphorylated protein forming puncta upon starvation. It is
likely that the increased number WIPI2b puncta can point towards the failure or delay
of WIPI2b phosphorylation, or increased dephosphorylation of WIPI2b. Based on the
data I generated, I propose that WIPI2b phosphorylation could provide a feedback
loop, and control the amount of WIPI2b on phagophores and in complex with
ATG16L1. It is currently unknown how and when exactly is WIPI2b removed from
phagophores, but upon Bafilomycin A1 treatment, WIPI2b does not associate with
formed autophagosomes (Polson et al., 2010). It is likely that there is also a reduced
demand for WIPI2b and possibly other autophagic proteins at earlier stages, since
the fusion is blocked, resulting in fewer WIPI2-positive puncta when looking by
immunofluorescence. WIPI2b S284A accumulated on autophagic structures upon
Bafilomycin A1 treatment, suggesting that phosphorylation at this site contributes
towards the removal of WIPI2b from phagophores. The purpose of this could be to
prevent re-association of WIPI2b, already removed from phagophores, with the same
phagophores, as the loop may not to be accessible to the kinase when integrated
into membranes.
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Chapter 5.

WIPI2b-WIPI4 interaction is stabilised on

membranes and affected by phosphorylation of
WIPI2b
5.1 Introduction and aim
5.1.1 Introduction
As discussed previously, WIPI2b is a WD-40 domain-containing protein that serves
as a protein-protein interaction platform, where it can recruit proteins to membranes.
WIPI2b binds ATG16L1 in order to recruit ATG12~ATG5-ATG16L1 complex to
phagophores, thereby driving the lipidation of LC3 and GABARAP proteins to PE at
the phagophores. In Chapter 4, I have shown that phosphorylation at WIPI2b S68
affects the binding with ATG16L1, but not with ULK1. Recently, it has been shown
that WIPI2 is able to interact with WIPI1 and WIPI4 (Bakula et al., 2017). The role of
WIPI1 and WIPI4 in autophagy is not clear, but both have been found to associate
with early autophagic structures. WIPI1 negatively regulates autophagy, and acts
downstream of WIPI2 (Polson et al., 2010). WIPI4 is found to interact with ATG2
(Bakula et al., 2017), the homologue of which in yeast interacts with Atg18 (Obara et
al., 2008). WIPI4 and ATG2 act downstream of WIPI2b, and are possibly involved in
maturation steps (Lu et al., 2011). Interestingly, when studying the structural
properties of the PROPPINs, Baskaran et al. have observed that WIPI4 is the only
PROPPIN which lacks at least three aromatic residues on the hydrophobic b3-b4
loop in blade 6, and it consequently failed to bind liposomes containing 3% PI3P.
WIPI4 did, however, bind to liposomes containing 15% PI3P, which suggested that
the aromatic residues on b3-b4 loop in blade 6 are involved in membrane association
of the PROPPINs (Baskaran et al., 2012).
5.1.2 Aim
In this chapter, I wanted to investigate the relationship between different WIPI
proteins and to understand if the binding to these proteins is affected by phosphomimicking mutants. To address this, I performed a series of immunoprecipitation
experiments involving different mutants of WIPI2b. Finally, I wanted to understand if
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the WIPI2b-WIPI4 interaction, reported by Bakula et al. (Bakula et al., 2017), is
stabilised on membranes, so I used a WIPI2b-CAAX mutant, that is directly targeted
to the plasma membrane. WIPI2b CAAX mutant was previously generated and
characterised by Hannah Dooley. Finally, for future work, I generated a WIPI4 KO
cell line using the CRISPR/Cas9 approach.

5.2 Validation of WIPI1-WIPI2-WIPI4 relationship
WIPI1 was one of the first characterised WIPI proteins in mammals, and was found
to partly associate with LC3 structures early during starvation-induced autophagy
(Jeffries et al., 2004, Proikas-Cezanne et al., 2004). Functional studies on WIPI1
during autophagy provided conflicting results, with work from our laboratory showing
WIPI1 is a negative regulator of autophagy, as knockdown of WIPI1 in G361 and
CHL-1 cell lines resulted in slight, but significant increase in LC3 lipidation (Polson
et al., 2010). To support this, overexpression of myc-WIPI1 WT, but not PI3P-binding
deficient WIPI1 FTTG mutant, inhibited WIPI2 puncta formation during starvationinduced autophagy, possibly through the competition for available PI3P at the
phagophore (Polson et al., 2010). Contrary to Polson et al., Mauthe et al. have shown
that knockdown of WIPI1 in G361 cells significantly decreases LC3 lipidation
(Mauthe et al., 2011), which was recently followed up on by the same group, where
they suggested WIPI1 could provide assistance to WIPI2 in recruiting ATG16L1
complex to phagophores (Bakula et al., 2017). The same study described the
interactive relationship between WIPI1, WIPI2 and WIPI4, as well as the mutual
interaction partner, a nuclear migration protein, NudC (Bakula et al., 2017). Recently,
a group in Gottingen, Germany, has shown that P. angusta Atg18 oligomerises in
the presence of liposomes, with K102 and K181 residues being required for the
formation of intramolecular cross-links (Scacioc et al., 2017). The two lysines are
localised on loops b3-b4 in blade 2, and b2- b3 in blade 4 respectively, with K102
being conserved in WIPI2b (K100). These results led me to hypothesise that WIPI
proteins could oligomerise on membranes.
I performed a series GFP-trap co-immunoprecipitation experiments, where I
co-expressed myc-WIPI1a and GFP-WIPI2b. As expected, GFP-WIPI2b coimmunoprecipitated with myc-WIPI1a (Figure 5.1a). Furthermore, GFP-WIPI1a and
GFP-WIPI2b both co-immunoprecipitated with endogenous WIPI4 (Figure 5.1b).
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These results allowed me to confirm the interactions between WIPI1, WIPI2 and
WIPI4, which Bakula et al. showed by mass spectrometry analysis (Bakula et al.,
2017). The same study has shown that the three WIPI proteins co-localize in puncta
during starvation-induced autophagy. However, I was unable to reproduce that result,
as WIPI4 antibody used by Bakula et al. was not specific for WIPI4 in my hands, after
performing tests in a cell line depleted from WIPI4 (data not shown). I have not
observed starvation-dependent WIPI4-positive puncta upon overexpression of any
of the WIPI4 constructs available in the laboratory. I fused WIPI4 with iRFP670,
however, was unable to detect puncta by immunofluorescence or live cell imaging
(data not shown). The authors used a G361 cell line, and reported that GFP-WIPI4
puncta appear smaller in size, compared to GFP-WIPI1a and GFP-WIPI2b puncta
(Bakula et al., 2017), which could explain why I was struggling to detect GFP-WIPI4
in HEK293A cells, where the puncta could be even smaller.
WIPI proteins could form a heteromeric complex, and therefore, I was
wondering how the depletion of one of the WIPI proteins would affect the association
of others. To test this, I used WIPI2 WT and KO cell lines, where I overexpressed
GFP-WIPI1a and performed GFP-trap co-immunoprecipitation experiments, looking
at endogenous WIPI4 binding to GFP-WIPI1a. Interestingly, WIPI4 binding to GFPWIPI1a appeared unchanged in both cell lines, which suggested WIPI1a and WIPI4
interact independently of WIPI2 (Figure 5.1c and d).
To understand if WIPI4 binds to other WIPI2 isoforms, or if the binding is
WIPI2b-specific, I performed GFP-trap co-immunoprecipitation experiments, where
I overexpressed GFP-WIPI2a or GFP-WIPI2b, and I looked at the interaction with
endogenous WIPI4. Interestingly, WIPI4 binding affinity towards WIPI2a is halved
compared to WIPI2b. As I previously mentioned, WIPI2a contains an N-terminal loop
of 18 amino acids, which is not present in WIPI2b (Figure 5.1e and f). It has
previously been shown that the WIPI2a loop interferes with ATG16L1 binding,
resulting in WIPI2a being unable to bind ATG16L1 (Dooley et al., 2014). Based on
this, I hypothesised WIPI4 could bind to the region of WIPI2b adjacent to ATG16L1binding site.
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Figure 5.1 WIPI1, WIPI2 and WIPI4 interact with each other

(a) Lysates from HEK293A cells expressing the indicated constructs were used for
incubation with GFP-Trap beads for co-IP. The protein complexes were analysed by
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immunoblot. The experiment was performed 3 times. (b) Lysates from HEK293A
cells expressing GFP, GFP-WIPI1a or GFP-WIPI2b were incubated with GFP-Trap
beads to perform co-IP. The protein complexes were analysed by SDS-PAGE,
followed by western blot. The experiment was performed 3 times. (c) GFP and GFPWIPI1a were transiently expressed in CRISPR control and WIPI2 CRISPR G12C11
KO cells. The cells were lysed and the lysates were incubated with GFP-Trap beads.
The protein complexes were immunoblotted. (d) Quantification of (c) mean ± SEM
from three independent experiments. One-way ANOVA with Tukey’s post-test. ns, p
> 0.05. (e) Lysates from HEK293A cells expressing GFP, GFP-WIPI2a or GFPWIPI2b were incubated with GFP-Trap beads to perform co-IP. The protein
complexes were analysed by immunoblot. (f) Quantification of (c) mean ± SEM from
three independent experiments. One-way ANOVA with Tukey’s post-test. **, p £
0.01.

5.3 Validation of ATG16L1 effects on WIPI2b-WIPI4 interaction
Decreased binding of WIPI4 to WIPI2a suggested that WIPI4 could bind to the region
of WIPI2b that is in close proximity to ATG16L1-binding site, and is hindered by the
N-terminal loop of WIPI2a. To understand if ATG16L1 and WIPI4 compete for the
same region of WIPI2b, I co-expressed empty vector or flag-ATG16L1 with GFPWIPI2b and performed GFP-trap co-immunoprecipitation and tested for endogenous
WIPI4 binding. A small, but significant increase in WIPI4 binding to WIPI2b was seen
in the presence of flag-ATG16L1 (Figure 5.2). The expression of the GFP-WIPI2b
RERE mutant significantly decreased the binding of WIPI4, suggesting that
ATG16L1 could help stabilise the interaction with WIPI4. Of note, in three
independent experiments, flag-ATG16L1 shows higher expression when cotransfected with GFP-WIPI2b WT. ATG16L1 could be in higher demand if the high
levels of functional WIPI2b (in this case GFP-WIPI2b WT) are available, leading to
upregulation of flag-ATG16L1 synthesis. Together, these data show that WIPI4 and
ATG16L1 do not compete for the binding to WIPI2b, and that the three proteins
possibly form a stable complex.
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Figure 5.2 ATG16L1 binding-deficient mutant of WIPI2b shows decreased
interaction with WIPI4

(a) Lysates from HEK293A cells transiently expressing indicated constructs were
incubated with GFP-Trap beads. The protein complexes were analysed by
immunoblot. Molecular weights are in kDa. The asterisk in aWIPI4 panel indicates a
non-specific band. (b) Quantification of WIPI4 binding to GFP-WIPI2b WT or GFPWIPI2b RERE, normalised to Ponceau S; mean ± SEM from three independent
experiments. One-way ANOVA with Tukey’s post-test. **, p £ 0.01.

5.4 Elucidating the role of WIPI4 BPAN residues in WIPI2b
binding
b-propeller protein-associated neurodegeneration (BPAN), also known as SENDA
(static encephalopathy of childhood with neurodegeneration in adulthood) is a
subtype of neurodegeneration with brain iron accumulation (NBIA). It is characterised
by mutations in WDR45 gene, coding for WIPI4, which leads to iron accumulation in
substantia nigra and globus pallidus, causing autophagic dysfunction (Haack et al.,
2012, Hayflick et al., 2013, Saitsu et al., 2013, Redon et al., 2017). However, it is
unclear how the mutations in WIPI4 cause the autophagy defect.
Our collaborator Michael Wilson built and proposed a model of WIPI2b-WIPI4
interaction using the solved crystal structure of Hsv2 (K. marxianus, (Baskaran et al.,
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2012)) (Figure 5.3). Michael suggested some of the BPAN point mutations could
disrupt the binding with WIPI2b. Mutations N61K and L97P were identified to be
associated with BPAN and could affect the binding with WIPI2b, based on the
predicted WIPI2b-WIPI4 model. Michael Wilson also suggested residues H58 and
R59, which are localised on the same region as N61, may be involved in mediating
the interaction with WIPI2b. Sequence alignment of all four WIPI proteins revealed
that R59 and N61 are conserved in WIPI3, but not WIPI1 and WIPI2, where,
interestingly, those residues correspond to S66 and S68 respectively.
I generated single WIPI4 mutants carrying mutations H58A, R59D, N61K or
L97P and performed co-immunoprecipitation experiments. BPAN mutations N61K
and L97P had no effect (Figure 5.4). WIPI4 R59D consistently showed a small, but
significant decrease in binding to WIPI2b (Figure 5.4). H58A mutation, suggested by
Michael Wilson, had no effect on WIPI2b binding (data not shown). I did not pursue
this, as the R59D mutation is not known to be associated with BPAN, and did not
strikingly affect the binding to WIPI2b. Likewise, I was unable to confirm that the
binding between WIPI2b and WIPI4 is direct, since the purification of both proteins
yields large soluble aggregates (Baskaran et al., 2012).
The BPAN residue on WIPI4, N61, does not mediate the binding to WIPI2b,
but is conserved from yeast Atg21 to human WIPI3 and WIPI4, and, as mentioned
previously, in WIPI2b corresponds to S68, which is involved in regulation of WIPI2b
binding to ATG16L1, suggesting that WIPI4 N61 has an important function during
autophagy.
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Figure 5.3 The proposed model of WIPI4-WIPI2 interaction

Model for the binding of human WIPI4 (in blue) and WIPI2 (in orange) based on the
X-ray structure of K. marxianus Hsv2 homologue (3vu4.pdb). Residues presented in
magenta are the residues mutated in BPAN (N61, L97) and the two residues
suggested by Michael Wilson that could have an effect on the interaction with WIPI2b
(H58 and R59). Modelling done by Michael Wilson.
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Figure 5.4 WIPI4 R59D mutation significantly decreases the binding with WIPI2b

(a) Cell lysates from HEK293A cells transiently overexpressing GFP, GFP-WIPI4
WT, GFP-WIPI4 R59D, GFP-WIPI4 N61K or GFP-WIPI4 L97P were mixed with cell
lysates from HA-WIPI2b WT transiently expressing cells and used for GFP-Trap. The
protein complexes were analysed by immunoblot. Molecular weights are in kDa. (b)
Quantification of (a) mean ± SEM from six independent experiments. One-way
ANOVA with Tukey’s post-test. *, p £ 0.05.

5.5 WIPI2b phosphorylation affects its binding to WIPI4
After I confirmed the interaction between WIPI2b and WIPI4, I wanted to understand
if the phosphorylation of WIPI2b can affect its association with WIPI4. WIPI2b S68D
phospho-mimicking mutant strongly inhibited the binding with ATG16L1, hence
blocking autophagic flux (Figure 4.10). Based on what is known about the differences
between WIPI2a and WIPI2b, with the N-terminal loop in WIPI2a hindering the
binding to ATG16L1, and the low affinity of WIPI2a for WIPI4 binding compared to
WIPI2b (Figure 5.1e and f), I hypothesised WIPI2b S68 phospho-mimicking mutant
might affect its binding to WIPI4. I tested the phospho-mimicking mutants I generated
previously, and I found that aspartate mutations of S39, S68, S96, S185 and S284
significantly decrease WIPI2b interaction with WIPI4. Interestingly, S68D mutation
nearly abolished the interaction (Figure 5.5). This result strengthened my hypothesis
that WIPI4 and ATG16L1 bind to adjacent surfaces on WIPI2b, and the binding of
both proteins to WIPI2b could be regulated through WIPI2b phosphorylation at S68.
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Figure 5.5 WIPI2b S68 and S96 phospho-mutants strongly decrease the binding
with WIPI4

(a) The lysates of HEK293A cells transiently expressing the indicated constructs
were incubated with GFP-trap beads. Immunoprecipitated complexes were analysed
by immunoblot. The lines indicate where the blot was cropped. Molecular weights
are in kDa. (b) Quantification of (a) mean ± SEM from three independent
experiments. One-way ANOVA with Tukey’s post-test. ****, p £ 0.0001.

150

Chapter 5. Results

5.6 WIPI2b-WIPI4 interaction is stabilised on membranes
Next, I wanted to understand if WIPI2b-WIPI4 interaction is stabilised on
membranes. As my focus is primarily on autophagy, I looked at association with
phagophores through PI3P binding. I overexpressed mCherry, mCherry-WIPI2b WT
and mCherry-WIPI2b FTTG in HEK293A cells and performed RFP-Trap co-IP. I
could show that WIPI2b FTTG bound significantly less WIPI4 than WIPI2b WT,
suggesting the interaction between the two proteins is stabilised when WIPI2b is
bound to PI3P (Figure 5.6).

Figure 5.6 WIPI2b FTTG mutant has decreased affinity for WIPI4 binding

(a) HEK293A cells expressing mCherry, mCherry-WIPI2b WT or mCherry-WIPI2b
FTTG were lysed and incubated with RFP-Trap beads. The protein complexes were
visualised by western blot. (b) Quantification of (a) mean ± SEM from three
independent experiments. One-way ANOVA with Tukey’s post-test. ***, p £ 0.001.

To further explore WIPI2b-WIPI4 interaction on membranes, I used mCherryWIPI2b FTTG CAAX mutant. mCherry-WIPI2b FTTG CAAX ectopically localises to
plasma membrane and is able to recruit ATG12~ATG5-ATG16L1 complex and drive
LC3 lipidation to the plasma membrane (Dooley et al., 2014).
CAAX is a motif on the C-terminus of kRAS that is required for its targeting to
the plasma membrane. CAAX motif consists of a cysteine (C), two aliphatic amino
acids (AA) and any amino acid (X), and it is one of two signals for plasma membrane
targeting, the other one being a polybasic stretch of amino acids (Wright and Philips,
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2006). kRAS C-terminal CAAX motif undergoes a series of post-translational
modifications, resulting in the C-terminus becoming hydrophobic, allowing it to
associate with membranes. The WIPI2b CAAX construct contains an FTTG mutation
to prevent them from associating with phagophores (Dooley et al., 2014).
To test the binding of WIPI4 to these constructs, I overexpressed mCherry,
mCherry-WIPI2b WT and mCherry-WIPI2b FTTG CAAX in HEK293A cells and
performed RFP-Trap experiments. Strikingly, endogenous WIPI4 bound to mCherryWIPI2b FTTG CAAX with significantly higher affinity than to mCherry-WIPI2b WT
(Figure 5.7a and b). I observed that ATG16L1 also bound more to mCherry-WIPI2b
FTTG CAAX than mCherry-WIPI2b WT (Figure 5.7a and c). Considering the similar
pattern of WIPI4 and ATG16L1 binding to mCherry-WIPI2b FTTG CAAX, I needed
to determine if WIPI4 binding to mCherry-WIPI2b FTTG CAAX is driven by the
mutants’ interaction with ATG16L1, so I included another mutant – WIPI2b FTTG
RERE CAAX, a WIPI2b mutant which localizes to plasma membrane, but is unable
to bind ATG16L1 and PI3P. As expected, mCherry-WIPI2b FTTG RERE mutant did
not bind ATG16L1, and it also failed to bind WIPI4, which supports the hypothesis
that WIPI2b-WIPI4 interaction is dependent on WIPI2b binding to ATG16L1 and PI3P.
Likewise, mCherry-WIPI2b FTTG RERE CAAX mutant bound significantly less
WIPI4 compared to mCherry-WIPI2b FTTG CAAX (Figure 5.7a and b), which
confirmed the data presented in Figure 5.2, suggesting that WIPI2b, WIPI4 and
ATG16L1 form a stable complex. Considering WIPI2b FTTG CAAX mutant is unable
to bind PI3P, I also included mCherry-WIPI2b FTTG as an additional control. As
shown in Figure 5.6, WIPI4 bound less mCherry-WIPI2b FTTG than mCherryWIPI2b WT. I observed an increased binding of ATG16L1 to mCherry-WIPI2b FTTG,
similar to mCherry-WIPI2b FTTG CAAX (Figure 5.7c). Hannah Dooley consistently
observed stronger ATG16L1 binding to GFP-WIPI2b FTTG, which, however, was not
statistically significant (Dooley et al., 2014). To clarify this result, I performed GFPTrap co-immunoprecipitation in WIPI2 CRISPR KO cells to avoid potential
oligomerisation of endogenous WIPI2 with the tested mutant. I overexpressed GFP
alone, GFP-WIPI2b WT and GFP-WIPI2b FTTG mutant and looked at endogenous
ATG16L1 binding. Interestingly, ATG16L1 binding to WIPI2b FTTG did not change
compared to WIPI2b WT (Figure 5.7d). I used GFP tag, instead of mCherry tag, as
this was the one used by Dooley et al., and I assumed the tag would not affect the
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experiment. I concluded that WIPI2 CRISPR KO cell line is a better and more reliable
tool for studying WIPI2 interactions.
Together, these data suggest that WIPI2b forms a complex with WIPI4 and
ATG16L1, which is stabilised on membranes.

Figure 5.7 WIPI2b-WIPI4 interaction is stabilised on membranes

(a) The lysates from HEK293A cells expressing indicated constructs were incubated
with RFP-Trap beads. The protein complexes were analysed by SDS-PAGE,
followed by western blot. (b) Quantification of WIPI4 binding to mCherry-WIPI2b
mutants; mean ± SEM from three independent experiments. One-way ANOVA with
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Tukey’s post-test. ****, p £ 0.0001. (c) Quantification of ATG16L1 binding to
mCherry-WIPI2b mutants; mean ± SEM from three independent experiments. Oneway ANOVA with Tukey’s post-test. ***, p £ 0.001. (d) WIPI2 KO G12C11 cells
expressing GFP, GFP-WIPI2b WT or GFP-WIPI2b FTTG were lysed, and the lysates
were subsequently incubated with GFP-Trap beads. Protein complexes were
visualised by western blot. Experiment has been performed twice.

5.6.1 WIPI2 is not required for WIPI4 membrane association
My work supports the conclusion that the interaction of WIPI2b with WIPI4 is
stabilised on membranes. Previously, it has been shown in S. cerevisiae, that Atg18
interaction with PI3P is required for Atg2 recruitment to the PAS. Depletion of PI3P
or inhibition of Atg18 binding to PI3P resulted in the loss of Atg2 recruitment to the
PAS, and subsequent inhibition of autophagy. (Obara et al., 2008).
Recent data showed that WIPI4, but not WIPI2, interacts with ATG2A or
ATG2B, (Bakula et al., 2017). This led me to hypothesise that WIPI4 could be
anchored to membranes or phagophores through WIPI1 or WIPI2, consequently
recruiting ATG2 to phagophores. Since I was unable to visualise WIPI4 by
immunostaining and detect it by confocal microscopy, I decided to perform crude cell
fractionation from WIPI2 CRISPR WT and KO cells. Total protein levels were higher
in WIPI2 KO compared to WIPI2 WT cell lysates, which resulted in slightly higher
WIPI4 population on membranes in WIPI2 KO cells, however, the ratio of the protein
levels KO:WT appears to be the same in membrane fraction, compared to input (PNS)
and cytosol (CYT), which suggested that there is no difference in WIPI4 localization
in WIPI2 KO cells compared to control cells, indicating that WIPI2 does not anchor
WIPI4 to membranes (Figure 5.8).
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Figure 5.8 WIPI4 associates with membranes in the absence of WIPI2

Crude cell fractionation was performed in control cells and WIPI2 KO cells. Equal
volumes of post-nuclear supernatant (PNS), cytosol (CYT) and membranes (MEM)
were analysed by immunoblot (n=1).

5.7 WIPI4 cannot compensate for the loss of WIPI2 during
starvation-induced autophagy in WIPI2 CRISPR KO cells
LC3 lipidation in WIPI2 CRISPR KO cells is only slightly reduced as observed after
western blot analysis (Figure 4.3), which raised the question whether other WIPI
proteins could compensate for the loss of WIPI2 in LC3 lipidation. WIPI2 and WIPI4
share only 20% sequence identity, so I hypothesised WIPI4 would be unable to
compensate for the loss of WIPI2, as some key residues were not conserved (such
as arginines involved in ATG16L1 binding). I confirmed this by knocking down WIPI1
and WIPI4 in WIPI2 KO cells, and observed LC3 lipidation was not further decreased
compared to RISC free control (Figure 5.9a and b). It also appears that the
overexpression of GFP-WIPI4 was unable to rescue LC3 lipidation or p62
degradation in WIPI2 CRISPR KO cells (Figure 5.9c and d). However, despite the
trend, which suggests that there are differences in LC3-II and p62 levels between
the rescue with WIPI2b and WIPI4, the differences are not statistically significant
from three independent experiments, possibly as a consequence of the variations
between the experiments.
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Figure 5.9 WIPI4 cannot compensate for the loss of WIPI2 in WIPI2 KO cells

(a) Control and WIPI2 KO cells were treated with RISC free or siRNA against WIPI1
and WIPI4. The cells were incubated for two hours in full medium (F), EBSS (S) or
EBSS with Bafilomycin A1 (SB). The lysates were then analysed by immunoblot. (b)
Quantification of (a) mean ± SEM from four independent experiments. One-way
ANOVA with Tukey’s post-test. ns, p > 0.05. (c) Control cells transiently expressing
GFP and WIPI2 KO cells expressing GFP, GFP-WIPI2b or GFP-WIPI4 were
incubated in full medium (F), EBSS (S) or EBSS with Bafilomycin A1 (SB) and
analysed by immunoblot. (d) Quantification of (c) mean ± SEM from three
independent experiments. One-way ANOVA with Tukey’s post-test. ns, p > 0.05.
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5.8 Generation and characterisation of WIPI4 CRISPR
knockout cell line
In previous chapter, I described the generation and characterisation of WIPI2
CRISPR knockout cell lines, which have a defect in LC3 lipidation. Depleting a
protein by CRISPR/Cas9 approach reduces variations between experiments
compared to knocking the protein down using siRNAs. It also eliminates the
possibility of residual endogenous protein interfering and masking the phenotypes in
rescue experiments. I decided to generate a WIPI4 CRISPR knockout cell line in
HEK293A cells, or to generate a WIPI2/WIPI4 knockout cell line, in WIPI2 knockout
cells described in previous chapter. These cell lines will provide a valuable tool in
studying WIPI4 function in autophagy and its relationship with WIPI2.
I designed three guide RNAs – guides 1 and 2 (G1 and G2) targeting exon
one of WIPI4, and guide 3 (G3) targeting exon four. Following successful cloning of
G1 and G2 into px458 Cas9 vector, I transfected the constructs into HEK293A cells
or WIPI2 CRISPR KO cells. After several attempts, I was unable to successfully
clone G3 into px458, so I proceeded with px458 G1 and px458 G2. Using FACS,
single cells were sorted into 96-well plates, and the pools of GFP-positive cells were
collected (Figure 5.10). The single clones did not grow, as had happened when I was
generating WIPI2 KO cells, possibly as cell sorting by FACS can be stressful for the
cells. Therefore, I manually plated a single cell per well.

Figure 5.10 Pools of GFP-positive cells show reduced WIPI4 levels in HEK293A
cells and in WIPI2 KO cells

HEK293A cells, transfected with px458 control, px458 G1 or px458 G2, WIPI2 control
(C1) cells transfected with px458 and WIPI2 KO (G12C11) cells transfected with
px458 G1 or px458 G2 were sorted using FACS. The pools of GFP-positive cells
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were expanded before being analysed by immunoblot (n=1). Asterisk marks a nonspecific band.
When the cell clones were confluent, I went on to detect WIPI4 by western
blot. I also looked at LC3 and p62 levels. WIPI2/WIPI4 DKO clones have the same
phenotype as WIPI2 KO cells, since WIPI4 functions downstream of WIPI2 in
autophagy pathway. A number of single and double KO clones had WIPI4 depleted,
so the next step was to check for GFP signal by confocal microscopy. I discarded
the clones with GFP signal, as described in Chapter 4.2. After a number of western
blot and immunofluorescence experiments I chose two clones (G1 D7 and G1 E4)
based on their phenotype (Figure 5.11, Figure 5.12). LC3 lipidation is increased in
WIPI4 knockout clones, as is the number of WIPI2 and LC3 puncta formed during
starvation, suggesting stalled autophagosome formation, as suggested by Bakula et
al. (Bakula et al., 2017).

Figure 5.11 Characterisation of WIPI4 CRISPR clones by western blot

WIPI4 control and KO clones (a) G1 D7 and G2 E10, (b) G1 D6, G2 G12, G1 E4,
and (c) G1 D3 and G2 A7 were incubated two hours in full medium (F), EBSS (S) or
EBSS supplemented with Bafilomycin A1 (SB) and analysed by immunoblotting.
(n=1). Asterisk marks a non-specific band.
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Figure 5.12 Characterisation of WIPI4 CRISPR clones by immunofluorescence

(a) WIPI4 control and clones G1 D7, G1 E4, G1 D6 and G1 D3 were incubated in full
medium (Fed) or EBSS (Starved) and analysed by confocal microscopy after
immunostaining with antibodies against WIPI2 and LC3. (b) Quantification of WIPI2
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puncta per cell from (a) mean ± SEM from at least 220 cells per condition from two
independent experiments. One-way ANOVA with Tukey’s post-test. ****, p £ 0.0001.
(c) Quantification of LC3 puncta per cell from (a) mean ± SEM from at least 220 cells
per condition from two independent experiments. One-way ANOVA with Tukey’s
post-test. ****, p £ 0.0001. Puncta count in this experiment was performed in blinded
manner.

When characterising WIPI4 KO clones by western blot using rabbit polyclonal
WIPI4 antibody, generated in the lab, I observed a non-specific band that is normally
obscured by WIPI4 signal in control (WIPI4 WT) cells. To confirm that it is not another
WIPI4 isoform, I treated cells with siRNA against WIPI4, which should knock down
all WIPI4 isoforms. The band did not disappear after WIPI4 knockdown, suggesting
it is indeed a non-specific band that runs on the gel at the same molecular weight as
WIPI4 (Figure 5.13).

Figure 5.13 Knockdown of WIPI4 in WIPI4 CRISPR KO cells confirms a non-specific
band recognised by WIPI4 antibody

WIPI4 CRISPR control and WIPI4 CRISPR KO (G1 D7 and G1 E4) cells were treated
with siRNA against WIPI4 (siWIPI4 #10), lysed and immunoblotted. This experiment
was performed twice. Asterisk marks non-specific bands.
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5.9 Discussion
WIPI proteins are mammalian PROPPINs, which fold into a 7-bladed b-propeller with
non-velcro propeller closure. WIPI1 and WIPI2 are homologous to Atg18, while
WIPI3 and WIPI4 are homologous to Atg21. The sequence identity between WIPI1
and WIPI2 is over 50% and between WIPI3 and WIPI4 about 45%. Being WDdomain-containing proteins, WIPIs are thought to mediate protein-protein
interactions. Interestingly, along with detecting a variety of interacting partners for
each WIPI protein, Bakula et al. also identified interactions amongst the WIPI
proteins (Bakula et al., 2017).
I have provided data that supports the possibility of WIPI2b forming a complex
with WIPI4 and ATG16L1. Membranes provide a platform for the stable interaction
between WIPI2b, WIPI4 and ATG16L1. ATG16L1 forms a dimer on forming
phagophores, which can contribute towards stabilising the WIPI complex. WIPI2b
and WIPI4 have separate roles in the process of autophagy, with WIPI2b being
required during earlier stages, to drive LC3 lipidation to phagophores (Dooley et al.,
2014), and WIPI4 suggested to regulate the elongation of the phagophore (Lu et al.,
2011, Bakula et al., 2017). While generating and characterising WIPI4 knockout and
WIPI2/WIPI4 double knockout CRISPR cell lines, I was able to confirm that loss of
WIPI4 has no effect on earlier stages of autophagy, since WIPI2 and LC3 puncta
formed and accumulated in the absence of WIPI4, suggesting that, in HEK293A cells,
the WIPI4 role in autophagy could be dispensable. As expected, WIPI2 and WIPI4
double knockout cell line had a phenotype similar to WIPI2 knockout cell line. It
remains unclear what the exact role of the WIPI2b-WIPI4 interaction is during
autophagy, and the first step towards understanding this would be to find the specific
residues involved in this interaction. The residue on WIPI2b that could be involved in
the interaction with WIPI4, is K100, which corresponds to K102 in Atg18, and is
required for its oligomerisation (Scacioc et al., 2017). WIPI2 and WIPI4 DKO cell line
will be an important tool to study WIPI2-WIPI4 interaction in the future.
Interestingly, HEK293A cells depleted of WIPI4 do not have a strong
phenotype, and cells are able to undergo autophagy. The role of WIPI4 could be
tissue-specific, as its mutations in neural tissue lead to severe neurodegenerative
disorders (Haack et al., 2012, Hayflick et al., 2013, Saitsu et al., 2013, Redon et al.,
2017), with no equivalent mutations or disorders reported in other tissues.
161

Chapter 6. Discussion

Chapter 6.

Discussion

In this study, I was investigating the regulation of WIPI2b association with
phagophores and its binding to ATG16L1 by phosphorylation in starvation-induced
autophagy. I identified and characterised novel phosphorylation sites on WIPI2b and
the effects of this phosphorylation on autophagic flux. My data suggest that, while
phosphorylated at S68 and S284, WIPI2b is unable to interact with ATG16L1 and
associate with membranes respectively. I hypothesise that WIPI2b is phosphorylated
upon execution of its main role during autophagy, which is the recruitment of
ATG12~ATG5-ATG16L1 complex in order to drive the LC3/GABARAP lipidation to
the phagophore.
My hypothesis is based on my own data, and the data of others, which show
the decreased number of WIPI2 puncta after blocking autophagic flux with
Bafilomycin A1, as well as decreased number of WIPI2 puncta co-localising with
LAMP2 during starvation (Polson et al., 2010). This suggests that WIPI2 dissociates
from phagophores before the completion of the autophagosome. This raises the
question of what provides the signal for WIPI2b phosphorylation. Joachim et al.
proposed a model in which the GABARAP-ULK1 complex is recruited to the
phagophore through ATG16L1-FIP200, followed by GABARAP lipidation to PE
(Joachim et al., 2015). GABARAP lipidation might allow stabilisation of ULK1 at the
phagophore. Joachim et al. show that ULK1 binding to GABARAP maintains its
activity, allowing it to phosphorylate its targets (Joachim et al., 2015). One such
target could be WIPI2b, and therefore, GABARAP lipidation could provide the signal
for WIPI2b phosphorylation at the phagophore. This is further supported by an
increased number of WIPI2 puncta upon overexpression of the ULK1 LIR mutant,
suggesting autophagy has been stalled (Kraft et al., 2012, Alemu et al., 2012),
possibly as a consequence of the delay or failure of WIPI2b phosphorylation or,
alternatively, increased dephosphorylation of WIPI2b. I also performed some initial
tests where I co-expressed the ULK1 LIR mutant with WIPI2b WT, in presence or
absence of GFP-GABARAP, but did not observe differences in the mobility of WIPI2b
by SDS-PAGE (data not shown). However, without a phospho-specific antibody for
either of the sites of interest, testing this would prove to be rather challenging.
Interestingly, ULK1-WIPI2b interaction appears to be constitutive. It is not
affected by the PI3P-binding deficient mutation of WIPI2b, FTTG (Figure 3.20), or
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WIPI2b phosphorylation, as shown by using WIPI2b phospho-mutants (Figure 4.15).
It is likely that WIPI2b and ULK1 associate with and dissociate from the forming
autophagosomes together, as a complex. I also observed the ULK1 LIR (data not
shown) and the ULK1 KI are able to interact with WIPI2b, which could indicate that
WIPI2b binding to ULK1 could have other roles in autophagy alongside WIPI2b
phosphorylation, such as providing an additional anchor for ULK1 at the phagophore.
While it is not clear if WIPI2b is phosphorylated at both sites simultaneously,
or the sites are phosphorylated one after the other, I hypothesise WIPI2b could first
be phosphorylated at S68, followed by phosphorylation at S284. My hypothesis is
based on the data where I show that S68D mutant of WIPI2b is unable to bind
ATG16L1 and forms decreased number of puncta during starvation. This can
potentially expose the 6CD loop to the kinase, resulting in phosphorylation at S284
and, consequently, dissociation from the membrane. Alternatively, WIPI2b could be
phosphorylated at S284 in the cytosol, preventing it from associating with
membranes. Nevertheless, it is currently unclear whether ATG16L1 dissociates from
WIPI2b, and concomitantly, from phagophores, upon the phosphorylation of WIPI2b
at S68. In yeast, Atg12~Atg5-Atg16 complex can bind liposomes in vitro in an Atg16dependent manner (Romanov et al., 2012), so it is likely that mammalian ATG16L1
is associated with membranes through an unknown mechanism, allowing ATG16L1
to stay behind following WIPI2b phosphorylation at S284 and its dissociation from
phagophores.
However, the WIPI2b S284D mutant can interact with ATG16L1, making it
likely that WIPI2b S68 is exposed to a phosphatase at the same time as WIPI2b
S284 is exposed to the kinase. Given that the generation of the phospho-specific
antibody against WIPI2b p-S68 was unsuccessful, and the lack of time to try and
generate WIPI2b p-S284 antibody, I was unable to test this hypothesis. From mass
spectrometry, lambda phosphatase and WIPI2b phospho-mutants’ data, I was able
to confirm WIPI2b is phosphorylated at S68. While mass spectrometry experiments
I performed were not quantitative, they showed that the population of WIPI2b
phosphorylated S68 was less than 10%. As mentioned previously, phosphoregulation is a highly dynamic process, suggesting the phosphorylation at WIPI2b
S68 might be transient, with exposure to the phosphatase coming quickly after being
phosphorylated by the kinase. This can make it difficult to detect the phosphorylation
by western blot.
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Given that WIPI2b associates with PI3P and phagophores and binds
ATG16L1 while dephosphorylated, identifying the phosphatase is equally important
as identifying the kinase involved in WIPI2b phospho-regulation. Phosphatase
identification is more challenging than kinase identification, because phosphatases
have intricate substrate profiles, complex regulation and transient interactions with
their substrates (Fahs et al., 2016). One of the phosphatases identified to have a role
during autophagy is PP2A, which was found to dephosphorylate ULK1 at S637 upon
amino acid starvation, in order to induce autophagy (Wong et al., 2015) and ATG4B
at S316, in order to control LC3 processing (Pengo et al., 2017). While both proteins
are dephosphorylated by PP2AC (PP2A catalytic subunit), the difference is in the
variable regulatory subunit, which dictates substrate specificity (Wong et al., 2015).
PP2A regulatory subunit A alpha was one of the hits in WIPI2b interactome
performed previously in our laboratory (Hannah Polson, unpublished data), and is
likely to be involved in dephosphorylation of WIPI2b. However, this is only
speculative and further work is required to identify and characterise the phosphatase
and its mechanism of action on WIPI2b.
WIPI2b S68 lies on a region highly conserved from yeast Atg18 to human
WIPI1 and WIPI2. While phosphorylation at WIPI2b S68 has not been previously
reported in mammalian cells, S57, a residue corresponding to mammalian S68, has
been reported to be phosphorylated on S. cerevisiae Atg18 (Feng et al., 2015).
However, the study does not show the functional importance of phosphorylation at
S57. In K. marxianus Atg18, the same region is required for Atg2 binding, and
therefore it is possible that phosphorylation at S57 on Atg18 could disrupt its binding
to Atg2. Moreover, in Atg21/WIPI4 orthologues, S68 is not conserved, and is
substituted with asparagine instead (N61 in WIPI4). As discussed in Chapter 5,
WIPI4 N61 is mutated to a lysine in patients suffering from BPAN. BPAN is
characterised by stalled autophagosome formation, highlighting the importance of
N61 in autophagy.
WIPI2b S284 is found on the hydrophobic b3-b4 loop in blade 6. The 6CD
loop is the least conserved feature in PROPPINs, and is thought to be required for
membrane association. As discussed in Chapter 4, the loop was found to be
phosphorylated in P. pastoris Atg18, mediating the scission of vacuoles. Here I show
the phosphorylation at S284 on the 6CD loop is required for WIPI2b dissociation from
phagophores. I found WIPI2b S284D to be more cytosolic and with significantly
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reduced association with membranes, including phagophores. I showed this by
immunofluorescence and crude cell fractionation. To further consolidate the
conclusion that WIPI2b S284D does not associate with phagophores, given time I
would have performed immunoisolation of vesicles containing early autophagy
markers, previously developed and optimised in our laboratory. The experiment is
based on isolating GFP-DFCP1-positive vesicles – omegasomes and phagophores
– from HEK293A cells stably expressing GFP-DFCP1 and transiently expressing
WIPI2b-HA WT, WIPI2b-HA S284A or WIPI2b-HA S284D, homogenised in sucrosebased detergent-free buffer, using the antibody against GFP, where I would look at
the association of WIPI2b-HA mutants with these vesicles by western blot.
WIPI2a and WIPI2b are characterised by an extended, unstructured and
flexible C-terminus. The residue S395 on WIPI2b is phosphorylated during nutrientrich and starvation conditions, with phosphorylation not having an effect on
autophagic flux. While the function of S395 phosphorylation remains to be elucidated,
I hypothesised WIPI2b S395 phosphorylation might be providing a signal for its
degradation, as discussed in Chapter 4. I showed that WIPI2b is more
phosphorylated at S395 when S284 is mutated to aspartate, however, the reason
behind this is not clear. While WIPI2b S284D can bind ATG16L1, it is unable to
associate with phagophores and therefore unable to perform its function during
autophagy. WIPI2b S284D might then be phosphorylated at S395 to signal for its
degradation. Further work is needed to understand the function of phosphorylation
at WIPI2b S395, as well as the link with WIPI2b S284 phosphorylation.
It would be interesting to understand if and how would the phospho-mutants
of WIPI2b I characterised in this study affect bacteria clearance during xenophagy or
removal of mitochondria by mitophagy. While not much is known about the role of
WIPI2b in mitophagy, WIPI2b was found to associate with SCV (Salmonellacontaining vacuole) membranes and is required for LC3 recruitment to the SCV
(Dooley et al., 2014). If phosphorylation of WIPI2b has a role in xenophagy, I would
expect that phospho-mutants of WIPI2b to have decreased association with SCV
membranes, subsequently leading reduced LC3 recruitment and increased bacterial
proliferation.
Results in Chapter 5 show that WIPI2b binds WIPI1 and WIPI4, and
phosphorylation at WIPI2b S68 can disrupt its binding to WIPI4. My data suggests
that WIPI2b forms a complex with ATG16L1 and WIPI4, which is further stabilised
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upon the overexpression of one of the proteins. WIPI4 also binds WIPI1, and the
binding remains unaffected after the loss of WIPI2 (Figure 5.1c and d). It has
previously been shown that WIPI4 does not interact with ATG16L1 (Bakula et al.,
2017), and therefore WIPI2b could be bridging WIPI4 and ATG16L1 within the
complex. WIPI4 interacts with ATG2A and ATG2B proteins, which made me initially
hypothesise that WIPI2b-WIPI4 interaction could provide an anchor for ATG2 at
phagophores. While I was testing if WIPI4 recruitment to phagophores is dependent
on WIPI2, a study was published where it was reported that ATG2A and ATG2B are
able to bind liposomes in the absence of WIPI4 (Zheng et al., 2017). This was also
recently confirmed in yeast, where Gomez-Sanchez and colleagues showed that
Atg2 can bind liposomes in the absence of Atg18 (Gomez-Sanchez et al., 2018). To
fully understand the function of WIPI2b-WIPI4 interaction, it would be necessary to,
as discussed in Chapter 5.8, first understand if the binding between the two proteins
is direct and which residues mediate the interaction. However, this might require a
more complex approach, given that the purification of both proteins represents a
challenge for a number of laboratories interested in studying these proteins.
In summary, I have demonstrated that WIPI2b is phosphorylated, and this
phosphorylation is required for the regulation of WIPI2b binding to ATG16L1 and
WIPI2b association with membranes. In my proposed model, WIPI2b is recruited to
phagophore nucleation sites in PI3P-dependent manner, where it binds ULK1.
WIPI2b recruits ATG16L1 complex in order to drive the lipidation of human ATG8
proteins to PE. After GABARAP lipidation, ULK1 is possibly further stabilised at the
phagophore. ULK1 phosphorylates WIPI2b in order for WIPI2b to dissociate from
ATG16L1 and from phagophores (Figure 6.1). Alternatively, WIPI2b dissociates from
phagophores through an unknown mechanism, and its phosphorylation prevents it
from re-associating with the same membranes. Nevertheless, understanding the
regulation of WIPI2b association with membranes and its interacting partners can
shed light on understanding the mechanisms underpinning phagophore biogenesis.
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Figure 6.1 A possible model for WIPI2b phosphorylation during starvationinduced autophagy

WIPI2b interacts with ULK1, and at the phagophore, WIPI2b recruits ATG12~ATG5ATG16L1 complex in order to drive the lipidation of LC3 and GABARAP proteins.
Sometime after GABARAP lipidation to PE, WIPI2b is phosphorylated by ULK1,
rendering WIPI2b unable to further bind ATG16L1 and associate with phagophores.
Phosphorylated WIPI2b still binds ULK1, so it is possible the two proteins dissociate
from phagophores at the same time, as a complex. It is not clear if ATG16L1
dissociates at the same time as WIPI2b, or if it stays behind and associates with
membranes through a currently unknown mechanism.
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