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Abstract

Heterophagy is the bulk uptake of extracellular material and includes:
macropinocytosis- non-specific uptake of fluids; and phagocytosis- receptor mediated
uptake of solid particles. Both these processes are essential for normal cellular and
tissue homeostasis, nutrient acquisition and the immune system but have also been

implicated in a variety of diseases and can be hijacked by pathogens.

Macropinocytosis and phagocytosis are multistep processes involving generation of
protrusions from the plasma membrane forming a cup shape, closure of the cup and
internalisation and finally degradation of its contents. These complex stages are highly
regulated by small GTPases and inositol phospholipids, yet despite its importance
there are still unanswered questions around how macropinosomes and phagosomes
are formed and matured. Dictyostelium discoideum are predatory soil-dwelling amoeba
that hunt and feed on bacteria in the wild and undergo constitutive macropinocytosis.
Using this model system, mechanisms of macropinosome formation and maturation

were investigated.

Formation of macropinosomes and phagosomes requires the generation of complex
cup shaped protrusions. Actin polymerisation is critical to generate the force required
to extend the membrane and form the rims of the cup. This polymerisation is tightly
regulated by members of the Rho and Ras family of small GTPases. Despite its
importance, how Rho and Ras activity is co-ordinated to control local membrane
extension and form these complex shapes is unknown. Using a previously
uncharacterised Dictyostelium protein, RGBarG, which contains small GTPase
regulatory domains (RhoGEF and RasGAP) and a BAR domain, the coordinated

regulation of Rho and Ras activity during cup formation was investigated. This
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regulation was found to be important for controlling the width of macropinocytic cups

and was involved in phagocytosis of elongated geometries.

The role of the phosphatidylinositol 3-phosphate 5 kinase, PIKfyve during
macropinosome and phagosome maturation is poorly understood and its importance
during key stages such as acidification is disputed. A novel PI(3,5)P> reporter, SnxA-
GFP, was identified that along with PIKfyve- cells was used to identify a previously
undescribed population of PI(3,5)P>-positive, PI(3)P-negative vesicles and highlighted

potential differences between macropinosome and phagosome maturation.
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Chapter One:

Introduction



1.1 Heterophagy

Endocytosis is the internalisation of the cell surface and extracellular components and
is involved in a wide range of cellular processes such as nutrient acquisition, signal
transduction and immune defence. Endocytosis occurring on a small vesicles (typically
less than 100 um) includes clathrin-mediated endocytosis and clathrin-independent
mechanisms (Wu et al., 2014) and functions to control membrane and surface protein
flow. Endocytosis occurring on a larger scale is often referred to as heterophagy and

allows for capture and internalisation of extracellular material.

Heterophagy is the bulk uptake of large amounts of material and includes:
macropinocytosis- non-specific uptake bulk uptake, primarily of fluids; and
phagocytosis- receptor mediated uptake of solid particles, for example potential
pathogens. Both forms of uptake involve protrusions of the plasma membrane, which
fuses together at the distal tips leading to engulfment and formation of a membrane

bound vesicle (Swanson, 2008).

The ability to capture and process such large amounts of fluid and a wide range of
different shaped and sized objects presents a number of unique challenges for the cell.
Formation of both macropinosomes and phagosomes requires significant organisation
and rearrangement of lipids, proteins and the actin cytoskeleton to allow them to
entrap their targets. Furthermore the resulting large intracellular vesicles must
undergo a complex series of maturation events to degrade their contents whilst
delivering components required for digestion and recycling (Buckley and King, 2017).
Formation and resolution of such bulky yet critical structures raises many questions of
how molecules are spatially and temporally regulated within macropinosomes and

phagosomes.



1.2 Functions and roles of heterophagy

1.2.1 Nutrient acquisition and sensing

Both phagocytosis and macropinocytosis are ancient processes, present in many
unicellular eukaryotes, where they function as a means of obtaining large amounts of
nutrients from the environment. Both Choanoflagellates and the parasitic protozoan
Trichomonas vaginalis use phagocytosis as a feeding mechanism (Dayel and King, 2014,
Pereira-Neves and Benchimol, 2007), whereas Acanthamoeba can obtain nutrients by

both macropinocytosis and phagocytosis (Chambers and Thompson, 1976).

In addition to capturing nutrients, macropinosomes are well placed to act as nutrient
sensors, detecting and responding to changes in nutrient availability (Williams and
Kay, 2018). For example, it was recently demonstrated than macropinocytosis is
regulated by the mechanistic target of Rapamycin 1 (mTORC1) (Palm et al., 2015),
which inhibits proteins synthesis in response to starvation or growth factor stimulation
and activates autophagy (Laplante and Sabatini, 2012). Macropinocytosis was also
found to be required for growth-factor dependent activation of mTORC1 by amino

acids (Yoshida et al., 2015b).

While heterophagy is an important mechanism for feeding in more ancient eukaryotes,
in metazoans these highly conserved processes have evolved additional, more

specialised functions as discussed in the following sections.

1.2.2 Pathogen killing

An important function of phagocytosis is the capture and killing of extracellular
microbes; this is critical both in the immune response of multicellular organisms to
prevent infection but also for unicellular life forms that need to kill opportunistic
pathogens trying to establish intracellular niches. Failure to efficiently kill potential

pathogens can have devastating consequences such as death of the host or



establishment of environmental reservoirs of pathogenic organisms. It is important to
note however, that failure to kill intracellular invaders can sometimes have beneficial

effects such as the establishment of symbiotic relationships.

Pathogen killing by macrophages and dendritic cells is largely achieved through
production of reactive oxygen species. The NAPDH oxidase (NOX2) facilitates electron
transfer across the phagosomal membrane and can therefore influence phagosomal pH
(Savina et al., 2006). NOX2 is activated downstream of phagocytic receptors and
produces superoxide anions that dismutate generating reactive oxygen specific (ROS)
(Dunn et al., 2018). Production of ROS in the phagosome therefore requires a large
amount of protons, maintaining a neutral or slightly alkaline phagosomal pH in
neutrophils (Segal et al., 1981, Jankowski et al., 2002) and dendritic cells (Savina et al.,

2006, Mantegazza et al., 2008).

Until recently it was assumed that macrophage phagosomes acidify rapidly, however
this was shown to be dependent on the macrophage subtype. Whilst phagosomes
formed by more m2 polarised macrophages (involved in apoptotic cell clearance)
acidified rapidly, m1 polarised macrophages (involved in pathogen killing) maintained
a neutral pH for at least 30 minutes. This was found to be due to greater and more
sustained NOX2 activity in m1 macrophages leading to increased consumption of
protons, which was absent in m2 phagosomes (Canton et al., 2014). Unlike in m1
macrophages however, the respiratory burst in neutrophils and neutral pH is short

lived, and followed by rapid phagosomal acidification (Segal, 2005).

Free living phagocytes such as D. discoideum also contain NOX subunits homologous to
mammalian NOX2, NOXA and NOXB (Dunn et al., 2018), however their importance
during killing is currently unclear as mutants had no killing or growth defects

(Benghezal et al., 2006, Lardy et al., 2005).



Additional important mechanisms of bacterial killing include metal ion poisoning
(Dunn et al., 2018) and formation of antimicrobial peptides (Zasloff, 2002). High
concentrations of metal ions, such as copper and zinc, can have detrimental effects on
catalytic interactions and cause damage through oxidative stress (Botella et al., 2012).
These ions are selectively pumped into phagosomes by specific metal ion transporters
(Dunn et al., 2018) and have been observed in mycobacteria-containing phagosomes
(Wagner et al., 2005). Antimicrobial peptides are a broad family of molecules that have
evolved to target specific aspects of pathogen biology- primarily functioning to disrupt
the microbial cell wall or membrane, exposing them to the harsh environment of the

phagosomes (Zasloff, 2002, Brogden, 2005).

Whether these killing mechanisms are also prevalent in macropinosomes has not been
determined. Potentially a lack of ROS and other specialised killing mechanisms inside
macropinosomes could be one of the reasons hijacking macropinocytosis is an

attractive entry strategy for many pathogens.

1.2.3 Antigen presentation

Presentation of exogenously acquired antigens to CD4* T-cells by antigen presenting
cells such as macrophages and dendritic cells is critical for the generation of a robust
adaptive immune response. Exogenous antigens are displayed on the surface of major
histocompatibility complex class II (MHCII) molecules and provide molecular
identification of invading pathogens. Antigens destined for presentation can be
captured from the extracellular environment by macropinocytosis, or can be generated

by degradation of phagocytosed pathogens (Roche and Furuta, 2015).

Efficient maturation is important for generation of antigenic peptides as intracellular
bacteria that interfere with maturation or treating cells with pharmacological inhibitors

of maturation decreases antigen presentation efficiency (Granboulan et al., 2003, Halici

et al., 2008, Neumeister et al., 2005). Furthermore MHCII has been shown to localise to
5



LAMP1-positive vesicles (Harding and Geuze, 1993) and formation of phagosome
tubules has been shown to be important for antigen presentation efficiency (Saric et al.,
2016, Mantegazza et al., 2014). However, despite the importance of macropinosome
and phagosome maturation for antigen presentation the mechanistic details by which

MHCII is recruited to phagosomes and macropinosomes are poorly understood.

1.2.4 Apoptotic cell clearance

Apoptotic cell clearance is an essential mechanism during development, tissue
homeostasis and the immune response in multicellular organisms. During the
development of Caenorhabditis elegans embryos over 10% of cells undergo programmed
cell death within the first 4 hours following fertilization (Kinchen, 2010). Even after
development is complete apoptosis is required to maintain tissue homeostasis,
removing damaged and dead cells; in adult humans around 150 billion cells/day
undergo apoptosis (Elliott and Ravichandran, 2016). Furthermore in the immune
response and its resolution, dead cells need to be cleared in an immunologically silent

manner, distinct from the pro-inflammatory clearance of pathogens.

Apoptotic cells can be taken up non-professional cells, specialised cells and
professional phagocytes, the most well characterised of which is the macrophage
(Green et al., 2016). In order to call their undertakers for rapid removal, dying cells
release ‘find me” signals (Hochreiter-Hufford and Ravichandran, 2013). Common ‘find
me’ signals include nucleotides, CXCL1 and lipids such as lysophosphatidylcholine
and sphingosine-1-phosphate (Green et al., 2016) and are recognised by cell surface
receptors on phagocytes. Once recruited phagocytes need to be able to distinguish the
apoptotic corpse from living cells, this is achieved through recognition of ‘eat me’
signals of the cells surface, such as the well characterised phosphatidylserine, and

followed by engulfment via receptor mediated phagocytosis (Green et al., 2016).



1.2.5 Heterophagy in disease
Both macropinocytosis and phagocytosis have been implicated in the pathogenesis of
multiple diseases. As such, understanding mechanisms of heterophagy could

contribute to development of therapeutics to combat a variety of conditions.

As previously mentioned macropinocytosis can supply cells with nutrients required
for growth. This function has been exploited by cancer cells harbouring oncogenic
mutations in K-Ras, allowing them to upregulate macropinocytosis and obtain enough
nutrients to support aberrant growth (Commisso et al., 2013). In addition to mutations
in Ras itself, oncogenic mutations can also occur in small GTPases that regulate Ras
activity, for example mutations in the RasGAP NF1 are found in neurofibromatosis (Li
etal., 1992, Xu et al., 1990). Interestingly this same protein was found to be mutated in
axenic stains of the amoeba Dictyostelium discoideum, conferring an increased rate of
macropinocytosis and allowing the amoeba to survive by growing in liquid culture

(Bloomfield et al., 2015).

Heterophagy has also been implicated in neurodegenerative diseases.
Macropinocytosis has be linked to prion disease such as Creutzfeldt-Jakob disease by
promoting the cell-to-cell spread of prion and prion-like proteins (Munch et al., 2011,
Zeineddine and Yerbury, 2015). It has also been linked to other neurodegenerative
diseases such as Amyotrophic lateral sclerosis though macropinocytic uptake of SOD1,
which is transported into the cytoplasm and subsequently misfolds and aggregates
(Zeineddine et al., 2015, Munch et al., 2011). Roles for phagocytosis have also been
described in Alzheimer’s disease (AD) and Multiple Sclerosis (MS), due to ineffective
phagocytosis of amyloid-p plaques in the case of AD (Fiala et al., 2005) and
inappropriate phagocytosis of myelin by microglia and peripheral macrophages in MS

(Smith, 1999).



Hijacking of heterophagy is a virulence strategy utilised by many pathogens, which
can both selectively promote their uptake and inhibit macropinosome and phagosome
maturation in order to enhance their survival and promote infection. Bacteria such as
Salmonella (Rosales-Reyes et al., 2012) and viruses such as Vaccinia (Mercer et al., 2010)
and Ebola (Saeed et al., 2010, Nanbo et al., 2010) can induce uptake via
macropinocytosis. Viral uptake by macropinocytosis can occur by several mechanisms;
for example induction of ruffling or blebbing, although whether these processes are
mechanistically the same remains to be determined. While macropinocytosis is the
preferred route for many pathogens, some promote their own phagocytosis. For
example Listeria monocytogenes generates phosphatidylserine-containing vesicles,
mimicking an apoptotic cell and promoting its uptake via efferocytosis (Czuczman et

al., 2014).

Once inside the macropinosome or phagosome some pathogens can inhibit maturation
to establish a permissive niche inside cells. Two such examples, which are able to
invade and survive inside phagosomes are Salmonella and Legionella. Both of these
intracellular bacteria secrete effector proteins via their type III (Salmonella) or type IV
(Legionella) secretion systems (T3/T4SS) that allow them to manipulate host
phosphatidylinositol phosphates (PIPs), decorating the bacterial-containing vacuoles

with PI(3)P and PI(4)P respectively (Hilbi, 2006).

Given the involvement of heterophagy in cellular processes and its role in disease
pathogenesis, understanding the mechanisms of macropinosome and phagosome

formation and maturation is greatly important.



1.3 Constructing macropinocytic and phagocytic cups

Formation of macropinosomes and phagosomes share many similarities; they involve
many of the same proteins and regulatory mechanisms and both lead to the formation
of a cup shaped protrusion from the plasma membrane, which fuses at its distal tips
leading to internalisation. Here, formation of these structures is split into three phases:
initiation, extension and closure, which are discussed in detail in the following

sections.

1.3.1 Initiation of cup formation

A major difference in the formation of macropinocytic and phagocytic cups is that
while phagosomes receive local signals due to receptor-ligand interactions with their
targets which guide formation of the cup, there is no local receptor signalling involved

in the formation of macropinosomes.

Macropinosomes can form constitutively in certain cells such as in macrophages,
immature dendritic cells and Dictyostelium or can be induced by stimulation with
growth factors (Swanson, 2008). In Dictyostelium macropinosomes act as nutrient
sensors and macropinocytosis is upregulated in the presence of arginine, lysine,
glutamate and metabolisable sugar (Williams and Kay, 2018). In macrophages,
constitutive macropinocytosis appears to require extracellular Ca2*, which binds to a
G-protein coupled receptor, CasR, on the cell surface thereby initiating macropinosome
formation (Canton et al., 2016). Macropinosomes produced by constitutive
macropinocytosis in these cells were smaller than those produced by stimulation with
macrophage colony-stimulating factor. Despite differences in stimulus and size,
whether the mechanisms and biomechanics during cup formation are shared remains
to be determined. In both cases however, the stimulus for initiating macropinosome

formation is diffuse i.e. it does not provide a localised signal.



Unlike phagocytic cups, macropinosomes are not always formed de novo, in fact in
Dictyostelium macropinocytic cups can split leading to formation of new cups (Veltman
et al., 2016). Pseudopods in both immune cells and amoebae also undergo splitting
(Andrew and Insall, 2007, Graziano and Weiner, 2014, Millius et al., 2009) suggesting
conservation between the two processes, and indeed much of the machinery involved
in making macropinocytic and phagocytic cups is also required during chemotaxis. In
support of this, in Dictyostelium macropinocytosis and chemotaxis appear to be

mutually exclusive (Veltman et al., 2014).

1.3.2 Protrusion and membrane extension

Formation of a complex cup shaped protrusion requires highly complex and
coordinated changes in the plasma membrane and actin cytoskeleton. These changes
need to be regulated at both a spatial and temporal level. Although much of the
machinery used to create macropinocytic and phagocytic cups is the same, there are
several importance differences which will be discussed in more detail in the sections

below.

There are different types of both macropinocytic and phagocytic cups. Phagocytosis in
professional phagocytes is receptor mediated and cup formation can occur via a
‘zipper mechanism’ for example in Fcy receptor-mediated phagocytosis. Receptor
engagement induces membrane extension that closely tracks around the phagocytic
target by interacting with ligands on the target surface (Figure 1.1A). In contrast,
complement receptor-mediated phagocytosis occurs via a ‘sinking’ mechanism;
receptor engagement and membrane extension still take place but the target sinks into
the plasma membrane during phagocytosis before cup closure has occurred (Levin et

al., 2016) (Figure 1.1B).

Macropinosomes are formed via similar mechanisms to Fcy receptor-mediated

phagosomes, requiring protrusion of the plasma membrane. However unlike
10



phagosomes, macropinosome formation is not guided by receptor-ligand interactions
and how such complex cup shapes are organised without a physical template to guide
their formation is poorly understood. Perhaps the most studied form of
macropinocytosis is growth factor stimulated macropinocytosis, which can occur in
many cell types including macrophages and epithelial cells. Constitutive
macropinocytosis occurs primarily in professional phagocytes such as macrophages,
dendritic cells and Dictyostelium. Biomechanically macropinosomes can be formed
either by ruffles or rings of protruding membrane that project from the plasma
membrane around a region than remains stationary, entrapping fluid that can then be
internalised, as has been observed in Dictyostelium cells (Hacker et al., 1997) and

macrophages (Swanson, 2008) (Figure 1.1 C & D).

Named somewhat misleadingly, spacious phagosomes are thought to be similar to
macropinosomes in terms of cup formation. These structures are generated by
membrane bound pathogens which selectively induce membrane ruffle formation
facilitating their uptake without direct engagement of phagocytic receptors (Kerr and

Teasdale, 2009, Swanson, 2008) (Figure 1.1E).

How mechanistically similar all of these processes are has not been fully investigated,
however in all types of macropinosome and phagosome formation, protrusion of the
membrane is essential and requires actin polymerisation, which generates the force

required to push the membrane forwards.
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E)

Figure 1.1) Types of phagocytic and macropinocytic cups. (A) 'Zipper
mechanism’ of phagocyosis, cup extends outwards around the target. (B)
‘Sinking phagocytosis’ target sinks into the cell before closure. (C) Linear ruffle
projects from the cells and collapses leading to fluid internalisation. (D)
Macropinosome formed by a circular ruffle- structurally similar to phagocytic
cup in (A) but no receptor interaction to dictate cup shape. (E) 'Spacious
phagocytosis' target binds to the cell surface and induces macropinosome
formation.
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1.3.2.1 Actin polymerisation

Regulation of actin polymerisation, as well as its depolymerisation, is essential for
formation, extension and closure of both macropinosomes and phagosomes. Actin
polymerisation is driven by actin nucleators, which form different structures of actin
networks (Pollitt and Insall, 2009). The Arp2/3 complex induces actin polymerisation
that results in branched actin meshes that are angled with respect to the membrane and
drive protrusion (Pollard, 2007). Equally important is the formation of more supportive
linear actin filaments, formed by the action of the formin family of actin nucleators,

which help to provide stability within the cup (Junemann et al., 2016).

These two different types of actin network help to define areas of the cup that are
either actively protruding, driven by Arp2/3, or remain stationary and are supported
by formins (Figure 1.2). Members of the small GTPase family and inositol
phospholipids (PIPs), play important roles in regulating proteins that can activate actin
nucleators and are discussed in more detail below.

Actin polymerisation

" Arp2/3
< Formin

Small GTPases & PIPs

m—  Cdc42
w— P|(4.5)P,
w—  Active Rac1

- Active Ras
P1(3,4,5)P,

Figure 1.2) Spatial regulation of small GTPases, PIPs and different types
of actin polymerisation during cup formation. Left hand side shows Arp2/3-
mediated polymerisation which drives protrusion at the tips and Formin-
mediated polymerisation which provides stability in the base. Right hand side
shows spatial restriction of small GTPases and inositol phospholipids (PIPs),
active Rac1, active Ras and its product PI(3,4,5)P, are present in the base of
the cup, Cdc42 and PI(4,5)P, are more prevalent at the tips during extension
and fusion.
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1.3.2.2 Driving protrusion at the tips of the cup

The Ras superfamily of small GTPases are major regulators of the actin cytoskeleton
during both cup formation and maturation (Swanson, 2008). There are five subfamilies:
Ras, Rho, Rab, Arf and Ran, all of which, with the exception of Rans (involved in
nucleocytoplasmic trafficking) play roles in endocytosis (Cherfils and Zeghouf, 2013),
although Rabs are primarily involved in endosome maturation. Small GTPases are
present in GTP-bound active forms or GDP-inactive forms and are aided by guanine
nucleotide exchange factors (GEFs) that facilitate the dissociation of GDP and GTPase

activating proteins (GAPs) promote the hydrolysis of GTP.

The small GTPase Racl has been demonstrated to be important for ruffle and
macropinosome formation in amoebae and fibroblasts (Dumontier et al., 2000, West et
al., 2000, Ridley et al., 1992). Additionally photoactivatable Racl is sufficient to drive
ruffle formation in macrophages, however Racl needed to be deactivated for
macropinosome and phagosome closure (Fujii et al., 2013, Ikeda et al., 2017). Although
inhibition of Racl or expression of dominant negative Racl in dendritic cells blocked
macropinosome formation, membrane ruffling still occurred, indicating Racl-

independent mechanisms can drive ruffle formation in these cells (Fujii et al., 2013).

Both Vav and DOCK RhoGEFs have been demonstrated to activate Racl during
macropinocytosis and phagocytosis, indicating some redundancy between these two
proteins in certain cell types. For example, Vav and DOCK180 activate Racl during
FcyR-mediated phagocytosis in RAW and J774.A1 macrophages (Patel et al., 2002, Lee
et al., 2007), dockA and dockB have been implicated in macropinocytosis and
phagocytosis in Dictyostelium (Wang, 2006) and epidermal growth factor (EGF) and
vascular EGF (VEGF) stimulation has been demonstrated to active Vav2 in COS-7 and

endothelial cells respectively (Tamas et al., 2003, Garrett et al., 2007).

14



Phosphatidylinositol phosphates (PIPs) are often involved in recruitment of GEFs or
GAPs along with other proteins and are key components of membrane signalling
pathways. Phosphatidylinositol (PI) can account for between 10 and 15% of the total
phospholipids in cells (Bohdanowicz et al., 2013) and is distinct from other types of
lipids in its ability to be reversibly modified by addition and removal of phosphates to

the 3, 4 or 5 position of its inositol headgroup, forming seven different PIP isoforms.

Activation of Vav2 in COS-7 cells required PI3-kinase (Tamas et al., 2003) and
PI(3,4,5)P; was also required for plasma membrane translocation of dockD in
Dictyostelium (Para et al., 2009), DOCK180 in HEK-293T (Kobayashi et al., 2001) and

Vav in macrophages (Vedham et al., 2005).

In PDGEF-stimulated PAE cells PI(3,4,5)Ps is required for ruffle formation (Wennstrom
et al., 1994), however others have reported a much later role for PI(3,4,5)P; during cup
closure in both EGF-stimulated A431 cells and M-CSF-stimulated bone marrow
derived macrophages (BMDMs) (Araki et al., 1996, Araki et al., 2007). This suggests the
role of PI(3,4,5)Ps during cup formation is complex. The Dictyostelium genome contains
five PI3 kinases and different classes appear to regulate distinct stages of cup formation
with PI3K1/2 required for ruffle formation and PI3K4 for cup closure (Hoeller et al.,
2013). It is unclear whether this is also the case in mammalian cells, as many studies
have used global PI3 kinase inhibitors making it difficult to pick apart different
functions. However given the different roles of PI(3,4,5)P; during cup formation, it is
possible that interactions with downstream effector proteins are mediated by distinct
PI3 kinases, rather than through recruitment of proteins downstream of P1(3,4,5)P;

(Buckley and King, 2017).

Active Racl can drive ruffle formation by activation of the SCAR/WAVE complex,
with promotes Arp2/3-mediated actin polymerisation (Miki et al., 1998) (Figure 1.3). In

mammals, SCAR/WAVE can additionally be activated by another small GTPase Arfl,
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which is activated by the ArfGEF ARNO. ARNO is recruited to Arfl by interacting
with Arf6 (Humphreys et al., 2013). Active Racl and Arf6 have been further implicated
in driving polymerisation by indirect activation of WASP. Active Racl and Arf6
activate PI5 kinase, which catalyses the formation of PI(4,5)P2 (Tolias et al., 2000,
Honda et al., 1999), and in concert with Cdc42 increases WASP activity (Miki and

Takenawa, 2003).

However despite being involved in promoting ruffling and protrusion at the tips of the
cup, both active Racl and PI(3,4,5)P5; have been reported to localise uniformly
throughout the cup (Hoppe and Swanson, 2004, Veltman et al., 2016, Yoshida et al.,
2009, Veltman et al., 2014) and neither active Ras, Rac nor PI(3,4,5)P; overlap with
localisation of the SCAR/WAVE complex or WASP in Dictyostelium macropinocytic
cups (Veltman et al., 2016). Therefore additional mechanisms must be in place to
restrict the localisation of SCAR/WAVE and WASP to the tips of the cups, preventing
protrusion throughout the cup. Candidates for this could include Cdc42, which actives
WASP and localises primarily to the tips of cups during extension (Hoppe and
Swanson, 2004) and PI(4,5)P», which is enriched in ruffles where it increases the
activity of WASP (Miki and Takenawa, 2003). Further studies are required to
investigate the mechanisms behind restriction of Arp2/3 activation during extension of

the cup.
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Figure 1.3) Signalling during cup formation. Interactions between PIPs
(black), kinases (green), GTP bound small GTPases (pink) and NPFs (purple)
during cup formation. Areas of the cup that are not actively extending are
strengthened by formin-dependent actin polymerisation (red), in the tips of the
cup Arp2/3-dependent actin polymerisation (blue) provides force to push the
membrane forwards. Small GTPases interact with NPFs to promote different
types of actin polymerisation and can also influence the lipid composition of
the membrane by interacting with PIP kinases.

1.3.2.3 Signalling at the base of the cup

During formation both active Ras and PI(3,4,5)Ps localise to the base of macropinocytic
and phagocytic cups (Welliver and Swanson, 2012, Bloomfield et al., 2015, Veltman et
al., 2016, Araki et al., 2007, Parent et al., 1998, Yoshida et al., 2009). Prevention of Ras
inactivation through mutations in the RasGAP NF1 in Dictyostelium, results in
widening of macropinocytic cups (Bloomfield et al., 2015) and mutations that prolong

Ras activity such as oncogenic mutations in K-Ras lead to an upregulation of
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macropinocytosis supporting cancer cell growth (Commisso et al., 2013), highlighting

the importance of regulating Ras activity during cup formation.

Ras-GTP binds to the Ras-binding domain of phosphoinositide 3-kinase (PI3 kinase)
catalysing the formation of PI(3,4,5)Ps from PI(4,5)P, (Rodriguez-Viciana et al., 1994,
Rodriguez-Viciana et al., 1996, Pacold et al., 2000). Positive feedback loops increase the
synthesis of PI(3,4,5)P; through activation of PI3 kinase by the adaptor protein GAB2
(Grb2-associated binder 2) during FcyR-mediated phagocytosis in murine bone
marrow-derived macrophages (Gu et al., 2003) (Figure 1.4). PI3 kinase can also be
activated downstream of the EGF receptor in HEK 293 cells by GAB1 (Rodrigues et al.,
2000), however whether this is functionally involved in macropinosome formation has

not been investigated.

During cup formation in macrophages PI(4,5)P: levels have been observed to decrease
in the base of the cup. This is in part due to PI3 kinase catalysing the conversion of
PI(4,5)P2 to PI(3,4,5)P; (Figure 1.4). However, PI(3,4,5)Ps further contributes to PI(4,5)P,
loss by catalysing its hydrolysis to inositol trisphosphate (IP;) and diacylglycerol
(DAG) by activating phospholipase Cy (PLCy) (Egami et al., 2014) (Figure 1.3). IP3
mediates calcium release and DAG localises to phagocytic cups and recruits protein
kinase Ca (PKCa). Both Ca?* and PKCa have been implicated in some types of
phagocytosis (Larsen et al., 2000) as well as in membrane ruffling during

macropinocytosis (Swanson, 1989).

Two other small GTPases involved in signalling at the base of the cup are RhoA and
Rap1 (Figure 1.3). These GTPases recruit profilin, which is essential for the formation of
formin-dependent actin polymerisation that characterises the base of the cup (Freeman
and Grinstein, 2014, Kim et al., 2012) and was shown to be required for regulation of

zymosan uptake by macrophages (Kim et al., 2012).
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Figure 1.4) Signalling downstream of plasma membrane receptors during
cup formation. Activation of receptors, including growth factor receptors and
phagocytic receptors, after ligand binding leads to receptor phosphorylation and
triggers signalling cascades. Specific adaptors such as GAB2 can be recruited
to receptors, as well as GEFs leading to activation of small GTPases and lipid
kinases.

1.3.3 Cup closure
Closure of macropinocytic and phagocytic cups, particularly in regard to fusion of the

tips and vesicle scission is much less well defined than other stages of cup formation.

PI3 kinase has been implicated in cup closure in M-CSF stimulated macrophages as
inhibiting it stalls macropinocytosis and phagocytosis after cups have already been
formed (Araki et al., 1996). Furthermore in Dictyostelium one of the PI3 kinases, PI3K4,
is required for closure of macropinosomes, as in PI3K4- cells only 20% of
macropinosomes successfully sealed compared to over 60% in controls (Hoeller et al.,

2013).

A recent study in Caenorhabditis elegans found that sequential breakdown of PI(3,4,5)P;
to PI(3,4)P,, PI(3)P and finally to PI was required for completion of macropinocytosis in
coleomyocytes (Maekawa et al., 2014) (Figure 1.5). Peaks of PI(3,4)P: followed by PI(3)P

have also been observed in Dictyostelium and M-CSF activated macrophages (Yoshida
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et al., 2009, Welliver and Swanson, 2012, Dormann et al., 2004). The importance of
PI(3,4)P2 during cup formation is not known, however PI(3)P was found to directly
activate Ca2* activated K* channels in membrane ruffles, thereby driving closure by an

unidentified mechanism (Maekawa et al., 2014).

In contrast PI3 kinase appears not to be involved in phagocytosis in Dictyostelium as
cells with mutations in all five PI3 kinases are able to phagocytose bacteria or 1 pm
beads at comparable levels to controls (Hoeller et al., 2013), however phagocytosis of

larger objects was not investigated.

In macrophages, the effects of PI3 kinase loss on phagocytosis are exemplified during
uptake of large particles. Phagocytosis of small objects did not require PI3 kinase
whereas uptake of larger particles stalled during extension, indicating membrane
becomes limiting in the absence of PI3 kinase (Araki et al., 1996, Cox et al., 1999). In
agreement with this uptake of large beads was accompanied by loss of actin in the base
of the cup, presumably to free up actin monomers to support polymerisation at the
tips. Loss of actin required PI3 kinase-dependent recruitment of three RhoGAPs
(ARHGAP12, ARHGAP25, and SH3BP1) to the base (Schlam et al., 2015) (Figure 1.5),
and is supported by quantitative microscopy studies that demonstrate Racl is
deactivated prior to closure of macropinocytic cups (Yoshida et al., 2015a, Yoshida et

al., 2009).

PI(4,5)P. is present in the tips of the cups but not the base due to being depleted by
conversion into both PI(3,4,5)P5 and into IP; and DAG. DAG is present at high
concentration in the base of the cup during phagosome closure in macrophages
(Botelho et al., 2000) where it can alter the surface charge of the cytoplasmic leaflet of
the membrane, facilitating detachment of membrane bound Rac1l and Ras (Yeung et al.,

2006, Swanson, 2008) (Figure 1.5). Furthermore PI(4,5)P» is a negative regulator of the
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actin severing proteins cofilin and gelsolin therefore decreasing amounts of this PIP in

the cup would increase removal of actin (Freeman and Grinstein, 2014).

While fusion of macropinosome and phagosome tips is still poorly understood roles
for several candidate proteins have been suggested. In macrophages myosin 10 is
recruited to phagosomal membranes by PI(3,4,5)P; (Cox et al., 2002), myosins are
thought to be involved in generating contractile activity in the rim of the cup and
mediating closure and fusion via a “purse sting’ mechanism (Swanson, 2008) (Figure

1.5).

Recent work identified dynamin-2, involved in scission of clathrin-coated pits, as
mediating the closure and fusion on phagosomes in macrophages (Marie-Anais et al.,
2016). Dynamin-2 co-localised with F-actin at the tips of cups and inhibition of
dynamin-2 prevented closure of phagosomes (Marie-Anais et al., 2016).The
mechanisms of dynamin-2 recruitment and whether both dynamin-2 and myosin are

involved in macropinosome closure remains to be determined.

It has been suggested that BAR-domain containing proteins could be implicated in
closure of cups (Levin et al., 2016). BAR domains can both sense and drive membrane
curvature (Peter et al., 2004) and are involved in fusion and scission during clathrin-
mediated endocytosis (Dawson et al., 2006). However the curvature at the rim of
macropinosomes and phagosomes is much shallower than that of endosomes making
it unlikely that curvature in the cup could be sensed or initiated by BAR domains.
Although several BAR-domain containing proteins such as TOCA-1 and FBP17 have
been implicated in driving phagocytosis, they both do so by BAR-independent
mechanisms, either by interacting with small GTPases or actin NPF activities (Ho et al.,

2004, Tsuboi et al., 2009).
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Figure 1.5) Signalling during cup closure. Interactions between PIPs (black),
kinases and phosphatases (green), small GTPases (pink) and NPFs (dark
purple) during cup formation. Dynamin-2 (red) and Myosins (light purple) are
recruited to the tips of the cups and mediate fusion and closure via a ‘purse
string’ mechanism. In the base of the cup RhoGAPs are recruited to turn of
Rho signalling, and small GTPases detach from the membrane due to
increases in DAG concentration. Turnover of PI(4,5)P, reverses the inhibition of
actin severing enzymes leading to depolymerisation at the base of the cup,
and PI(3,4,5)P, is sequentially hydrolysed to PI.
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1.4 Maturation of macropinosomes and phagosomes

Cup closure and scission from the plasma membrane leads to internalisation of a large
vesicle that needs to be processed by the cell. Vesicles undergo a highly regulated
sequence of maturation events in order to digest and process their contents including
acidification by recruitment of the V-ATPase, degradation from delivery of hydrolytic
enzymes and lysosomal fusion. These maturation events are coordinated by PIPs and
members of the Rab family of small GTPases, which mark distinct stages of maturation
(Figure 1.6).

Early Late

Rab5 T
Rab7
PI(3)P N :
PI(3,5)P, -
PI(5)P? B |
PI(4)P f

Figure 1.6) PIP and Rab localisation during maturation. Rab5 and PI(3)P
are highest at the early stages and decrease during intermediate stages.
PI(3,5)P, increases shortly after PI(3)P and decreases at a similar time. Rab7,
PI(4)P are highest at late stages, PI(4)P only appears after loss of PI(3)P
whereas Rab7 gradually increases throughout maturation. While there is no
direct evidence from probes for PI(5)P during maturation, if it is present it
would likely be so at later stages, after loss of PI(3)P and PI(3,5)P.,.

1.4.1 Early stages

Rabb is present on nascent macropinosomes and phagosomes where it recruits the
class III PI3 kinase Vps34 initiating PI(3)P synthesis (Christoforidis et al., 1999b). In
addition to being synthesised de novo, PI(3)P is delivered by distinct PI(3)P-positive
vesicles via a “kiss and run” mechanisms (Ellson et al., 2001). These two different

mechanisms of PI(3)P acquisition allow for a rapid and efficient formation of PI(3)P
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after internalisation. PI(3)P is maintained on phagosomes in both RAW macrophages
and Dictyostelium for around 10 minutes (Ellson et al., 2001, Kim et al., 2014, Clarke et
al., 2010) and we have observed similar dynamics for PI(3)P in Dictyostelium
macropinosomes (Jason King, unpublished). In addition to Rab5 other Rab GTPases
including Rab20 and Rab 21 sequentially and transiently associate over this early

period in RAW264 cells (Egami and Araki, 2012, Egami and Araki, 2009).

Despite its importance, little is known about the mechanism and timings of Rab5
recruitment. There is some evidence to suggest that Rab5 could be recruited to the
plasma membrane during cup formation as Rab5 has been observed on surface ruffles
of both Ras-activated COS-7 cells and M-CSF stimulated macrophages prior to cup
closure (Porat-Shliom et al., 2008, Yoshida et al., 2009, Feliciano et al., 2011). Use of
novel Forster resonance energy transfer (FRET) microscopic methods in Cos-7 cells and
mouse macrophages suggested that Rabb is activated immediately following its
recruitment to macropinosomes (Feliciano et al., 2011). However, as of yet the

functional role of Rab5 during cup formation and closure has not been clarified.

1.4.1.1 Recycling of plasma membrane proteins

Macropinocytosis and phagocytosis leads to non-specific internalisation of vast
portions of the plasma membrane (Kerr and Teasdale, 2009, Racoosin and Swanson,
1992, Steinman et al., 1976), including large amounts of plasma membrane proteins
such as phagocytic receptors. This poses a significant problem, particularly in cells
undergoing constitutive macropinocytosis such as macrophages which are estimated to
internalise their entire cell surface by this pathway in ~30mins (Steinman et al., 1976).
To prevent degradation and maintain a steady state level of receptors at the plasma

membrane these proteins need to be rapidly recycled early during maturation.

Recently, we showed that recycling from early macropinosomes and phagosomes is

driven by the activity of the Wiscott-Aldrich and SCAR homologue (WASH) complex
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and the retromer sorting complex (Buckley et al., 2016). The retromer complex is made
up of three Vps subunits (Vps35, Vps26 and Vsp29) and a sorting nexin (SNX)
heterodimer (SNX1/SNX2 and SNX5/SNX6) (Seaman et al., 1997, Seaman et al., 1998,
Wassmer et al., 2007) to direct protein retrieval from endocytic compartments (Seaman
et al., 1997, Seaman et al., 1998, Wassmer et al., 2007). The WASH complex is
responsible for generating patches of actin on endosomes through activation of the
Arp2/3 complex (Gomez and Billadeau, 2009, Derivery et al., 2009). WASH and
retromer directly interact on endosomes, partitioning the retromer complex and its
cargos into actin subdomains and driving their retrieval into recycling vesicles

(Seaman et al., 2013).

In Dictyostelium, WASH and retromer localise immediately following internalisation,
and are lost after 2 minutes (Buckley et al., 2016) (Figure 1.7). This burst of recycling is
essential for cells to maintain surface levels of proteins such as integrin receptors, to
maintain their phagocytic capacity. It is not yet clear how this fleeting WASH and
retromer localisation is achieved. Although the FAM?21 tail of the WASH complex is
required for sequestering the retromer complex into discrete subdomains, WASH and
retromer are recruited to macropinosomes and phagosomes independently of each
other (Buckley et al., 2016). Both the sorting nexin heterodimer and the Vps subunits of
the retromer complex have been found to be involved in its localisation. SNX1 and
SNX5 recruitment is dependent on binding to PI(3)P (Wang et al., 2010, Lim et al., 2012,
Lim et al., 2008), whereas the Vps subunits require GTP-bound Rab? for localisation
(Seaman et al., 2009, Rojas et al., 2008). Interestingly PI(3)P localisation on phagosomes
(Ellson et al., 2001, Clarke et al., 2010, Kim et al., 2014) and macropinosomes (Jason
King, unpublished) persists for much longer than that of retromer (Buckley et al., 2016)

and in EGF-stimulated macropinocytosis, active Rab7 peaks long after retromer is lost
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(Yasuda et al., 2016). This suggests additional mechanisms must be involved in the

recruitment of these protein complexes.

Tubulation has been proposed to be involved in WASH- and retromer-mediated
protein recycling, in which portions of the membrane are pinched off in tubular
structures allowing for both proteins and membrane to be extracted. SNX family
proteins have been implicated in tubule formation. SNX proteins can oligomerise and
often contain BAR domains which can induce membrane curvature (van Weering et al.,
2012). Tubulation of macropinosomes was recently described to require the sorting
nexin SNX5, a component of the retromer complex (Kerr et al., 2006). SNX5 colocalised
with Rabankyrin-5, a Rab5 effector protein, on macropinosomes. In agreement with
previous findings, localisation of SNX5 to macropinosomes was dependent on SNX1,
which binds to PI(3)P (Cozier et al., 2002, Kerr et al., 2006). Shortly after internalisation
SNX5-positive tubules were visible projecting from the macropinosomes (Figure 1.7)
that later subsided. SNX5-positive tubules tracked the movement of microtubules,
moving towards the centre of the cell and were diminished by addition of the
depolymerising agent nocodazole (Kerr et al., 2006), suggesting that tubule generation
could be driven by the pushing and pulling forces of microtubules. However whether
these SNX5-positive tubules observed are required for early protein recycling to the

membrane, remains to be determined.

1.4.1.2 Acidification and proteolysis

Acidification of macropinosomes and phagosomes is achieved by recruitment of the
Vacuolar (V)-ATPase during maturation. The V-ATPase pumps protons across the
membrane decreasing macropinosome and phagosome pH and allowing proteolytic
enzymes to function efficiently. This is essential for degradation of macropinosome

and phagosome contents. The V-ATPase is observed on macrophage phagosomes
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following the loss of filamentous actin from nascent vesicles implying acidification

begins to occur immediately following internalisation (Sun-Wada et al., 2009).

In RAW 264.7 cells localisation of the V-ATPase ¢ subunit to early phagosomes was
found to be mediated by Synaptotagmin (Syt) V, a regulator of exocytosis, which was
also required for the recruitment of the hydrolytic enzyme cathepsin D but not
cathepsin B (Vinet et al., 2009). Interestingly this selective, sequential delivery of
hydrolases was also observed in J774 mouse macrophages where cathepsin A was
delivered to phagosomes earlier than cathepsin D (Garin et al., 2001) and in
Dictyostelium where sugar modifications of hydrolyases dictated whether they were
delivered in an early or later phase (Neuhaus and Soldati, 1999). How the different
hydrolases would be segregated for sequential delivery is an intriguing question, and

one that deserves further study.

A potential regulator of V-ATPase and hydrolytic enzyme delivery is the lipid
PI(3,5)P2. PI(3,5)P2 is generated by phosphorylation of PI(3)P by the PI5 kinase PIKfyve,
recruited to endosomes by its FYVE domain which binds to PI(3)P (Cabezas et al.,
2006). The role of PIKfyve and PI(3,5)P; in acidification and proteolysis is currently
disputed. Several studies which have measured vesicular pH at a single time point
have shown that PIKfyve is required for acidification (Bak et al., 2013, Nicot et al., 2006,
Jefferies et al., 2008, Yamamoto et al., 1995), but others found that disruption of
PIKfyve had little effect on phagosomal pH (Ho et al., 2015, Kim et al., 2014, Krishna et
al., 2016). Similar differences were observed when monitoring proteolytic activity,
with reports that disruption of PIKfyve had no effect (Krishna et al., 2016, Nicot et al.,
2006), while others found defective proteolysis (Kim et al., 2014). The role of this lipid

during this process remains to be resolved and is a major subject of this thesis.
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1.4.1.3 Vesicle fission and shrinkage

Extraction of membrane from macropinosomes leads to a gradual shrinkage in
macropinosome volume and concentration of contents (Buckley and King, 2017).
PIKfyve, the kinase responsible for PI(3,5)P> formation, was recently demonstrated to
be required for macropinosome shrinkage in macrophages (Krishna et al., 2016) and
phagosome shrinkage in MCF and HEK cells and C. elegans (Krishna et al., 2016). This
is in agreement with formation of enlarged vesicles upon PIKfyve disruption, observed
in all cell types and organisms used to study it (Rutherford et al., 2006, de Lartigue et
al., 2009, Krishna et al., 2016, Nicot et al., 2006, Kim et al., 2014, Jefferies et al., 2008, Ho
et al., 2015). Whilst these vesicles are somewhat heterogeneous in nature and contain
some early endosomal markers (Jefferies et al., 2008, Rutherford et al., 2006), the
consensus in the field is that they are enlarged late endosomes/lysosomes, consistent
with a blockage of maturation downstream of PIKfyve (Nicot et al., 2006, Kim et al.,

2014). This suggests PIKfyve may have a conserved and general role in vesicle fission.

How PIKfyve mechanistically controls vesicle fission is subject to some debate and due
to the limited number of identified PI(3,5)P: effector proteins, is poorly understood.
One recently identified PI(3,5)P; effector protein is transient receptor potential
mucolipin 1 (TRPML1), a calcium channel that localises to late endosomes, lysosomes
and phagosomes (Samie et al., 2013, Dong et al., 2010, Li et al., 2013) and is activated by
PI(3,5)P2 (Dong et al., 2010). It was recently demonstrated that disruption of TRPML1
caused swollen endosomal defects and that over expression of active TRPML1, or
treatment with a synthetic TRPML1 agonist could alleviate the swollen vesicle
phenotype in PI(3,5)P, depleted macrophages (Krishna et al., 2016). This suggests that
at least some of the defects seen upon lack of PI(3,5)P; are due to loss of TRPML1
activity although whether or not this is the sole effector protein involved remains to be

determined.
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How TRPML1 might mechanistically control macropinosome shrinkage is not well
understood. TRPMLI1 was recently show to regulate the interaction between lysosomes
and the microtubule motor dynein, controlling lysosomal transport along microtubules

(Li et al., 2016), providing a potential mechanism for driving macropinosome fission.

1.4.2 Late stages

1.4.2.1 Rab5 to Rab7 switch

The Rabb5 to Rab7 switch is a key stage in the transition from an early to a late
compartment (Kerr and Teasdale, 2009). Conversion of Rab5 to Rab7 requires Rab5-
GTP hydrolysis and release from the membrane, along with recruitment and activation
of Rab7 (Egami et al., 2014). The protein complex that mediates this transition in
mammalian endosomes is the recently identified Mon1-Ccz1 complex (Kinchen and
Ravichandran, 2010). Monla preferentially interacts with Rab5 and together with Ccz1
forms a complex which can dissociate Rab7-GDI, allowing recruitment and activation

Rab7 through the complex’s GEF activity.

Recently the dynamics of the Rab5-Rab7 switch was observed in macropinosomes in
mammalian cells (Yasuda et al., 2016). Rab7 gradually localised to macropinosomes,
reaching an intermediate levels at 10 minutes post-internalisation, and continued to
increase until it peaks 20-40 minutes after internalisation. This suggests that moderate
amounts of Rab7 and some Rabb5 are present during early phases of maturation,
whereas as high levels of Rab7 but not Rab5 are present during late stages. In
agreement with this the Mon1-Ccz1 complex also increases gradually, peaking at 10
minutes and suggesting that there is a gradient of increasing Rab7 and decreasing Rab5

activity throughout maturation.

1.4.2.2 Lysosomal fusion
During phagosome maturation, fusion with lysosomes is proposed to be dependent on

Rab?7 and its effector Rab7-interacting lysosomal protein (RILP). The dynein-dynactin
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recruitment domain of RILP was essential for formation of tubules emanating from
phagosomes in RAW 264.7 macrophages, suggesting that they are driven by
microtubule interactions. Rab7 and RILP were also required for centripetal movement
of phagosomes and fusion with lysosomes and late endosomes, necessary for efficient

acidification (Harrison et al., 2003).

Another protein proposed to be involved in lysosome fusion is SEPT2, a member of the
septin family. Septins are filamentous GTPases that form higher-order cytoskeletal
structures on various membranes (Mostowy and Cossart, 2012). In mammalian
epithelial cells, SEPT2 is involved in macropinosome-lysosome fusion (Figure 1.7).
SEPT?2 localises to sites where macropinosomes appear docked with other vesicles,
prior to fusion events and was present on compartments containing Rab7 suggesting it
localises with more mature, PI(3,5)P> containing macropinosomes. Consistent with this,
inhibition of PI(3,5)P2 formation using PIKfyve inhibitors reduced the amount of
SEPT2 localisation on macropinosomes in MDCK-II (Madin-Darby canine kidney) cells
(Dolat and Spiliotis, 2016) and knockdown of SEPT2 led to a decrease in fusion and

visible clusters of unfused but docked macropinosomes.

Although the PI(3,5)P; effector TRPML1 has been demonstrated to mediate
phagolysosomal fusion and phagosome degradation (Dayam et al., 2015, Kim et al.,
2014), acidification and digestion of macropinosomes appears to be unaffected
(Krishna et al., 2016). Whether this implies a fundamental difference between the
regulation of phagosome and macropinosome maturation, or different requirements

for cells to process solid particles versus aqueous vesicles is not clear.

Whilst septins and TRPML1 have been implicated in fusion events, how they
mechanistically lead to fusion between membranes remains to be determined but could
involve similar proteins to those involved in docking and vesicle fusion in endosomes

such as SNARE and VAMP proteins (Jahn and Scheller, 2006).
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1.4.2.3 Fate of matured macropinosomes and phagosomes

What happens to macropinosomes and phagosomes after completion of maturation is
perhaps the least well understood area of heterophagy. There are several possible fates
of these matured vesicles, whether they occur in all cell types or for both types of

heterophagy is unknown.

Exocytosis of indigestible contents of macropinosomes or phagosomes is a process that
has been well documented in Dictyostelium. After completion of maturation, a second
later phase of WASH and retromer recruitment occurs. This facilities reneutralisation
of vesicles due to due to the removal of the V-ATPase and hydrolase retrieval and
occurs prior to fusion with the plasma membrane and expulsion of any indigestible
material (Carnell et al., 2011, King et al., 2013, Maniak, 2001). In addition, similar
neutral, post-lysosomal structures have been visualised in HeLa cells (Johnson et al.,
2016), whether these structures are present in other cells and if they are formed in a

similar mechanisms to those in Dictyostelium remains to be determined.

Delivery of lysosomes to forming phagocytic cups has been described in macrophages,
particularly during phagocytosis of large objects (Samie et al., 2013, Dayam et al., 2015).
Transient localisation of TRPML1 was observed at phagocytic cups (Samie et al., 2013)
and in macrophages lacking in TRPML1, the efficiency of phagocytosis or large objects
decreased overtime (Samie et al., 2013, Dayam et al., 2015). Similar phenotypes were
also observed in macrophages treated with the PIKfyve-specific inhibitor Apilimod
(Kim et al., 2014). In addition a role for PI(4)P has also been suggested in this process;
in a similar manner to TRPML1 localisation, fleeting PI(4)P localisation was observed
at phagocytic cups (Levin et al., 2017). However, exocytosis of late endosomes to
macropinocytic or phagocytic cups was found not to occur in Dictyostelium (Charette
and Cosson, 2006). Whether this form of exocytosis occurs in all cell types or only

under certain circumstances such as uptake of large objects remains to be determined.
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A final possibility is fusion of mature vesicles with nascent macropinosomes and
phagosomes, allowing delivery of hydrolases to these compartments. It is possible that
in professional phagocytes and cells undergoing constitutive macropinocytosis,
lysosomes are derived from matured macropinosomes and phagosomes, rather than

being distinct organelles generated de novo.
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Figure 1.7) Recruitment of proteins involved in tubulation, fission and fusion. After formation, macropinosomes undergo a
series of rearrangements. This starts with the WASH/retromer-driven retrieval of plasma membrane proteins, and is accompanied by
gradual transitions in Rab GTPase recruitment and PIP composition. During this progression, there is both fusion with vesicles
containing lysosomal components as well as tubulation and shrinkage, most likely assisted by microtubule interactions.
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1.5 Dictyostelium as a model organism

A useful model to investigate the mechanisms of heterophagy and the main system
used in this work is the amoeba Dictyostelium discoideum. Dictyostelium are free-living
professional phagocytes and are able to perform phagocytosis and macropinocytosis at
a higher rate than both macrophages and neutrophils (Cardelli, 2001). Additionally
they can rapidly chemotax towards folate secreted by bacteria in a similar manner to
mammalian phagocytes (Devreotes and Zigmond, 1988, King and Insall, 2009, Nichols

et al., 2015).

Originally isolated from soil in the 1930s (Raper and Thom, 1932), wild-type stains of
Dictyostelium discoideum cannot grow axenically and require bacteria as a food source.
In the 1970s two independent mutant strains (Ax2 and Ax3) were generated that were
able to grow axenically, in complex culture without the need for bacteria (Watts and
Ashworth, 1970, Loomis, 1971). These axenic strains (along with another, Ax4) are now
commonly used for research due to their ease of culture both axenically and on
bacteria, genetic tractability and haploid genome that has been fully sequenced
(Eichinger et al., 2005, Cardelli, 2001). In addition to this, as many of the molecules and
mechanisms involved in macropinocytosis and phagocytosis are highly conserved
between Dictyostelium and mammalian professional phagocytes (Cardelli, 2001, Dunn
et al., 2018), Dictyostelium are ideal models for studying both heterophagy and

intracellular defence mechanisms (Steinert et al., 2003, Dunn et al., 2018).

Many of the small GTPases and actin related proteins such as WASP, SCAR/WAVE
and WASH are conserved in Dictyostelium and function in the same way during
macropinocytosis and phagocytosis (Annesley and Fisher, 2009), however there are a

few differences.

34



Dictyostelium are lacking in homologues of Cdc42 and Rho proteins, despite having 14
Rac homologues. Some Dictyostelium Racs are divergent compared to human Racs
suggesting that some Dictyostelium Rac proteins could fulfil the roles of Cdc42 and Rho
(Wilkins and Insall, 2001), for example RacG has been proposed to function in a similar

role to Cdc42 (Somesh et al., 2006b).

While the small GTPases activated downstream of receptors appear to be largely
conserved, the receptors themselves differ between mammalian phagocytes and
amoeba, for example the FcyR and receptor tyrosine kinases are not found in
Dictyostelium (Insall, 2005). Dictyostelium contain the Sib family of proteins which are
similar to mammalian integrin-f3, having a comparable domain structure and
conserved binding to talin (Cornillon et al., 2006). Dictyostelium also contain
homologues of mammalian scavenger receptors, one of which, LmpB has been
proposed to function as a phagocytic receptor (Dunn et al., 2018). Dictyostelium G-
protein coupled receptors such as the recently identified folate acid receptor, fAR1,

have been implicated in both chemotaxis and phagocytosis (Pan et al., 2016).

Phosphatidylinositol phosphates are central to coordinating macropinocytosis and
phagocytosis. Whilst these same lipids exist in Dictyostelium they differ slightly in that
the lipid is joined to the sn-1-position of the glycerol backbone by an ether, rather than
an ester linkage; as such the Dictyostelium lipids are plasmanylinosides rather than
phosphatidylinositides (Clark et al., 2014). This slight difference in chemistry does not
appear to affect downstream functions as these are mediated by interactions with the
inositol headgroup rather than the lipid chain and Dictyostelium has been used widely
for the analysis of phosphoinositide signalling (Calvo-Garrido et al., 2014, King et al.,

2009, Kortholt et al., 2007, Dormann et al., 2004).

Despite small differences, macropinocytosis and phagocytosis between Dictyostelium

and mammalian phagocytes are highly conserved. As Dictyostelium are themselves
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professional phagocytes, readily take up pathogens, undergo constitutive
macropinocytosis and are genetically amenable, they are an excellent model organism
with which to address important unanswered questions of macropinosome and

phagosome formation and maturation.
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1.6 Project aims

This project is split into two parts: chapters 3 and 4 being focused on the role of
PIKfyve and a potential PIKfyve effector SnxA in macropinosome and phagosome
maturation and chapter 5 investigating the coordination of Rho and Ras small GTPases

in macropinocytic and phagocytic cup formation.

1.6.1 Aim one: Investigating the role of PIKfyve during macropinosome and

phagosome maturation
The role of PIKfyve, the kinase responsible for PI(3,5)P, formation remains subject to
debate and while some studies found it was required for acidification and proteolysis
during maturation, others found the opposite. All of the previous research to date has
relied on the use of single timepoint measurements to analyse the effects of PIKfyve
disruption. To better investigate the role of PIKfyve, changes in phagocytosis and
macropinocytosis was monitored dynamically in PIKfyve- Dicytostelium cells to

elucidate the role of this kinase during maturation.

1.6.2 Aim two: Characterising the role of SnxA during macropinosome and

phagosome maturation
A sorting nexin, SnxA, was identified previously in the lab that localised to vesicles in
a PKfyve-dependent manner suggesting it may be an important effector protein
responsible for PIKfyve-driven defects in maturation. Both the role of this protein in
maturation and the mechanisms of its localisation are unknown. The aim of this section

was to investigate the role of SnxA in maturation.

1.6.3 Aim three: Probing the role of a novel BAR-domain containing protein in

macropinocytic and phagocytic cup formation
While searching for potential interaction partners of SnxA an uncharacterised BAR

domain-containing protein was identified that localised to macropinocytic and
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phagocytic cups. This protein also contained RasGAP and RhoGEF small GTPase
regulatory domains, proving a mechanism that could link membrane curvature with
regulation of the actin cytoskeleton during cup formation. This aim of this part of the
project was to characterise this BAR domain-containing protein and investigate the

mechanisms of Rho, Ras and BAR activities during cup formation.
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Chapter Two:

Materials and Methods



2.1 Dictyostelium cell culture

Dictyostelium discoideum cells were grown in adherent culture in filter sterilised HL5
medium (Formedium) at 22 °C. Transformants were grown in appropriate antibiotic
selection by addition of either 20 pg/ml hygromycin (Invitrogen), 10 ng/ml G418
(Sigma) or 10 pg/ml blasticidin (Melford). For experiments, cells were typically grown

to an 80% confluency unless otherwise indicated.

2.2 Inhibitor treatment

Cells were incubated in 3 um Apilimod (USBiological) made up in HL5 from a 10 mM

stock solution for 2 hours, unless otherwise stated.

2.3 Extraction of genomic DNA

Extraction of gDNA for cloning was performed by pelleting 5 x 10¢ cells at 580 x g for 2
minutes. The pellet was resuspended in 500 ul DNAzol (Life technologies) followed by
addition of 250 ul of 100% ethanol. The solution was briefly vortexed and left for 5
minutes at room temperature to allow the DNA to precipitate. The solution was
centrifuged at 20,000 x g for 5 minutes, the supernatant was discarded and the pellet
washed in 500 pl of 70% ethanol by centrifuging at 20,000 x g for 2 minutes.
Supernatant was removed carefully using a pipette before addition of 100 pl of freshly

prepared 8 mM NaOH

Extraction of gDNA for screening of knockout clones in a 24 well plate was performed
by pelleting 1 x 10¢ cells at 6000 x g for 30 seconds. The pellet was resuspended in 200
ul of DNAzol followed by addition of 100 ul of 100% ethanol. The precipitation and
wash steps were carried out as described above however the pellet is finally

resuspended in 20 pl of freshly prepared 8 mM NaOH.
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2.4 Generation of cDNA

To prepare cDNA RNA was first extracted using Trizol (Tri Reagent, Sigma). 107
Dictyostelium cells were pelleted at 600 x g for 2 minutes, resuspended in 3 mls of
Trizol, split into 3 x 1.5 ml Eppendorf tubes and incubated for 5 minutes at room
temperature under a fume cupboard. 200 ul of chloroform was added to each tube,
tubes were vortexed and incubated for 3 minutes at room temperature. Samples were
centrifuged at 15,871 x g for 15 minutes at 4 °C. Samples separated into three distinct
layers, an upper aqueous layer containing RNA, a thin white layer containing DNA
and an opaque pink layer containing protein. The aqueous RNA layer was carefully
removed and placed in a fresh Eppendorf tube. 500 pl of isopropanol was added to the
RNA layer and incubated for 10 minutes and room temperature before centrifuging at
15,871 x g for 10 minutes at 4 °C. The supernatant was removed using an aspirator and
the pellet washed in 1 ml of 70% ethanol by centrifugation at 6010 x g for 5 minutes.
The ethanol was removed and pellet left to air dry in a fume cupboard, the pellet was
resuspended in 100 pl of milliQ water and run on a 1% agarose gel to determine purity,
and a nanodrop used to determine concentration. cDNA was prepared from the RNA
using a Revert Aid H minus first strand cDNA synthesis kit (Thermo Scientific)

following manufacturer’s instructions.

2.5 Dictyostelium transformation

Cells were transformed by electroporation. One third of a dish of confluent cells (~ 6 x
10¢ cells) were pelleted at 600 x g for 2 minutes. The supernatant was removed and

cells were resuspended in 0.4 mls of ice cold E-buffer (10 mM KH>PO4 pH 6.1, 50 mM
sucrose) and transferred to 2 mm gap electroporation cuvette containing DNA (0.5 pug
for extrachromosomal plasmids, 15 pg for linearised integrating vectors, and 20 nug for

linearised knockout constructs) on ice. Cuvettes were then electroporated using a Bio-
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Rad Gene Pulser Il with a 5 Q resistor connected at 1.2 kV, 3 puF capacitance, with
resistance set at oo, a time constant of 0.3 ms was typically obtained. After
electroporation cells were immediately transferred to a petri dish containing 10 mls
HL5 and 10 pg/ml doxycycline and incubated at 22 °C. After 24 hours relevant
antibiotic selection was added, cells were left for ~1 week for large colonies to appear

and were then cultured as normal.

2.6 REMI transformation for SnxA-GFP integrating vector

The integrating vector was linearised prior to transformation by digesting the plasmid
with BamHI and DNA was precipitated in 20 pl sodium acetate and 400 pl of ethanol
and resuspended to 1 mg/ml in E buffer. For the transformation ~ 6 x 10¢ cells were
pelleted at 600 x g for 2 minutes. The supernatant was removed and cells were
resuspended in 0.4 mls of ice cold E-buffer and transferred to 2 mm gap
electroporation cuvette containing 15 pg DNA and 100 U of BamHI, a control cuvette
was set up in the same way but without addition of BamHI. Cuvettes were then
electroporated using a Bio-Rad Gene Pulser II with no external resistance at 1.2 kV, 3
uF capacitance, with resistance set at . After electroporation cells were immediately
transferred to a petri dish containing 10 mls HL5 and 10 ng/ml doxycycline and
incubated at 22 °C. A 5-10 fold increase in the number of colonies was obtained in the
presence of BamHI. Cells were plated onto bacteria (as described in bacterial growth
protocol) and individual colonies were picked and transferred into 100 pl of HL5 in a
96 well plate, these were left to adhere for 30 minutes, then washed in LoFlo
(Formedium) and imaged on the spinning disk and select colonies with optimal

expression.
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2.7 Cloning

All gene sequences used for cloning were obtained from dictybase

(http:/ /www.dictybase.org/). All restriction enzymes and buffers used were obtained

from NEB. Gene constructs were designed to be combatable with pDM series of
extrachromosomal vectors (gifted by Douwe Veltman) to allow for GFP and mCherry
tagging of genes. Both the early series of pDM vectors (Veltman et al., 2009) under the
control of the actin 6 promoter and a later series of vectors under the control of the
CoA promoter, which were designed to allow selection during growth on bacteria, are
cleavable with BglII and Spel restriction enzymes to allow insertion of a gene of
interest. Where possible genes were cloned with addition of a 5 BamHI site and a
3’Xbal site. pDM1045 or pDM450 were used for generating C-terminal GFP fusions,
pDM1043 was used for N-terminal GFP fusions, and pDM1097 was used for C-
terminal mCherry fusions. Details of all plasmids, including primers, restriction

enzyme digests are listed in table 1.

Genes were cloned from cDNA by PCR using primeSTAR max DNA polymerase
(Clontech). 2 pl of cDNA was used for template and added to 10 pl primeSTAR max 2x
mix, 0.5 pl of each primer and 7 pl of water. PCR protocol used was as follows:- 30 s at
94 °C, 15 s at 55 °C and extension was performed at 68 °C for 10 s per kb, cycle was

repeated 25 times.

PCR products were blunt end ligated into a zero blunt TOPO II vector (Life
Technologies) as per manufacturer’s instructions and heat shock transformed into
DHb5a E. coli (lab made) and plated onto kanamycin resistance LB plates. Colonies were
picked from plates, plasmid DNA was isolated by mini-prep (Geneflow), and

restriction digests were performed to confirm plasmid identity.
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For fusion tagging plasmids were cut with indicated restriction enzymes (table 1) and
ligated using T4 DNA ligase (Thermo Scientific) for 1 hour at room temperature. For
ligations a 3:1 ratio of insert to vector was used as this increased colony yield. Ligations
were heat shock transformed into DH5a E. coli and plated on ampicillin LB plates.
Colonies were picked from plates, plasmid DNA was isolated by mini-prep and

restriction digests were performed to confirm plasmid identity.

RGBarG (DDB_G0269934) was cloned using a 5" primer with a Bcll site and a 3'Nhel
site as there was already both BamHI and Nhel sites in the sequence (pCB20). To make
this compatible with pDM vectors the BamHI site in the gene was mutated using site
directed mutagenesis with primers to mutation the GGATCC BamHI site to GGACCC
(pCB21). Site directed mutagenesis was performed by PCR as described above except
for 18 cycles as opposed to 25. After PCR reaction 1 ul of Dpnl restriction enzyme was
added to the amplification and incubated for 1 hour at 37 °C to digest parental DNA, 2
ul of this reaction was then heat shock transformed into DH5a and plasmid was
purified as described above. A new forward primer was designed to add a 5" BamHI
site to the gene by PCR using linearised pCB21 as a template, this was then TOPO

cloned (pCB31) to make a plasmid suitable for tagging.

To generate a SnxA-GFP integrating vector (pCB40), SnxA pJSK615 (SnxA gene in
TOPO blunt II) was inserted into pDM1053, an integrating C-terminal GFP vector.
This was then transformed into cells following REMI (restriction enzyme-mediated

insertion) transformation protocol.

A G418 resistant VatB-mRFP construct was generated so that it could be used in
combination with SnxA-GFP (hygromycin resistant). The original VatB-mRFP
construct (pMJC94) contained a hygromycin resistance gene, this was switched for a

neomycin resistance gene obtained from pMJC31 by restriction digest and re-ligation.
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RGBarG-GFP constructs lacking in each one of the four domains and constructs
containing the domains alone were generated by PCR using pCB31 as a template, with
the exception of the AGAP (as the GAP domain includes the c-terminus of the gene),
the domain deletions were cloned in two parts which were then stitched together by

PCR using 5" and 3" most primers (see table 1 for details).

To make the BAR domain mutant residues 1433-1435 were all mutated to glutamate
residues (RKR-EEE). To make the GAP point mutation R1792 was mutated to a lysine.
For the mutations primers were designed in both the forward and reverse orientations
containing the desired mutations (BAR mutant primers: fw-

CTGAAATGGAAGAAGAAGTTTTCGAATCTCATAC,

CGAAAACTTCTTCTTCCATTTCAGTAATCAATGG, GAP mutant primers: fw-
CTTTATTCAAATCCAATACAACCGCTACTAAGTTG, rv-
GTATTGGATTTGAATAAAGTGGATGGATTAGCAG). PCR was performed using
pCB31 cut with BamHI/Nhel as a template. Mutants were cloned in two sections;
section 1 using RGBarG 5 fw primer and mutant rv primer, section 2 using mutant fw
primer and RGBarG 3’ rv primer. Nested PCR was used to stick the two sections
together using a 5’ fw primer closer to the mutation and containing a Clal restriction
site in the centre of the sequence (For both BAR and GAP mutations: fw-
ggatccATGAGAGATAAATTCTGTTGGAAATTATTAGAAAC) the nested PCR
products were cloned into TOPO vectors (BAR mutant pCB126, GAP mutant pCB127).
To create GFP fusions of the mutants the nested TOPO vectors and RGBarG-GFP
vector (pCB31) were digested with Clal and Nhel then ligated together to create

RGBarG with either BAR or GAP mutations with a C-terminal GFP tag.
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2.8 Generation of knockouts

Knockout cells were generated by homologous recombination. For RGBarG gene
disruption a 3651 bp region in the centre of the gene was deleted and replaced with a
blasticidin resistance gene. A knockout cassette was made by PCR amplification of a 5
portion of RGBarG (primers: fw- CCACCAATCAATACTAGTTCAGGT, rv-
gatagctctgectactgaagCCAATGGTTCAGGTTTACTTGG) and a 3 portion (primers: fw-
ctactggagtatccaagctgGCTCCTTCTCCATTGGTATTGG, rv-
CCAATGATGAAACGATTGACTGG) using pCB20 (linearised with BgllI) as a
template. The lower case letters indicate a cross over sequence into which a LoxP-
flanked blasticidin resistance gene (amplified from pDM1079, a gift from Douwer
Veltman) was inserted. The knockout cassette was cloned into TOPO blunt II (pCB43)
and heat shock transformed into DH5a. Prior to transformation into cells the knockout
cassette was removed from the TOPO vector by restriction digest with EcoRI and DNA
was precipitated as described above (section 2.7). Cells were electroporated with the
linearised construct (as described in section 2.5). The day after, before addition of
antibiotics, the zap cells were resuspended and diluted in HL5 + 1 x blasticidin to a
final volume of 80 mls and seeded into 4 x 96 well plates (200 ul per well). After two

weeks colonies appeared and were screened to identify knockouts.

For PIKfyve (DDB_G0279149) gene disruption was performed in the same way as
described above for RGBarG. An 1335 bp region in the centre of the gene was deleted
and a 5" arm (primers: fw- GGTAGATGTTTAGGTGGTGAAGT, rv-
gatagctctgectactgaagCGAGTGGTGGAATTCATAAAGG) and 3" arm (primers: fw-
ctactggagtatccaagctgCCATTCAAGATAGACCAACCAATAG, rv-
AGAATCAGAATAAACATCACCACC) were amplified using cDNA as a template.
The knockout cassette was cloned into TOPO blunt II (pCB47) and transformed as

described above.
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2.9 Screening for knockout clones

2 ul of gDNA extracted from colonies as described above (section 2.3) was used as a
template for PCR to identify knockouts. Biotaq DNA polymerase (Bioline) was used for
PCR following standard protocol. Primers were designed for screening so that a band
shift was observed if the gene was disrupted (for RGBarG fw-
GGTAATGTTATAAATAGGCCACAACC, rv-

gctagc ITTTATACATTGAAGATGGATCACCTAAG, and for PIKfyve fw:-

GGTATTTCTTTAGCATTAAATGTAAAACC, rv- CCAGCACGCTGTACTGG).

2.10 Axenic growth

To measure growth in liquid culture 2 mls of 0.5 x 105 cells/ ml were seeded into a 6
well plate in duplicate. Cells were counted using a haemocytometer twice daily at 9 am
and 5 pm for 3 days. Average counts for each timepoint were calculated using
Microsoft excel, the doubling time was calculated on Graph pad prism by fitting the

data to an exponential decay (growth curve) equation.

2.11 Bacterial growth

Bacterial growth measurements were performed on SM agar (Formedium) plates on a
lawn of Klebsiella Aerogenes. To create the bacterial lawn a scrapping of K. aerogenes was
taken from a bacterial plate and resuspended in 1 ml of liquid broth (LB) miller
(Molecular genetics), 200 ul of bacterial suspension was spread onto an SM plate.
Dictyostelium cells were counted and three plates of 1, 10 and 100 cells were made up
by pipetting cells onto the plate with the bacterial culture and spreading evenly. Plates
were incubated at 22 °C and plaques on the lawn formed due to bacteria being
consumed by Dictyostelium. Plaque diameter was measured once a day until the

plaques became too large to measure.
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Plaque assays were performed as previously described (Froquet et al., 2009). Serial
dilutions of Dictyostelium cells (10-10%) were placed on bacterial lawns and grown until
visible colonies were obtained. The bacterial strains were kindly provided by Pierre
Cosson and were: K. pneumoniae laboratory strain and 52145 isogenic mutant
(Benghezal et al., 2006), the isogenic Pseudomonas aeruginosa strains PT5 and PT531
(rhIR-lasR avirulent mutant) (Cosson et al., 2002), E.coli DH5a (Fisher Scientific), E. coli
B/r (Gerisch, 1959), non-sporulating Bacillus. subtilis 36.1 (Ratner and Newell, 1978),
and Micrococcus luteus (Wilczynska and Fisher, 1994). An avirulent strain of K.

pneumophila was obtained from ATCC (Strain no. 51697).

2.12 Endocytosis

For endocytosis measurements 10 mls of 5 x 10¢ cells/ml were incubated in shaking
culture, at 150 rpm for 2 hours. 100 pul of cells were removed and pelleted at 7000 x g
for 30 s and reserved for a protein assay. 200 ul of 100 mg/ml FITC dextran (molecular
mass 70 kDa, Sigma) was added to culture and 500 pl of cells removed at 0, 15, 30, 45,
60, 90 and 120 minutes following FITC addition and added to 1 ml ice-cold KK2 (10
mM KH>PO, pH 6.1). This was then pelleted at 7000 x g for 30 s, washed once in 1 ml

ice-cold KK2 and frozen until analysis.

To analyse, cell pellets were resuspended in 200 ul lysis buffer (50 mM Na,HPO, pH
9.3,0.2 % triton X100), 180 pl of this are transferred to a 96 well plate and fluorescence
measured on a plate reader at 485 nm excitation and 520 nm emission. Fluorescence

values obtained were normalised to amount of protein.

2.13 Phagosome acidification and proteolysis measurements

Phagosome acidification and proteolysis measurements and preparation of labelled
beads for the experiment were performed following a previously published protocol

(Sattler et al., 2013).
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To make proteolysis (DgGreen) and acidification (FITC/ Alexa 594) beads 50 mg of 3
pm carboxylated silica particles (Kisker Biotech) were washed three times in 1 ml of
PBS (pH 7.2) by vortexing and centrifugation at 2000 x g for 1 minute. Beads were
resuspended in 700 pl PBS + 25 mg/ml cyanamide (Sigma) and incubated shaking for
15 minutes at room temperature. To remove cyanamide beads were washed twice in
coupling buffer (0.1 M sodium borate in ddH>O pH 8- filtered) at 2000 x g for 1 minute.
Beads were then incubated shaking at 4 °C overnight with 5 mg of defatted BSA
(Sigma) for pH beads, or 1 mg of DQgreen-labeled BSA (DQgreen BODIPY BSA,
Invitrogen) and 250 pg of defatted BSA for the proteolytic reporter beads. To quench
unreacted cyanamide beads were then washed twice in quenching buffer (250 mM
glycine in PBS pH 7.2- filtered) at 2000 x g for 1 minute, followed by washing twice in
coupling buffer to remove soluble amine groups. Beads were then resuspended in 700
pl of coupling buffer plus 0.25 mg FITC (Invitrogen) and 0.25 mg Alexa 594
succinimidyl ester (Invitrogen) for the pH sensitive beads, and 0.25 mg of Alexa 594
succinimidyl ester for the proteolysis beads. Beads and dyes were incubated for 1 hour
shaking at room temperature. Beads were then washed once in quenching buffer at
2000 x g for 1 minute and twice with PBS then resuspended in 1 ml of PBS + 0.01% w/v

sodium azide and stored in the dark at 4 °C until use.

Prior to use beads were washed in PBS and diluted to 1.25 x 101 beads/ml. Cells were
washed twice in LoFlo medium (Formedium) at 280 x g for 4 minutes and resuspended
to 3 x 106 cells/ml. 100 pl of cells were seeded in triplicate into each well of a 96-well
black clear bottomed plate (Cell Carrier) and allowed to attach for 30 minutes. 10 pl of
acidification or proteolysis beads were added to the cells (bead: cell ratio of 1:2 1.5 x 107
beads/ml) and the plate was centrifuged at 160 x g for 10 seconds to synchronise
uptake of the beads. Cells were washed quickly with 100 pl LoFlo by blotting and

fluorescence was measured on plate reader (Synergy Mx. Biotek) every 1.5 minutes for
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240 minutes at either 500 nm and 594 nm excitation (proteolysis) or 495 nm and 547 nm

(acidification).

For analysis, the proteolytic activity within bead-containing phagosomes was
calculated as the ratio of 500/594 nm which normalised DQgreen signal to uptake as
measured by the Alexa 594 signal. Similarly the ratio 495/547 was used to quantify the
change in pH, this was then converted to pH values using a pre-prepared calibration
curve. To generate the calibration curve 10 pl of beads were incubated in buffers of
known pH (3, 3.5, 4, 4.5,5,5.5, 6,6.5,7,7.5 and 8) and fluorescence measured on the
plate reader using settings detailed above, a calibration curved was drawn and used to

convert acidification measurements into pH values (Appendix 7.1).

2.14 Fluid phase proteolysis

To measure fluid phase proteolysis 3 x 10¢ cells/ml were washed twice with LoFlo
medium (Formedium) by centrifugation at 280 x g for 4 minutes. 100 pl of cells (3 x 105
cells) was added in triplicate to a 96 well black, clear bottom plate (Cell Carrier) and
left to attach for 30 minutes. Media was removed from the wells carefully by blotting
onto tissue then 100 ul of 0.2 mg/ml DQ-BSA solution (in LoFlo) was added to the
wells, except for three wells used to measure the background in triplicate to which 100
ul of LoFlo was added. Cells were incubated in DQ-BSA for 2 minutes then wells were
washed 3 thrice with 100 pl of LoFlo and fluorescence was measured on a plate reader
(Synergy MXx, Biotek) every 30 s for 15 minutes at 495 nm. Reads were normalised to 12
minutes as the final timepoint as this was the point when then signal stopped

increasing,.

2.15 Phagocytosis of beads or Mycobacteria by flow cytometry

GFP-expressing Mycobacteria smegmatis (from Thierry Soldati) or 1 pm and 4.5 pm YG-

carboxylated polystyrene beads (Polysciences Inc) were used to measure phagocytosis
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by flow cytometry as described (Sattler et al., 2013). Bacteria were prepared by
centrifuging an ODspo 1 (1 x 10° bacteria/ml) culture of bacteria at 10,625 x g for 4
minutes and resuspending in 1 ml of HL5 medium. Bacteria were pelleted again and
resuspended in HL5 medium to obtain a multiplicity of infection (MOI) 100 (1 x 108
bacteria). To unclump and separate the bacteria, the bacterial suspension was passed
through a 26-gauge needle syringe prior to starting the experiment. For 1 pm and 4.5
pm beads a 200:1 and 10:1 ratio of beads:cells was used respectively. 45 pl (1 pm) or 200
pl (4.5 pm) was washed twice in 1 ml of HL5 by centrifuging for 5 minutes at 14,674 x g
then resuspended in 500 pl of HL5. Prior to starting the experiment beads were

sonicated in a water bath sonicator for 2 minutes and stored on ice.

Before starting the experiment 3 mls of ice cold Sorensen sorbitol + 5 mM sodium azide
were added to falcon tubes (one tube for each time point) and stored on ice and
centrifuge was pre-cooled to 4 °C. 107 Dictyostelium cells were spun down and
resuspended to 2 x 10¢ cells/ml. 5 mls of cells was put into each well of a 6 well plate
and incubated in shaking culture (150 rpm) for 2 hours at room temperature. 500 pl of
sample were taken for 0 time point then 500 pl of beads of bacteria were added to the
cells and 500 pl aliquots taken over time (0, 10, 20, 30, 40, 60 and 90) and added to pre-
prepared 15 ml falcon tubes containing SSB + azide . Following each time point falcons
were centrifuged without the lid at 100 x g for 10 minutes, supernatant was removed
and pellets were resuspended in 500 pl of ice cold SSB using cut 1000 pl pipette tips,
transferred to tubes for flow cytometry analysis and stored on ice. Fluorescence was

measured by flow cytometry and analysed using FloJo software (Sattler et al., 2013).

2.16 Phagocytosis of bacteria by ODesoo nm

A 50 ml culture in LB of either Klebsiella aerogenes or E. coli was set up from a scrapping

of bacteria from an LB agar plate and incubated at 37 °C overnight. The following
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morning the 10 mls of overnight culture was diluted into 250 mls of LB and grown in
shaking culture at 37 °C until an OD600 of 0.7. 3 plates of 80% confluent Dictyostelium
cells were washed thrice in 20 mls of SSB by centrifugation at 600 x g for 2 minutes.
Cells were resuspended to 2 x 10¢ cells/ml and 10 mls of each cell line were added to
100 ml conical flasks in shaking culture at room temperature, experiment was
performed in triplicate. 10 mls of bacterial suspension were added to each flask. 1 ml
samples were taken at 30 minute intervals over 300 minutes and OD600 was measured

on a spectrophotometer.

2.17 Killing assay

Killing assay protocol was adapted from protocol used in P. Cosson lab (Leiba et al.,
2017). An 80% confluent dish of cells is pelleted at 600 x g for 2 minutes and
resuspended in Sorenson sorbitol buffer (SSB) (15 mM KH>POs, 2 mM Na>HPOy, 120
mM sorbitol, pH 6.8) at 1 x 106 cells/ml. 280 ul SSB and 10 pl of an overnight culture of
GFP-Klebsiella aerogenes were added to a microscope dish and allowed to sediment for 5
minutes. 1.5 mls of Dictyostelium cells were added dropwise, being careful not to
disturb the bacteria, to the dish and allowed to sediment for 10 minutes. Pictures were
taken every 20 s for 40 minutes using a Zeiss Axiovert 100 widefield microscope with a
Hamamatsu Orca ER camera running pManager software (Edelstein et al., 2010,
Edelstein et al., 2014) using a LD A-plan 20x objective. Killing was defined as loss of

the GFP signal.

2.18 Mycobacterium marinum infection assays

Luminescent mycobacteria (Soldati Lab) were grown for a minimum of 48 hours in
7H9 medium at 32 °C to an ODeoo of 1. Dictyostelium cells were grown in 10 ml petri
dishes to a confluency of 100% (approx. 4x10¢ cells/ml), so that the entirety of the

bottom of the dish is covered to prevent sticking of bacteria. Prior to infection 5 mls of
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media was removed from the petri dishes leaving 5 mls remaining. For each dish of
Dictyostelium 5x108 bacteria/ ml were pelleted by spinning at 900 x g for 10 minutes
before being resuspended in 500 ul 7H9 medium. Bacteria were de-clumped by
syringing through a blunt 25 gauge needle 10 times. Bacteria were added to
Dictyostelium petri dishes and tilted to distribute evenly. Dishes were then sealed with
parafilm and centrifuged at 500 x g for 15 minutes at room temperature, petri dishes
were then rotate to redistribute bacteria and centrifuged again at 500 x g for 15 minutes
at room temperature. Dishes were removed from the centrifuged and left for 20
minutes to allow Dictyostelium to phagocytose the bacteria. Extracellular bacteria were
washed off by gently flowing HL5 media over the petri dishes several times, until no
extracellular bacteria could be detected by microscopy. Dictyostelium cells were washed
and resuspended in HL5 + penstrep (to kill any remaining extracellular bacteria). 1x10¢
Dictyostelium cells/ ml were plated in a 96 well plate in triplicate, the amount of
luminescence was detected by plate reader which recorded luminescence every hour

for 60 hours at 25 °C.

2.19 Phagopreps

Phagopreps were performed following a protocol from Thierry Soldati’s lab.
Phagosome maturation was studied across 6 timepoints: after a 5 minute pulse of
beads (P1), after a 15 minute pulse of beads (P2), after a 15 minute pulse of beads
followed by a 15 minute chase (P3), a 45 minute chase (P4), a 1 hour 45 minute chase
(P5), and a 2 hour 45 minute chase (P6). 10 x 250 ml conical flasks containing 100 mls

HL5 were set up (1 for each timepoint).

2 x 2 mls of 0.807 um latex beads (Sigma LB-8) were washed twice in SSB pH 8.0 by
centrifugation at 15,871 x g for 5 minutes. Beads were resuspended in 1.5 mls of BBS

pH 8.0 and sonicated in a water bath for 5 minutes before being stored on ice. 8 x 10°
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Dictyostelium cells were pelleted at 600 x g for 8 minutes at 4 °C, washed once in 50 ml
SSB pH 8 and resuspended in 20 mls SSB pH 8. Latex beads were added to the cells
and final volume was topped up to 33 mls in SSB then incubated for 15 minutes at 4 °C
to allow binding of the beads to the cell surface whilst preventing phagocytosis. 5 mls
of the cell/bead suspension was added to flasks P6 to P3, 6 mls to P2 and 7 mls to P1
and the flasks were mixed on an orbital shaker at 120 rpm at 22 °C. At the indicated
pulse times phagocytosis was stopped by pouring contents of each conical flask into
centrifuge tubes containing 330 mls ice cold SSB and centrifuged at 600 x g for 8
minutes at 4 °C to remove medium and excess beads. Cells were washed once in 50 mls
ice-cold HESES buffer (10 mM HEPES pH 7.2, 125 mM sucrose). Samples P1 and P2
(and C1-C4 after chase time) were washed a second time in 50 mls ice-cold HESES
buffer and cell pellet was kept on ice. Samples P3-P6 were resuspended in 5 mls ice-
cold HL5 and added to new 250 ml conical flasks containing 100 mls of HL5 at room

temperature for chase points, at indicated chase times cells were treated as above.

All following steps were carried out on ice in the cold room. Cell pellets where
resuspended in 2 mls HESES + complete protease cocktail inhibitor (Roche 1 873 580)
and homogenised by passing them through a ball homogeniser (HGM, Germany barrel
diameter 8 mm, ball diameter 7.99 mm) 8 times, samples were stored on ice in 15 ml
falcons. Between each sample homogeniser was washed once with 10 mls HESES
buffer. 70 ul 1 M MgCl,, 700 ul ATP (100mM stock in 2.5 M sucrose) and 3.5 mls of
71.4% (v/v) sucrose. Samples were rotated slowly for 15 minutes. Sucrose gradients (4s
ml of 60% (v/v) sucrose, 12 mls of 35% (v/v) sucrose and 12 mls of 25% (v/v)
sucrose) were prepared a day in advance. Samples were added to the 35%-60%
gradient interface using a 1.4 x 100 mm needle connected to a 10 ml syringe. Gradient
was overlayed with 4 mls of 10 % sucrose and tubes were centrifuged at 100,000 x g

(SW28 rotor) overnight, deceleration without a brake, at 4 °C. Phagosomes were visible
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(white) between the 10%-25% interface and were carefully removed using a Pasteur
pipette. Phagosomes were diluted to 14 mls in HESES and concentration measured at

ODs00 nm.

Phagosomes were moved into clean centrifuge tubes, 23 mls of membrane buffer (20
mM HEPES, 20 mM KCI, 2.5 mM MgCl,, 20 mM NaCl, 1 mM DTT) to have a final
volume of 37 mls. Phagosomes were pelleted at 100,000 x g with the brake on for 1
hour at 4 °C. Supernatant was immediately removed and phagosomes were diluted 1:1
in laemmli sample buffer to have a final concentration of 1 ng/ pl. Samples were

heated at 60 °C for 10 minutes and 20 pl were then loaded on a 10% SDS gel.

For phagoprep Western blots the following antibodies were used: rabbit polyclonal
anti-myosin B (Novak and Titus, 1997) used at 1/500 dilution, rabbit polyclonal anti-
dynamin A which was purified against recombinant dynamin A (Wienke et al., 1999)
and used at 1/2000 dilution, mouse monoclonal anti-VatA (Jenne et al., 1998) used at a
1/10 dilution, rabbit polyclonal anti-LmpA (Janssen et al., 2001) used at 1/10,000
dilution, and rabbit polyclonal anti-cathepsin D (Journet et al., 1999) used at 1/2000
dilution. Anti-mouse or anti-Rabbit HRP secondary antibodies were used (Biorad)

used at 1/10000 dilution.

2.20 Folate Chemotaxis

Chemotaxis towards folate was performed under 1% agarose. Protocol was optimised
and adapted from Robert Insall’s lab by myself and James Vines (SURE summer
student). 1% agarose solution in HL5 was made up and poured into P60 petri dishes
(Thermo Scientific 130181) and allowed to set overnight at room temperature in a
humidifying chamber. The following day Dictyostelium cells from an 80% confluent
plate were counted and resuspended at 5 x 10¢ cells/ ml. Three parallel wells 2 mm x 39

mm were cut into the 1% agarose dishes 5 mm apart using a razor blade. 200 pl of cells
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were added to the top and bottom wells and 200 pl of 0.1 mM folate (made fresh from
50 mM stock solution) was added to the middle well. The petri dishes were placed
back into the humidifying chamber for 1 hour to allow formation of the folate gradient.
After 1 hour movies were taken on a Zeiss Axiovert 100 widefield microscope with a
Hamamatsu Orca ER camera running pManager software (Edelstein et al., 2010,

Edelstein et al., 2014) using a LD A-plan 20x objective. at 30 s intervals over 1 hour.

2.21 PIP strip and PIP array

For BAR-GFP expressing cells 1 x 107 cells were pelleted at 600 x g for 2 minutes. Cells
were washed once in 1 ml ice cold SSB in a 1.5 ml Eppendorf at 7000 x g for 30 seconds
and lysed in 300 pl RIPA lysis buffer (50 mM Tris HCL pH 7.5, 150 mM NaCl, 0.1%
SDS, 2 mM EDTA pH 8, 0.5% Sodium Deoxycholate, 1 x HALT protease inhibitors)
followed by addition of 300 pul RIPA buffer plus 1% triton X100 and incubated for 45
minutes at 4 °C. For SnxA-GFP expressing cells 200 mls of confluent cells were grown
up, washed once in ice cold SSB, resuspended in 6 mls of TNE buffer - Triton X100 (150
mM NaCl, 5 mM Tris pH 7.5, 1 mM EGTA, 1 mM EDTA) and lysed by passing cells 10
times through a 5 pm filter (Swinnex SX0002500, and isopore membrane filters 0.5 pm
TMTP02500, both millipore). Lysates from both BAR-GFP and SnxA-GFP expressing
cells were then treated in the same way and pelleted at 15,871 x g for 20 minutes at 4 °C
and the supernatant is kept. PIP strips (Echelon Biosciences) were blocked for 1 hour at
room temperature in 3% fatty acid free BSA in TBS-T (20 mM Tris base, 150 mM NaCl,
0.05% Tween 20, pH 7.2). 6 mls of SnxA-GFP supernatant or 600 pl of BAR-GFP
supernatant plus 10 mls TBS-T 3% BSA, was added to the strips and incubated for 1
hour at room temperature. Membrane was washed 3 times in TBS-T 3% BSA before
being incubated with 1:1000 dilution rabbit anti-GFP primary antibody (gifted by
Andrew Peden) for 1 hour at room temperature. Strips were then washed three times

again before addition of 1:10,000 dilution of goat anti-rabbit Alexafluor 680 (Invitrogen
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A21076) for 1 hour at room temperature. Strips were washed a final three times and

then visualised on a Li-cor Odyssey SA.

All PIP arrays (Echelon Biosciences) were performed following the above protocol, in

all cases cells were lysed by filter lysis.

2.22 PolyPIPosomes

200 mls of confluent cells were grown up, washed once in ice cold SSB, resuspended in
6 mls of TNE buffer - Triton X100 (150 mM NaCl, 5 mM Tris pH 7.5, 1 mM EGTA, 1
mM EDTA) and lysed by passing cells 10 times through a 5 pm filter (Swinnex
5X0002500, and isopore membrane filters 0.5 pm TMTP02500, both millipore). Lysates
from both PHcrac-GFP and SnxA-GFP expressing cells were pelleted at 15,871 x g for

20 minutes at 4 °C and the supernatant is kept.

10 pl of each polyPIPosome (Echelon biosciences) bead sample was pelleted in a 500 pl
Eppendorf at 94 x g for one minute, supernatant was carefully removed and pellet
resuspended in 15 pl of TNE buffer -Trition X100. The polyPIPosome bead suspensions
were added to 450 pl of lysate in a 1.5 ml Eppendorf tube and incubated on a rotating
wheel at 4 °C for 2 hours. Samples were then transferred to a 500 ul Eppendorf for the
washing steps. Beads were washes three times in 500 pl of TNE buffer -Trition X100 by
centrifugation at 94 x g for two minutes. To elute bound proteins from the beads
samples were boiled for 5 minutes after addition of 10 ul of 2 x Laemmli sample buffer.

Western blots to confirm specific binding were performed as described below.

2.23 Western Blots

Western blots were performed by pelleting half a confluent dish of cells (~ 1 x 107 cells)
at 600 x g for 2 minutes and resuspended in 200 pl of ice cold lysis buffer (150 mM

NaCl, 5 mM Tris pH 7.5, 1 mM EGTA, 1 mM EDTA, 1% Triton X100) plus 1 x HALT

57



protease inhibitiors (Fisher). Samples were diluted to the same concentrations in 150 pl
final volume after measuring protein concentration using precision red. 50 pl of 4 x
Laemelli sample buffer (0.5 M Tris-HCl pH 8.0, 10% SDS, 10% glycerol, 5% (-
mercaptoethanol and 0.05 % bromophenol blue) was added and samples were boiled
at 100 °C for 5 minutes. Samples were loaded onto an SDS-PAGE gel and run at 200 V.
Proteins were transferred onto hybond C 45 pm nitrocellulose membrane (Amersham
Biosciences) and probed with a rabbit anti-GFP antibody (gifted by Andrew Peden) at
1:1000 dilution, followed by a 1:10,000 dilution of goat anti-rabbit dylight 800
secondary antibody (Thermo Fisher Scientific SA5-35571) and visualised on a Li-cor
Odyssey SA. Streptavidin 680 at 1:20,000 dilution was used as a loading control against

the mitochondrial protein MCCC1 (Davidson et al., 2013).

2.24 Pull downs using GST-tagged Rac proteins

Experiment was performed by Arjan Kortholt's lab as described previously (Plak et al.,
2013). Dicytostelium cells expressing GST-tagged Rac proteins as bait and GFP-tagged
GEF domain of RGBarG as prey were harvested and lysed in 2 mls of LB buffer (10
mM Na,HPO, pH 7.2, 1% Triton X-100, 10% glycerol, 150mM NaCl, 10 mM MgCl,, 1
mM EDTA, 1 mM Nas;VOy, 5 mM NaF) plus protease inhibitor cocktail (Roche). Lysates
were mixed with Gutathione Sepharose H beads (GE healthcare) and incubated on a
rotating wheel at 4 °C overnight. Beads were washed to remove unbound proteins
with PBS and prey proteins were detected by Western blot with an anti-GFP primary

antibody (5C9996).

2.25 Isotope based RasGAP activity assay

Experiment was performed by Arjan Kortholt’s lab. 50 pM of RasG was incubated with
32P radioactive GTP and 20 mM EDTA for 10 minutes at room temperature. MgCl,

was added to a final concentration of 40 mM. RasG was diluted in assay buffer (50 mM
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Tris/PH 7.5, 50 mM NaCl, 5 mM DTT, 5 mM MgCl,) to a final concentration of 10 uM.
135 pl of 1 pM of purified RGBarG GAP domain was made up in assay buffer. Tubes
without the GAP domain were prepared so that the intrinsic RasG activity could be
measured. 10 pl of loaded 32P RasG was mixed with the 135 pl purified GAP domain.
For each timepoint 10 pl of the RasG-GAP mixture was aspirated into 400 ul of charcoal
solution and mixed vigorously, 150 pl of this solution was then added to four mls of
scintillation fluid and the counts were measured. Timepoints were taken at 0, 15, 30, 60

and 120 minutes.

2.26 Precision red protein assay

10 pl lysed cells were added to a cuvette including a blank sample containing 10 pl of
lysis buffer. 1 ml of precision red reagent (Cytoskeleton Inc) was added to the cuvettes
which was inverted to mix and incubated for 5 minutes at room temperature after
which a colour change was observed from red to grey/blue (if this did not occur more
lysate was added). OD was measured at 600 nm and a standard curve used to calculate

protein concentration.

2.27 Fluorescence microscopy- general

For localisation of probes and general fluorescence microscopy cells were seeded in 35
mm petri dish with 14 mm glass micro well (Mat tek P35G-1.5-14-C) at between 70-80%
confluency and allowed to adhere for at least 10 minutes. Cells were either imaged in
HL5 or washed twice in 2 mls of SIH or LoFlo medium (Both Formedium, used to
reduce autofluorescence) before being incubated in 2 mls of SIH or LoFlo at least two
hours prior to imaging. Cells were imaged on a Perkin-Elmer Ultraview VoX spinning
disk confocal microscope running on an Olympus Ix81 body with either an UplanSApo
60x or 100x oil immersion objective (both with NA 1.4). Cells were illuminated with

either 488 nm or 594 nm laser lines and images were captured on a Hamamatsu C9100-
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50 EM-CCD camera using Volocity software. Images were then processed or analysed
using image] software. Images to be manually quantified or measured were

randomised first to avoid bias.

Timelapse movies with multiple z-slices were imaged on a Zeiss Axiovert LSM 880
Airyscan confocal microscope with a 63x Plan Apochromat oil objective (NA 1.4). Cells
were illuminated with a 488 nm argon laser and/or a 561 nm diode laser. Images were

processed using the Zeiss microscope software and analysed using image].

2.28 Preparation of yeast for labelling and microscopy

Saccharomyces cerevisiae (gifted by Kathryn Ayscough, KAY389 Mata, his3-A200, leu 2-3,
M2, una 3-52, trp 1-1, lys 2-801) were used for labelling and phagocytosis assays. For a
primarily non-budded population yeast were grown for 3 days at 37 °C in Ypd media
(For 400 mls: 4 g yeast extract, 8 g peptone, 0.8 g Adenine sulphate (all Formedium), 20
mls 40% glucose, 280 mls water) until most of the cells were in stationary phase then
centrifuged at 1000 x g for 5 minutes and resuspended to a final concentration of 20
mg/ml in PBS pH 7, then frozen until use. pHrodo red succinimidyl ester (Life
Technologies) of yeast particles was adapted from a protocol for staining Staphylococcus
aureus (Renshaw lab, described as follows). pHrodo dye was dissolved in DMSO to a
final concentration of 2.5 nM (stored in the dark at - 20 °C). Frozen yeast aliquots were
centrifuged at 7000 x g for 30 s and resuspended to the same volume in PBS pH 9. 0.5
pl of pHrodo was added to 200 pl of yeast and vortexed immediately to avoid
clumping. Samples were covered in foil and incubated for 30 minutes at 37 °C with
gentle shaking. 1 ml of PBS pH 8 was added and samples were pelleted at 16,863 x g
for 3 minutes. Supernatant was discarded and cells were washed in 1 ml of 25 nM Tris-
HCI pH 8.5 followed by 1 ml of PBS pH 8. Supernatant was discarded and cells were

resuspended in 200 pl of PBS pH 7.4 and kept at -20 °C until use.
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2.29 Macropinosome Volume

Cells were seeded at 80% confluency in a microscope dish in HL5 media. Media was
carefully removed and cells were incubated in 50 ul of 0.4 mg/ml FITC dextran for 5
minutes prior to z-stack images being taken on the spinning disk microscope at 60x
magnification. Quantification of macropinosomes was performed on image j, prior to
quantification single cell z-stacks were cropped from larger fields of view (FOV) and
randomised for analysis, from each z-stack the widest diameter of each
macropinosome was measured and used to calculate volume assuming

macropinosomes were spherical.

2.30 TRITC pulse-chase

To quantify macropinosome size over time cells at 80% confluency were seeded in
microscope dishes in SIH as described (section 2.27). Media was carefully poured off
and 50 pl of 5 mg/ml TRITC dextran (molecular mass 40kDa, Sigma) was added to
dishes and incubated for a 2 minute pulse. After 2 minutes TRITC dextran was
removed (chased) by washing dish carefully thrice in SIH medium using a 3 ml plastic
Pasteur pipette, leaving ~1 ml of SIH remaining in the dish and cells were immediately
imaged. 4 FOV were taken every 2 minutes for 10 minutes following removal of
dextran. Cells were imaged on a Nikon A1 confocal with a CFI Plan Apochromat VC
60x oil objective (NA 1.4) after illumination with 561 nm laser line. Images were
captured on a Photometrics Evolve EM-CCD camera. Macropinosome area was
quantified on imageJ using a custom made macro (courtesy of Ben Phillips, Appendix

7.2)

For measuring localisation and dynamics of GFP-tagged probes to macropinosomes,
cells were seeded in microscope dishes in SIH as previously described and incubated

in 2 mg/ml Texas Red dextran (molecular mass 70 kDa, Life Technologies) for a 2
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minute pulse. Washing and imaging was performed as described above. Cells were
imaged on spinning disk microscope using an 100 x objective, analysis was performed

on imagej.

2.31 TRITC/FITC incubation

Cells were seeded in microscope dishes in HL5 prior to removal of media and
incubation with 4 mg/ml TRITC and 0.4 mg/ml FITC dextran in HL5. Timelapse

moves or stills were taken on spinning disk microscope using 60x or 100x objective.

2.32 Quantification of RGBarG-GFP localisation

To quantitatively measure localisation images of macropinocytic cups were cropped
out from timelapse movies at the point at which extension was complete, prior to the
rims of the cup moving inwards to close. Images were randomised and lines were
drawn around the inside of the cups from each tip. Intensity profiles were generated
for each macropinocytic cup on image]. To take into account the variety in
macropinosome width a macro was created by Anton Nickolaev that normalised each
intensity profile to 40 points. As the expression levels were not equal across the cell
population the data was normalised, with the median 10 points (a section of the base of
the cup) being averaged to give a baseline value of one and the fold enrichment in the
rest of the cup calculated. This allowed cups to be averaged together regardless of

width and create an average plot for each of the GFP constructs.

2.33 Phagocytosis of yeast by fluorescence microscopy

Cells expressing PI(3,4,5)Ps probes PHcrac-GFP (pDM631) or PHcrac-mCherry
(pDM1142) for phagosome failure and SnxA-GFP, GFP-2xFYVE, GFP-VatM (pM]JC25)
or VatB-GFP (pM]C31) for localisation dynamics were seeded at 70-80% confluency in

a microscope dish in SIH (as described previously). 1 x 107 of TRITC-labelled
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Saccharomyces cerevisiae (gifted by Thierry Soldati) or 1 x 107 of unlabelled S. cerevisiae
were added to Dictyostelium cells and allowed to settle for 10 minutes. Media was
removed from microscope dish and a 1% agarose disk carefully placed on top, excess
media was removed using a tissue. Movies were taken at 10 or 20 second intervals
across three FOV for 20 minutes on the spinning disk microscope. Images were

analysed using image]J software.

To quantify phagosome failure rate a phagocytosis event was defined as a patch of
PHcrac-GFP/RFP being formed upon contact with the yeast and was considered

complete after the yeast had been internalised and PIP; localisation was lost.

Localisation dynamics for SnxA-GFP or GFP-2xFYVE was determined by manually

counting frames the probe could be seen around the yeast-containing phagosome.

For V-ATPase recruitment, in order to distinguish if there was a delay in recruitment
dynamics and defects in acidification both increase in PHrodo fluorescence and V-
ATPase localisation were determined using a bespoke macro (Appendix 7.3). Yeast
particles were identified using “analyse particles” plug in to measure mean
fluorescence over time and V-ATPase localisation was measured as the mean
fluorescence within a 0.5 pm wide ring selection around the yeast. V-ATPase
fluorescence was normalised to the initial fluorescence after yeast internalisation for

each cells.

2.34 Generation of stretched beads

3 um YG unmodified non fluorescent beads (Polysciences Inc) were stretched as
described (Ho et al., 1993). 2.8 mls of bead solution was added in a 20ml solution of 25
% w/w of PVA and heated to dissolve the PVA. Once dissolved the solution was
poured into a plastic mould (10.5 cm x 10.5 cm) and allowed to cool in a dehumidifying

chamber until the solution had set to create a film. The films were cut into rectangles (~
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3 cm x 2 cm) and placed into the bead stretching device (custom made by University of
Sheffield Physics workshop to design described in (Ho et al., 1993). The length of the
film was measured and the position of the film stops adjusted to achieve the desired
stretch. A square grid was drawn onto the film prior to stretching. The film was then
placed into an oil bath at 140-145 °C and the pulling cable pulled until it reached the
film stops (taking around 10 s). The device was removed from the oil bath and the film

was removed.

To extract the beads from the film an area of even stretch, as determined by the grid,
was cut out from the film and cut into small pieces. These were placed in a 15 ml falcon
tube and incubated in 10 mls of a 3:7 ratio of isopropanol to water on a rotating wheel
overnight at room temperature to allow the film to dissolve. The following morning
the solution was split into 1.5 ml Eppendorf tubes. To remove as much PVA from the
beads as possible several washing steps were performed. First the bead solution was
heated at 75 °C for 10 minutes, then vortexed and centrifuged at 15,871 x g for 10 mins.
Supernatant was removed, 1.5 mls of isopropanol:water was added and the heated
wash step was repeated once more. Two further wash steps in isopropanol:water were
performed at room temperature, followed by two wash steps in water at room
temperature. Finally, the pellet was resuspended in 1 ml of water and the number of

beads determined by counting on a haemocytometer.

To determine the final stretch of the beads, 10 pul of bead solution was added to 90 ul of
100% ethanol and placed in a 35 mm petri dish with 14 mm glass micro well (Mat tek
P35G-1.5-14-C). Images were taken on a Zeiss Axiovert 100 widefield microscope with
a Hamamatsu Orca ER camera running pManager software (Edelstein et al., 2010,
Edelstein et al., 2014) using either a Plan Apochromat 63x DIC, the length of beads was
measured manually on Image] and the mean length used to determine the amount of

stretch.
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2.35 Phagocytosis of stretched beads by microscopy

Cells were seeded the day before the experiment so that they were at 1 x 10° cells/ml
the following day. Before starting the experiment 3 mls of ice cold Sorensen sorbitol + 5
mM sodium azide were added to falcon tubes (one tube for each time point) and stored

on ice and centrifuge was pre-cooled to 4 °C.

1 ml of 1 x 10¢ cells/ml were put in a 6 well plate and shaken for 2 hours at 140 rpm at
room temperature. A 10:1 ratio of beads:cells was used, beads were washed twice in 1
ml of HL5 by centrifuging for 5 minutes at 14,674 x g then resuspended in 500 pl of
HL5. Prior to starting the experiment, beads were sonicated in a water bath sonicator
for 2 minutes. Beads were added to the cells and incubated for 30 mins, 500 pl of
sample was taken and added to pre-prepared 15 ml falcon tubes containing SSB +
azide. Falcons were centrifuged without the lid at 100 x g for 10 minutes, supernatant
was removed and pellets were resuspended in 500 pl of ice cold SSB using cut 1000 pl
pipette tips, transferred to a microscope dish and allowed to adhere for 10 minutes.
Images were taken on a Zeiss Axiovert 100 widefield microscope with a Hamamatsu
Orca ER camera running pManager software (Edelstein et al., 2010, Edelstein et al.,
2014) using a Plan Apochromat 63x DIC. The number of beads/cell was quantified

manually.
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2.36 List of cell strains

Clone
Name Parent Genotype Source Strain ID No.
Ax1
Ax2 (DBS0237979) axeA2, axeB2, axeC2 Robert Kay DBS0235521
Ax2 Cat Buckley- King
PIKfyve- (DBS0235521) pip5K37/LoxP Bsr Lab JSKO1 C1
RGBarG- Ax2 Cat Buckley- King
c3 (DBS0235521) RGBarG (DDB_G0269934)/LoxP Bsr" Lab JSK02 C3
RGBarG- Ax2 Cat Buckley- King
Ad (DBS0235521) RGBarG (DDB_G0269934)/LoxP Bsr" Lab JSKO3 A4
RGBarG- Ax2 Cat Buckley- King
RI (DBS0235521) ? Randomly integrating/ LoxP Bsr" Lab JSK04 Al
Ax2
SnxA- C9-3 | (DBS0235521) DDB_G0289833 /LoxP Bsr" Thierry Soldati C9-3
Ax2
SnxA- C7-3 | (DBS0235521) DDB_G0289833 /LoxP Bsr" Thierry Soldati C7-3
SnxA-C7- | Ax2
14 (DBS0235521) DDB_G0289833 /LoxP Bsr" Thierry Soldati C7-14
Cat Buckley- King
SnxA-GFP | SnxA- C9-3 (TS) DDB_G0289833/LoxP Bsr'+ DDB_G0289833-GFP Hyg" Lab JSKO05 A5
Ax2D axeA2, axeB2, axeC2 Peter Devreotes
RacG- Ax2 (PD) RacG/Bsr’ Peter Devreotes
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2.37 List of plasmids

Plasmid

ID

pCB20

pCB22

pCB31

pCB34

pCB40

pCB63

Description

RGBarG
5'Bcll/3'Nh

el

RGBarG-
BamHlI

RGBarG
5'BamHl/3'
Nhel

RGBarG-
GFP

SnxA-GFP

integrating

VatB mRFP

Gene ID

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G028983
3

DDB_
G027740
1

Vector

TOPO

blunt Il

TOPO
blunt Il

TOPO
blunt Il

pDM450

Bglll/Spel

pDM1053

Bglll/Spel

pMIC94

BamHI/X
hol

Insert/

template

cDNA

pCB20

pCB22

pCB31

BamHI/Nhe
|

pISK615

BamHI/Xbal

pMIC31

BamHI/Xho
|

5' fw primer

tgatcaATGTCACAACCACCAATTTCAAAC

GGACATTCCTTATGGACCCACCAGCAAGTAATGAG

ggatccATGTCACAACCACCAATTTCAAAC

3' rv primer

gctagc TTTATACATTGAAGATGGATCACCTAAG

CTCATTACTTGCTGGTGGGTCCATAAGGAATGTCC

gctagc TTTATACATTGAAGATGGATCACCTAAG
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PCR

product

PCR

product

pCB68

pCB71

PCR

product

PCR

product

pCB69

pCB72

AGEF part 1

(N-RCC1)

AGEF part 2
(BAR-GAP)

AGEF
5'BamHl/3'
Nhel

AGEF-GFP

ABAR part 1
(N-RCC1-
GEF)

ABAR part 2
(GAP)

ABAR
5'BamHl/3'
Nhel

ABAR-GFP

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

TOPO
blunt Il

pDM450-
Bglll/Spel

TOPO
blunt Il

pDM450

Bglll/Spel

pCB31

pCB31

AGEF part 1

and part 2

pCB68-
BamHI/Nhe
|

pCB31

pCB31

ABAR part
1 and part
2

pCB69-
BamHI/Nhe
|

tgatcaATGTCACAACCACCAATTTCAAAC

GTGGTGAAAATTATAATGTTGCATTAAAAGTTACAA
ATATTCTAAACATTACACAATC

tgatcaATGTCACAACCACCAATTTCAAAC

tgatcaATGTCACAACCACCAATTTCAAAC

ATTCCTCAAAGAGTATGATATCAAATTGGATGCATT
GGATACTTACTTTAGAC

tgatcaATGTCACAACCACCAATTTCAAAC

GATTGTGTAATGTTTAGAATATTTGTAACTTTTAATGCAACA
TTATAATTTTCACCAC

gctagc TTTATACATTGAAGATGGATCACCTAAG

gctagc TTTATACATTGAAGATGGATCACCTAAG

GTCTAAAGTAAGTATCCAATGCATCCAATTTGATATCATACT
CTTTGAGGAAT

gctagc TTTATACATTGAAGATGGATCACCTAAG

gctagc TTTATACATTGAAGATGGATCACCTAAG
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pCB70

pCB73

PCR

product

PCR

product

pCB78

pCB83

pCB74

AGAP
5'BamHl/3'
Nhel

AGAP-GFP

ARCC1 part
1(N)

ARCC1 part
2 (GEF-BAR-
GAP)

ARCC1
5'BamHI/3'
Nhel

ARCC1-GFP

RCC1
domain
5'BamHl/3'
Nhel

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

TOPO

blunt Il

pDM450

Bglll/Spel

TOPO
blunt Il

pDM450

Bglll/Spel

TOPO
blunt Il

pCB31

pCB70-
BamHI/Nhe
|

pCB31

pCB31

ARCC1 part
1 and part
2

pCB78

BamHI/Nhe
|

pCB31

tgatcaATGTCACAACCACCAATTTCAAAC

ggatccATGTCACAACCACCAATTTCAAAC

GAAAGATTACCAAATTTCAATATTCCAGACTTTGAT

ACCACAAGATCATTTAGAGATAA

tgatcaATGTCACAACCACCAATTTCAAAC

ggatccATGATTTGTTCGATTTCCTCAGGTTC

gctagcTGGTGGGTCCATAAGGAATGTC

TTATCTCTAAATGATCTTGTGGTATCAAAGTCTGGAATATTG

AAATTTGGTAATCTTTC

gctagc TTTATACATTGAAGATGGATCACCTAAG

gctagc TTTATACATTGAAGATGGATCACCTAAG

tctagaTAATGCAACATTATAATTTTCACCACAT
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pCB75

pCB76

pCB77

pCB112

pCB113

pCB114

pCB115

GEF domain
5'BamHl/3'
Nhel

BAR
domain
5'BamHl/3'
Nhel

GAP
domain
5'BamHl/3'
Nhel

RCC1-GFP

GEF-GFP

BAR-GFP

GAP-GFP

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

TOPO

blunt Il

TOPO

bllunt II

TOPO
bllunt II

pDM1045

Bglll/Spel

pDM1045

Bglll/Spel

pDM1045

Bglll/Spel

pDM1045

Bglll/Spel

pCB31

pCB31

pCB31

pCB74

BamHI/Nhe
|

pCB75

BamHI/Nhe
|

pCB76

BamHI/Nhe
|

pCB77

BamHI/Nhe
|

ggatccATGAGAGATAAATTCTGTTGGAAATTATTAG
AAAC

ggatccATGTTACAAAACTTTAAGAAAACATGTACAA
AGA

ggatccATGTTTACAGATACATTCATAGAGGAACAAT
AT

tctagaGTTTACTTTGATCTCCATGATACCAT

tctagaAGAAGGTTTCATGGCTTGGA

tctagaTGGATCACCTAAGAAAACTAAAGTTTT

70



pCB126

pCB127

pCB122

pCB123

BAR mutant

section 1

BAR mutant

section 2

GAP
mutant

section 1

GAP
mutant

section 2

BAR mutant

fragment

GAP
mutant

fragment

RGBarG
BAR
mutation

GFP

RGBarG
GAP

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

DDB_
G026993
4

TOPO
blunt Il

TOPO
blunt Il

pCB31
Clal/Nhel

pCB31
Clal/Nhel

pCB31
BamHI/Nhe
|

pCB31
BamHI/Nhe
|

pCB31
BamHI/Nhe
|

pCB31
BamHI/Nhe
|

BAR
mutant s1

and s2

GAP
mutant s1

and s2

pCB126
Clal/Nhel

pCB127
Clal/Nhel

ggatccATGTCACAACCACCAATTTCAAAC

CTGAAATGGAAGAAGAAGTTTTCGAATCTCATAC

ggatccATGTCACAACCACCAATTTCAAAC

CTTTATTCAAATCCAATACAACCGCTACTAAGTTG

ggatcc ATGAGAGATAAATTCTGTTGGAA

ATTATTAGAAAC

ggatcc ATGAGAGATAAATTCTGTTGGAA
ATTATTAGAAAC

CGAAAACTTCTTCTTCCATTTCAGTAATCAATGG

gctagc TTTATACATTGAAGATGGATCACCTAAG

GTATTGGATTTGAATAAAGTGGATGGATTAGCAG

gctagc TTTATACATTGAAGATGGATCACCTAAG

3'rv: gctagc ITTATACATTGAAGATGGATCACCT

AAG

3'rv: gctagc ITTATACATTGAAGATGGATCACCT
AAG
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mutation

GFP
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Chapter Three:

The role of PIKfyve in macropinosome and phagosome

maturation



3.1 Introduction

The formation of PI(3,5)P> on macropinosomes and phagosomes marks the transition
from nascent to intermediate/late vesicles. PIKfyve, a PI5 kinase, catalyses the
conversion of PI(3)P to PI(3,5)P2 (Yamamoto et al., 1995, Sbrissa et al., 1999, Michell et
al., 2006, Zolov et al., 2012, Takasuga and Sasaki, 2013). PIKfyve is recruited to
macropinosomes and phagosomes via its FYVE domain, which binds to PI(3)P present
on early endosomes in mammalian cells (Cabezas et al., 2006). PIKfyve is recruited
with two other proteins: ArPIKfyve (associated regulator of PIKfyve) that acts as a
scaffolding protein and Sac3 (SAC domain containing proteins 3) a PI5 phosphatase,
which is essential for PIKfyve activity (Sbrissa et al., 2008, Sbrissa et al., 2007). Despite
its importance there are conflicting reports on the role of PIKfyve during key
maturation steps and the mechanistic details of how PIKfyve and PI(3,5)P2 exert their

functions remain subject to debate

Inhibition of PIKfyve leads to severe defects in trafficking and is characterised by
formation of enlarged endosomes in Caenorhabditis elegans (Nicot et al., 2006),
Drosophila melanogaster (Rusten et al., 2006), Saccharomyces cerevisiae (Yamamoto et al.,
1995) and RAW macrophages (Kim et al., 2014) and accumulation of autophagosomes
in D. melanogaster (Rusten et al., 2007), demonstrating the importance of PIKfyve
during maturation. Removal of membrane allowing for shrinkage and concentration of
macropinosome contents is an important part of maturation (Buckley and King, 2017).
PIKfyve has recently been demonstrated to play a role in vesicle fission, being required
for macropinosome shrinkage in macrophages (Krishna et al., 2016) and phagosome
shrinkage in MCF (human breast adenocarcinoma) and HEK 293 (human embryonic

kidney) cells and C. elegans (Krishna et al., 2016).

Despite its clear defects in trafficking, the role of PIKfyve and PI(3,5)P: in acidification

and proteolysis is currently disputed. Several studies have shown that PIKfyve is
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required for acidification (Bak et al., 2013, Nicot et al., 2006, Jefferies et al., 2008,
Yamamoto et al., 1995) but others found that disruption of PIKfyve had little effect on
phagosomal pH (Ho et al., 2015, Kim et al., 2014, Krishna et al., 2016). Similar
differences were observed when monitoring proteolytic activity, with reports that
disruption of PIKfyve had no effect (Krishna et al., 2016, Nicot et al., 2006), while others

found defective proteolysis (Kim et al., 2014).

PIKfyve- cells in a Dictyostelium discoideum Ax3 genetic background were previously
generated by Victoria Heath (unpublished). Victoria observed swollen vesicles in
PIKfyve- cells akin to those noted in other cell lines and organisms (de Lartigue et al.,
2009, Ikonomov et al., 2001, Martin et al., 2013, Rusten et al., 2007, Rutherford et al.,
2006, Ikonomov et al., 2003) and found that PIKfyve- cells grew slower on bacterial
lawns, indicating defects in maturation and trafficking. Maturation defects in these
cells and the mechanisms behind the swollen vesicles and slower growth were not

characterised in detail.

Following on from these previous observations, the aim of this project was to
investigate the role of PIKfyve in macropinosome and phagosome maturation, to
determine if PIKfyve was important for vesicle acidification and proteolytic activity,
and to identify if PIKfyve was required for recruitment of proteins involved in

maturation.
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3.2 Results

3.2.1 PIKfyve- cells have swollen endosomes

The domain organisation of the phosphoinositide 5-kinase PIKfyve is well conserved
across mammalian, yeast and Dictyostelium cells and contains an N-terminal FYVE
domain, a chaperonin Cpn60/TCP1-like domain, a PIKfyve-unique cysteine/histidine-

rich domain and a C-terminal PIP kinase domain (Michell et al., 2006).

The previous PIKfyve- cells were created in an Ax3 genetic background. However it
was demonstrated that Ax2 cells have the least genome duplications and instability
compared to other axenic strains (Bloomfield et al., 2008). All mutations in the lab are
studied primarily in an Ax2 genetic background, therefore PIKfyve- cells in this
background were generated with the same primers used to make the knockout in Ax3

(Figure 3.1A and Materials and Methods Table 1).

Dictyostelium contain a single orthologue of PIKfyve (PIP5K3). The PIKfyve gene was
disrupted by deleting part of the central region of the gene and inserting a blasticidin
resistance cassette (Figure 3.1A). Knockout cells were generated by homologous

recombination and successful knockout clones were confirmed by PCR (Figure 3.1 B &

Q).
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Figure 3.1) Generation of PIKfyve knockout cells. (A) 5 and 3' arms of
PIKfyve (DDB_G0279149) were cloned from cDNA by PCR. The blasticidin
resistance cassette was cloned from pDM1079. Crossover sequences are
highlighted in green and red. The three fragments were joined together by
PCR to create the PIKfyve knockout cassette. Homologous recombination leads
to gene disruption in cells after electroporation of the knockout construct. (B)
Gel from knockout screen, a band of 2.3 kbp indicates a knockout (green
box), bands of 1 kbp indicate a random integrate (blue box). (C) Confirmation
of knockout colony from (B) using same primers (lane 1), and primers within
the blasticidin resistance cassette (lanes 2 and 3).
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PIKfyve- cells were clearly distinguishable from parental controls (Ax2) by the presence
of enlarged endosomal structures (Figure 3.2A) which became more apparent after
cells were incubated in hypotonic buffer, KK2, for 30 minutes (Figure 3.2B). The
knockout phenotype could be reproduced by incubating Ax2 with the recently
identified PIKfyve-specific inhibitor Apilimod (Cai et al., 2013), confirming that this
defect was due to disruption of PIKfyve. These results were consistent with
observations made by PIKfyve knockdown or inhibition in mammalian cells, C. elegans,
S. cerevisiae and D. melanogaster (Yamamoto et al., 1995, Ikonomov et al., 2001, Nicot et

al., 2006, Rusten et al., 2007).

The enlarged endosomes in PIKfyve- cells appeared to be PI(3)P-positive endosomes
and were observed using the well characterised PI(3)P probe GFP-2xFYVE (Gillooly et
al., 2000, Calvo-Garrido et al., 2014) (Figure 3.2C). This is consistent with a block in
early maturation and suggests that loss of PIKfyve leads to trafficking defects and an

inability for vesicles to mature and decrease in size.
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Figure 3.2) PIKfyve- cells have swollen vesicles. (A and B) Representative
phase images of Ax2, PIKfyve- or Ax2 cells treated with 3 uM Apilimod, white
arrows indicate swollen vesicles. Cells were imaged in HLS (A) or after 30
mins incubation in KK2 (B). (C) Confocal images of Ax2 and PIKfyve- cells
expressing PI(3)P probe GFP-2xFYVE (pJSK418). Scale bar is 5 ym.

3.2.2 PIKfyve does not regulate PI(3)P dynamics

PIKfyve catalyses the conversion of PI(3)P to PI(3,5)P, therefore disruption of PIKfyve
in Dictyostelium could lead to prolonged PI(3)P signalling as had been demonstrated in
macrophages (Kim et al., 2014). Any defects observed in PIKfyve- or Apilimod treated
cells could therefore be due either to a lack of PI(3,5)P> formation, prolonged PI(3)P
signalling or potentially a combination of the two. Unlike mammalian cells the ether-
linked inositol phospholipids present in Dictyostelium (Clark et al., 2014) mean that
distinguishing between different PIP and PIP; isoforms by mass spectrometry is not

possible.
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To see how loss of PIKfyve affected PI(3)P dynamics, localisation of GFP-2xFYVE on
phagosomes was monitored. As expected, loss of PIKfyve did not affect the initial
recruitment of GFP-2xFYVE to yeast-containing phagosomes, taking an average of 21
seconds for Ax2 and 18 seconds for PIKfyve- (Figure 3.3 A & B and Supplementary
movie 3.1 & 3.2). The reported dynamics of PI(3)P loss is around 10 minutes for
phagosomes containing opsonised zymosan particles (Ellson et al., 2001) or opsonised
sheep red blood cells (Levin et al., 2017) in RAW macrophages, E. coli (Clarke et al.,
2010) in Dictyostelium, and from macropinosomes (Jason King, unpublished). However,
loss of GFP-2xFYVE from S. cerevisiae- or PHrodo-labelled S. cerevisiae- containing
phagosomes was not observed and the reporter persisted for over 28 minutes (Figure
3.3C). GFP-2xFYVE was still localised to phagosomes where the yeast were undergoing
degradation, as determined by loss of yeast morphology and although some smaller
particles of yeast were visible at 28 minutes that did not co-localise with GFP-2xFYVE

the majority were still in probe-labelled phagosomes.
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Figure 3.3) PI(3)P dynamics were not altered by loss of PlKfyve. (A)
Representative images showing recruitment of GFP-2xFYVE (pJSK418) to
yeast-containing phagosomes (astericks) following their internalisation. (B)
Quantification of time for GFP-2xFYVE to be recruited to yeast-containing
phagosomes in Ax2 and PIKfyve- cells. (C) Representative images of GFP-
2xFYVE localised to yeast-containing phagosomes until the yeast are
degraded. (D) Representative images of GFP-2xFYVE recruitment to 3 pm
beads (asterisks). (E) Quantification of GFP-2xFYVE localisation on bead-
containing phagosomes in Ax2 and PIKfyve- cells. For B and E, n indicates
total number of cells quantified from across three independent experiments.
Data shown is mean + SD, non significance determined by Student’s t-test.
Scale bar is 5 ym.



To see if the same localisation dynamics were observed for other particles, the time
GFP-2xFYVE was retained on 3 um beads was measured. There was no difference in
the amount of time the probe was present on bead-containing phagosomes (Figure 3.4
D & E), which for both Ax2 and PIKfyve- cells was around 11 minutes, suggesting there

are PIKfyve-independent mechanisms for PI(3)P turnover.

The prolonged GFP-2xFYVE localisation on yeast-containing phagosomes, compared
to beads and macropinosomes, suggests differences in PIP dynamics could depend on
receptor recognition (or lack thereof) at the cell surface, which could be different
between beads, macropinosomes and yeast. In support of this differences in
localisation of the PI(3,4,5)P; and PI(3,4)P, probe PHcrac-GFP have been reported
between beads and bacteria or yeast (Giorgione and Clarke, 2008). It could also suggest
that PI(3)P represents a digestive phase, perhaps being maintained on macropinosomes
and phagosomes until amino acids or other metabolites have been released, in the case
of phagosomes this would not occur until after degradation. Although these observed
differences are interesting and warrant further study, I was unable to do this within the

scope of my project.

Taken together, this data suggests that loss of PIKfyve in Dictyostelium does not alter
PI(3)P dynamics or turnover and that any observed defects in the knockout cells will

therefore not be due to prolonged PI(3)P signalling.

3.2.3 PIKfyveis required for growth but not uptake

The enlarged swollen endosomes visible in PIKfyve disrupted cells indicate defects in
macropinosome maturation which could have an impact on the ability of cells to grow
axenically. PIKfyve- cells had a consistently longer generation time than Ax2 (13 hours
compared to 11), although this difference was not statistically significant (Figure 3.4A).

In contrast, when cells were grown on lawns of Klebsiella aerogenes and were therefore
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feeding by phagocytosis, PIKfyve- cells grew significantly more slowly than Ax2
(Figure 3.4 B & C), indicating that PIKfyve is more important for growth by

phagocytosis than by macropinocytosis.
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Figure 3.4) PIKfyve- cells have defects in growth. (A) Cells growing in
liquid culture in 10 ml petri dishes were counted twice a day for 3 days to
calculate generation time. Data shown is mean of three independent
experiments + SD, non significance determined by Student's t-test. (B)
Representative images of Ax2 and PIKfyve- Dictyostelium cells plated on lawns
of Klebsiella aerogenes, scale bar is 10 mm. (C) Quantification of
Dictyostelium plaque size over time, cells were plated on lawns of K.
aerogenes and plaque size measured once a day. As Dictyostelium eat the
bacteria they make a plaque on the lawn, the size of the plaque gives an
indication of the growth rate. Data shown is mean + SD from three
independent experiments. ** p<0.01, *** P<0.001, ****p<0.0001 as determined
by Student's t-test.
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Defects in growth on bacterial lawns could be due to an inability to efficiently capture
bacteria. Indeed several groups have reported defects in phagocytosis in PIKfyve
inhibited or knockdown macrophages (Kim et al., 2014). To test if phagocytosis was
inhibited, flow cytometry was used to measure the uptake of fluorescent beads or
mycobacteria in Ax2 and PIKfyve- cells. Loss of PIKfyve did not affect the ability of
cells to phagocytose 1 um beads or mycobacteria (Figure 3.5 A & B), which are more
elongated and therefore more challenging to phagocytose than Klebsiella, suggesting

defects in growth are not due to defects in uptake.

However, there was a significant defect in the ability of PIKfyve- cells to phagocytose
4.5 pm beads (Figure 3.5C), this is consistent with other reports in the literature where
chronic inhibition of PIKfyve leads to an inability to take up larger objects (Kim et al.,
2014, Samie et al., 2013). This could be due to defective trafficking pathways which
may interfere with delivery of lysosomal membrane to phagocytic cups, which is more

important during phagocytosis of larger objects.

To confirm there were no defects in fluid uptake, fluid phase endocytosis of FITC-
dextran was measured, consistent with the axenic growth there was no difference in

the rate of endocytosis when PIKfyve was disrupted (Figure 3.5 D & E).

Taken together these results suggest that PIKfyve is important for phagocytic growth
and is required only for uptake of large particles. Therefore the defects observed when
PIKfyve- cells were grown on bacterial lawns are likely to be due to defects in

maturation.
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Figure 3.5) PIKfyve is not
required for uptake of fluid or
small particles. Phagocytosis of
either 1 pm fluorescent beads
(A), GFP-expressing M.
smegmatis (B), or 4.5 ym
fluorescent beads (C) from cells
in shaking culture, samples taken
at indicated times and uptake
measured by flow cytometry. Data
shown is mean + SD from three
independent experiments. **
p<0.01, *** p<0.001 as
determined by Student's t-test.
Experiments A-C were performed
by both myself and Dr. Aurélie
Gueho (Soldati lab).

(D) Endocytosis of FITC dextran, cells were incubated in shacking culture
with 2 mg/ml FITC dextran, samples at indicated times and fluorescence
measured on plate reader, experiment was performed in duplicate. Data
shown is mean + SEM from three independent experiments. (E) Rate of
endocytosis calculated from (D) by fitting a linear regression, data shown is
mean +* SEM, non significance determined by Student's t-test.
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3.2.4 PIKfyve is essential for phagosome acidification and proteolysis
Acidification and delivery of proteolytic enzymes are essential stages in maturation of
both macropinosomes and phagosomes. As mentioned in the introduction the role of

PIKfyve in these processes is currently disputed.

Previous studies monitoring the effects of PIKfyve disruption on acidification and
proteolytic activity have used single timepoint measurements (Bak et al., 2013, Jefferies
et al., 2008, Nicot et al., 2006, Yamamoto et al., 1995, Ho et al., 2015, Kim et al., 2014,
Krishna et al., 2016). While this would highlight completely impaired acidification or
proteolysis it is not very sensitive to smaller defects and would not necessarily pick up

if processes are delayed.

As the phagocytic growth defects were more severe than growth in liquid culture, the
dynamics of acidification and proteolysis of bead-containing phagosomes were
measured. This was done using beads coupled to specific reporter dyes: FITC and
Alexa 594 for pH reporter beads, and DQgreen-BSA and Alexa 594 for proteolytic
reporter beads (Sattler et al., 2013). Loss of PIKfyve lead to a dramatic delay in
acidification (Figure 3.6A) and a decrease in the extent of acidification that occurred

(reaching a low of 4.8 in PIKfyve- compared to 4.5 for Ax2).

PIKfyve appeared to be even more important for proteolysis; there was almost no
proteolytic activity at all detected in PIKfyve- cells (Figure 3.6B). The reason for this
could be twofold; firstly suboptimal acidification would mean that proteolytic enzymes
were unable to work efficiently, given that the majority of them have an acidic optimal

pH, secondly is that delivery of the enzymes themselves could be impaired.
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Figure 3.6) PIKfyve is important for phagosome acidification and
proteolysis. Cells were incubated with 1 ym pH reporter beads (Alexa594 and
FITC) (A) or proteolytic reporter beads (Alexa 594 and DQgreen-BSA) (B),
beads were centrifuged onto cells for 10 s to normalise uptake, extracellular
beads were immediately washed off and fluorescence of bead-containing
phagosomes was measured by plate reader, readings were taken every minute
for 4 hours. Data shown is mean + SEM from three independent experiments.

3.2.5 PIKfyveis required for efficient V-ATPase recruitment

Defects in acidification could be due to delayed delivery of the V-ATPase. To
investigate if loss of PIKfyve could impair recruitment of the V-ATPase the localisation
of the VatM subunit of the V-ATPase to phagosomes containing PHrodo-labelled S.
cerevisine was measured by microscopy. Use of PHrodo-labelled yeast allowed

simultaneous measurement of recruitment of V-ATPase and phagosome acidification.

To quantify GFP-VatM recruitment, an imageJ] macro which identified the yeast
particle and determined its fluorescence, then drew a ring of 0.5 um in diameter
around it and measured the total GFP-VatM fluorescence inside the ring was used
(example shown in last panel Figure 3.7B). The zero timepoint, which was taken as the
frame immediately following phagosome closure, was subtracted from subsequent
measurements and the increase in fluorescence of GFP-VatM or PHrodo yeast over 10
minutes was plotted (Figure 3.7 A, C & D). Western blots were also performed (Figure
3.7G) to ensure that Ax2 and PIKfyve- cells were expressing the V-ATPase plasmids at

similar levels.
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Unexpectedly the initial recruitment of VatM was unaffected by loss of PIKfyve as it
began associating with phagosomes immediately following their closure (Figure 3.7 A
& B). However less VatM was recruited over time, with significant differences in VatM
fluorescence being observed after eight minutes. In agreement with this the yeast
containing phagosomes in PIKfyve- cells failed to acidify at the same rate or to the same

extent as the control cells, being significantly lower after just three minutes (Figure 3.7

A &Q).

PI(3,5)P2 has been proposed to be involved in the assembly of peripheral (V1) and
transmembrane (Vo) subunits of the V-ATPase in yeast (Li et al., 2014). As Dictyostelium
VatM is part of the Vo complex, the recruitment of a Vi subunit, VatB, was measured to
check if its recruitment was equally affected by loss of PIKfyve. As before, VatB-GFP
began associating with the phagosome immediately following internalisation but
significantly less VatB-GFP was recruited in total compared to Ax2, which was more
significant at later time points (Figure 3.7 B &E). This suggests that PIKfyve plays a role
in recruitment of both the peripheral and transmembrane V-ATPase subunits but that

there are also additional PIKfyve-independent mechanisms of V-ATPase recruitment.

It is worth noting that dominant negative effects on phagosome acidification in cells
expressing VatB-GFP were observed (Figure 3.7F). In comparison to the increase in
yeast fluorescence obtained in GFP-VatM expressing Ax2 cells, the phagosomes in
VatB-GFP expressing cells failed to acidify to the same extent, this meant the difference

in acidification between Ax2 and PIKfyve- cells could not be observed.
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3.2.6 Loss of PIKfyve could affect protein delivery to phagosomes

As PIKfyve was required for efficient V-ATPase recruitment it could also be involved
in recruitment of other proteins involved in maturation for example proteolytic
enzymes and lysosomal markers. To investigate the role of PIKfyve in protein delivery,
phagosomes from Ax2 and PIKfyve- cells were isolated at different stages during
maturation and analysed by Western blot (Sattler et al., 2013, Dieckmann et al., 2008).
Membranes were probed with antibodies for: a peripheral subunit of the V-ATPase,
VatA; limpA (LmpA) a protein with homology to mammalian lysosomal membrane
proteins, which interacts with profilin (Rupper and Cardelli, 2001, Temesvari et al.,
2000) and is involved in phagosome maturation (Sattler, 2012); myosin IB (MyoB) and
dynamin A (DymA) which are important in regulating F-actin binding to phagosomes
and play a role during early and intermediate stages of maturation respectively
(Gopaldass et al., 2012); and cathepsin D (CatD) a proteolytic enzyme delivered to
phagosomes at later stages in maturation (Gotthardt et al., 2002) (Figure 3.8A).
Although there is no protein that can be used as a loading control, light scattering of
the isolated phagosomes (by measuring OD) was used to ensure equal numbers of
phagosomes were loaded per lane, as a higher number of phagosomes (and therefore

beads) would increase the optical density of the solution.

Dynamin A was significantly delayed in arrival to phagosomes in cells lacking in
PIKfyve, peaking at 30 mins in PIKfyve- cells compared to 5 minutes in Ax2s (Figure 3.8
A & B), whereas delivery of myosin B was unaffected by loss of PIKfyve (figure 3.8 A &
C). Both the A subunit of the V-ATPase and LimpA appeared delayed in the first
repeat of PIKfyve but not the second (Figure 3.8 A, C & D). In both repeats of PIKfyve-
cells, cathepsin D looked delayed and there appeared to be less present (Figure 3.8A)
indicating that PIKfyve may be required for delivery of this enzyme, which fits with

defects in proteolysis observed in PIKfyve- phagosomes.
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There are currently caveats with this experiment. Firstly PIKfyve- cells grew more
slowly in shaking culture than Ax2, suggesting that PIKfyve- cells are not happy under
these conditions. Additionally, as all of the blots were performed on separate
membranes the relative amounts of protein between days could not be measured and
when the recruitment dynamics of CatD were quantified no defects were observed

(Figure 3.8E).

Further repeats and running the samples on the same membrane for more detailed
quantifications would be required to confirm if delivery of CatD is delayed. To try and
improve the reliability of the experiment, instead of using PIKfyve- cells the
phagopreps could be performed on Ax2 cells incubated with the PIKfyve-specific

inhibitor Apilimod 30 minutes prior to the start of the experiment.
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Figure 3.8) Delayed delivery of LmpA and DymA in PIKfyve- cells. (A)
Representative Western blot (Ax2) and Westerns from two independent
experiments of PIKfyve- cells. Phagosomes were isolated at different stages
during phagosome maturation. Cells were incubated with a 15 min pulse
(green line) of 0.8 pm silica beads, extracellular beads were removed and
bead-containing phagosomes isolated over time (red line). Western blots were
used to probe for protein delivery to phagosomes. Blots were performed by
myself and Dr. Aurélie Gueho (Soldati lab). Quantification of band intensity for
DymA (B), MyoB (C), LmpA (D) and CatD (E). * p<0.05, ** p<0.01, ****
p<0.0001 as determined by Student's t-test, Ax2 n=3, PIKfyve- n=2.
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3.2.7 PIKfyve is required for bacterial killing

Acidification and proteolysis are important for efficient killing and degradation of
internalised bacteria. To see if the defects in both acidification and proteolysis in the
PIKfyve- cells were important for killing phagocytosed bacteria, cells were incubated
with GFP-expressing Klebsiella pneumoniae (Leiba et al., 2017). Loss of GFP signal
indicates bacterial lysis and quenching of cytosolic GFP in the acidic environment of
the phagosome. Bacteria were able to survive for significantly longer periods of time in
the phagosomes of PIKfyve- cells compared to Ax2 (13 minutes compared to 4 minutes)
(Figure 3.9 A, B & C). This shows that PIKfyve is important to ensure efficient

phagosome maturation and therefore rapid killing of internalised bacteria.

To test if this defect in killing was consistent across a range of different bacterial
species a plaque assay was performed (Florence Leuba, Soldati lab). A titration of
Dictyostelium cells was plated onto lawns of different bacteria (Figure 3.9 D & E).
PIKfyve- cells grew significantly worse on all bacterial strains tested, sometimes failing
to grow completely even at the greatest amount of Dictyostelium. This demonstrates
that PIKfyve is important for killing of internalised bacteria in general by ensuring

efficient phagosome maturation.
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Figure 3.9) Bacterial survival is increased in PIKfyve- cells. (A) Stills from
widefield time-lapse movies showing extended bacterial survival in PIKfyve-
cells, scale bar is 20 ym. (B) Kaplan-Meyer survival graph of GFP-expressing
Klebsiella Aerogenes after phagocytosis by Ax2 or PIKfyve- cells, 60 bacteria
were followed across three independent experiments, p<0.0001 as determined
by Mantel-Cox test. (C) Quantification of bacteria killing times, 60 bacteria
were followed across three independent experiments, p<0.0001 as determined
by Student’s t-test. (D) Representative pictures of different concentrations of
Dictyostelium cells plated on bacterial lawns. A range of different bacterial
species was screened as summarised in (E). D and E were performed by
Florence Leuba (Soldati lab), n=2.
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3.2.8 PIKfyve is required for macropinosome shrinkage

The mechanisms of macropinosome and phagosome maturation are highly conserved.
As PIKfyve is important for phagosome acidification, proteolysis and killing of
internalised pathogens, the role of PIKfyve during macropinosome maturation was

investigated.

The GFP-2xFYVE-positive swollen endosomes visible in the PIKfyve- cells suggest that
the cells could have defects in macropinosome maturation. During maturation
macropinosomes become smaller due to the removal of membrane and degradation of
macropinosome contents (Buckley and King, 2017). To monitor this decrease in size,
cells were incubated for a two minute pulse in TRITC dextran and imaged over 10
minutes (Figure 3.10 A & B). There was a consistent, transient increase in
macropinosome size between time zero and two minutes in Ax2 cells, although this
was not statistically significant. This increase could be due to fusion of vesicles early
during maturation. An increase in vesicle size was also observed in PIKfyve- cells
which was more persistent and greater than that observed for Ax2. Furthermore
although macropinosomes began to decrease in size after four minutes they remained
larger than their initial size. This data suggests that vesicles undergo PIKfyve-
independent early fusion steps and that vesicle fission and shrinkage is significantly
delayed in the absence of PIKfyve. This is supported by the fact the swollen endosomes
were observed in PIKfyve- cells and from a recent study that found delayed

macropinosome fission in macrophages (Krishna et al., 2016).
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Figure 3.10) PIKfyve is required for macropinosome shrinkage. TRITC
pulse chase of Ax2 and PIKfyve- cells. Cells were pulsed for 2 minutes with 5
mg/ml TRITC dextran, which was then washed off and chased for 10 minutes.
Images were taken every 2 minutes. (A) Representative images of vesicles,
scale bar is 5 ym. (B) Quantification of vesicle area using a custom imageJ
macro. Data shown is mean # SEM from 1070 vesicles (Ax2) and 1909
vesicles (PIKfyve-) from across six independent experiments ** p<0.01, ****
p<0.0001 as determined by Student's t-test, difference in area at time 0 was
non significant.

3.2.9 Macropinosome acidification and proteolysis is not dependent on PIKfyve
As is the case in phagocytosis, acidification and delivery of proteolytic enzymes is an
important step in macropinosome maturation. Disruption of PIKfyve lead to severely
delayed phagosome acidification and a near loss of proteolytic activity, therefore the
importance of PIKfyve in macropinosome acidification and proteolysis was also

investigated.
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To observe if macropinosomes failed to acidify when PIKfyve activity was disrupted,
cells were incubated with both the pH insensitive TRITC dextran and pH sensitive
FITC dextran (Figure 3.11A). As expected swollen vesicles were visible in both PIKfyve-
cells and Ax2 cells treated with the PIKfyve inhibitor Apilimod. There were also both
acidic (red) and neutral (yellow/green) vesicles suggesting acidification was still able

to occur in the absence of PIKfyve.

To measure macropinosome proteolytic activity, cells were incubated in DQ-BSA for
two minutes. Proteolytic cleavage of DQ-BSA lead to unquenching and an increase in
fluorescence (Figure 3.11B). In contrast to the results obtained for phagocytosis, there
was no difference in proteolytic activity in PIKfyve- cells suggesting that PIKfyve is not

required for either macropinosome acidification or digestion.
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Figure 3.11) PIKfyve is not required for macropinosome acidification or
proteolysis. (A) Confocal images of cells incubated in 4 mg/ml TRITC and 0.4
mg/ml FITC dextran for 2 hours prior to imaging. Scale bar is 5§ ym. (B)
Measurement of fluid phase proteolytic activity by monitoring increase in
fluorescence of DQ green BSA, for each repeat proteolysis measurements were
normalised to Ax2 at 12 minutes, data shown is mean + SD of three
independent experiments.

3.2.10 PIKfyve is required for macropinosome membrane remodelling

To investigate the mechanisms behind the swelling and lack of shrinkage in PIKfyve-
macropinosomes, detailed microscopy was performed on the airyscan microscope.
Preliminary data was obtained of six movies each for Ax2 and PIKfyve- cells, to capture
the vesicles and prevent them going out of focus nine z-slices with 0.25 pm spacing

through the centre of each cell were taken and timelapse movies were captured using

0.5 s frame intervals.

The most striking difference in PIKfyve- cells was the lack of macropinosome motility

in comparison to Ax2 (Figure 3.12 A, B & C and Supplementary movies 3.3 and 3.4).
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While all the vesicles in PIKfyve- cells tended to be slower than comparable sized
vesicles in Ax2, the biggest observed difference was in smaller vesicles, which were
much faster in Ax2 (Figure 3.12B). On average, taking into account all of the vesicles
measured, PIKfyve- macropinosomes were significantly less motile. Although a subset
of small Ax2 vesicles (~16%) were moving noticeably faster, this is likely to be a slight
under estimate given the difficulty of tracking smaller vesicles, which were more

numerous in Ax2.
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Figure 3.12) Macropinosome motility is decreased in PIKfyve- cells. (A)
Representative stills in inverted grayscale from timelapse movies of Ax2 and
PIKfyve- cells expressing the PI(3)P probe GFP-2xFYVE. Individual vesicles
were tracked using Manual tracking ImageJ plugin (overlayed on top panel
and alone on bottom panel). Stills show final timepoint, scale bar is 5 um. (B)
and (C) Quantification of vesicle motility plotted as speed against diameter (B)
or average speed of all vesicles (C). Vesicles from six Ax2 and six PIKfyve-
cells across two independent repeats were analysed, n indicates total number
of vesicles measured. Data shown is mean + SEM, * p<0.05 as determined
by Students t-test.

Extensive macropinosome remodelling was observed in Ax2, often it appeared as if a
portion of the membrane was being pulled away from the macropinosome (Figure
3.13A white arrows and Supplementary movie 3.5), suggesting the involvement of
microtubules. While some deformation of macropinosomes was observed in PIKfyve-

cells (Figure 3.13B and Supplementary movie 3.6) this seemed to be occurring on fewer

macropinosomes and to a lesser extent (green arrows), often only resulting in minor
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deformations in macropinosome shape. In Ax2 cells a noticeable decrease in
macropinosome size over the course of the movie was observed (Figure 3.13A white

asterisks) followed by fission into two smaller macropinosomes.

A further notable difference in cells lacking in PIKfyve was a lack of docking events
and vesicle clustering (Figure 3.13 A, B & C and Supplementary movie 3.7 and 3.8).
Clusters of macropinosomes were often visible in Ax2 cells (Figure 3.13 yellow arrows)
that were rarely seen in PIKfyve- cells. These clusters could be vesicles that are docked
together, in Ax2 small vesicles were frequently observed docked onto larger vesicles
(Figure 3.13 red arrows). While some docking events were observed in PIKfyve- cells

they were less frequent.

While more data is required to draw definite conclusion preliminary data suggests that
PIKfyve is involved in membrane remodelling and potentially docking and clustering
of vesicles. A possible mechanism for this would be that in Ax2, binding of the
macropinosome to microtubules facilitates membrane removal and remodelling, these

microtubule interactions may therefore be missing in PIKfyve- cells.
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Figure 3.13) Macropinosome remodelling and vesicle clustering during
maturation. Stills of maximum intensity projections from timelapse movies of
Ax2 (A) or PIKfyve- cells (B) expressing GFP-2xFYVE. White asterisks indicate
macropinosome undergoing membrane remodelling. White arrows show
membrane being severely deformed, green arrows indicate mild deformation.
Red arrows show docked smaller macropinosomes. Yellow arrow shows
clustered vesicles (C) Stills from timelapse movies of Ax2 or PIKfyve- cells
expressing GFP-2xFYVE. Clusters of vesicles (yellow arrow) were more visible
in Ax2 cells than in PIKfyve-, where although docking events occurred (red
arrow) extensive clustering of vesicles was not observed. Scale bar is 5 ym.
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3.3 Discussion

Whilst PI(3)P formation and its roles in maturation have been extensively studied, the
importance of PIKfyve and later PIPs such as PI(3,5)P> are much more poorly
understood (Bohdanowicz and Grinstein, 2013, Levin et al., 2015). PIKfyve has been
demonstrated to be involved in a range of different maturation stages such as
endosomal fission, vesicle shrinkage (Nicot et al., 2006, Krishna et al., 2016, de Lartigue
et al., 2009) and acidification and proteolysis (Yamamoto et al., 1995, Nicot et al., 2006,
Jefferies et al., 2008, Bak et al., 2013, Kim et al., 2014, Ho et al., 2015, Krishna et al., 2016)
however there are many conflicting reports and few mechanistic details have been
uncovered. I have demonstrated a role for PIKfyve in both macropinosome and

phagosome maturation and bacterial killing.

There are currently conflicting reports on whether disruption of PIKfyve leads to
prolonged PI(3)P signalling as has been reported by some studies (Hazeki et al., 2012,
Cai et al., 2013). However in contrast to these findings and in agreement with other
reports in the literature (de Lartigue et al., 2009, Jefferies et al., 2008), Dictyostelium
PIKfyve- cells had normal PI(3)P dynamics. It is important to note that in addition to
catalysing the formation of PI(3,5)P,, PIKfyve catalyses the conversion of PI to PI(5)P, a
lipid that can also be formed by hydrolysis of PI(3,5)P> by the action of myotubularins
(Shisheva et al., 2015, Zolov et al., 2012). None of the above mentioned studies that
monitored PI(3)P levels reported any differences in PI(5)P amounts or dynamics upon
disruption of PIKfyve. Due to an absence of reliable reporters the dynamics of PI(5)P in
PIKfyve- cells could not be measured therefore all the observed phenotypes could be

due both to a loss of PI(3,5)P> and PI(5)P.

One of the most striking differences observed in PIKfyve- cells were the defects in
phagosome acidification and proteolysis. While the initial association of the V-ATPase

with phagosomes still occurred and some V-ATPase accumulated over time, markedly
103



less was present in PIKfyve- cells indicating that both PIKfyve-dependent and -
independent mechanisms of V-ATPase recruitment occur in Dictyostelium. Although
PI(3,5)P2 has been proposed to regulate the association dynamics of the Vo-V; V-
ATPase subunits on the yeast vacuole (Li et al., 2014), there was no difference in
recruitment of either transmembrane (VatM) or peripheral (VatB) subunits in the
absence of PIKfyve. Whether or not PIKfyve has any role in activity of the V-ATPase, in

addition to recruitment, is unclear.

Unexpectedly, macropinosome acidification and proteolysis were not defective in cells
lacking in PIKfyve. The role of PIKfyve during acidification and proteolysis has been
the subject of much debate however, of the studies that found no defects in phagosome
acidification when PIKfyve was disrupted (Bak et al., 2013, Nicot et al., 2006, Jefferies et
al., 2008, Yamamoto et al., 1995), all used fluid phase markers to measure acidification
which could explain the reason for no defects being seen. Broadly the case is the same
with reports on proteolysis, with fluid phase measurements showing no defects (Nicot
et al., 2006) and measurements with reporters coupled to particles showing defects
(Krishna et al., 2016). This observed difference and comparison between
macropinosome and phagosome maturation has not been reported previously and
poses some interesting questions about whether these two processes are regulated in

the same way.

Rapid phagosome acidification and proteolysis plays an important role in killing of
intracellular pathogens. Many clinically relevant opportunistic pathogens, such as
Legionella pneumophila (Horwitz, 1983, Finsel and Hilbi, 2015), Burkholderia cenocepacia
(Lamothe et al., 2007) and Cryptococcus neoformans (Smith et al., 2015) have developed the
ability to subvert normal phagosome maturation in order to maintain a permissive
niche inside the host. This is likely to have evolved from interactions with their

environmental hosts such as amoebae (Segal and Shuman, 1999, Steenbergen et al.,
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2001, Hasselbring et al., 2011). Killing of Klebsiella pneumoniae was greatly delayed in
the absence of PIKfyve and as PIKfyve- cells failed to grow on a diverse range of
bacterial species, including human clinically relevant pathogens such as Pseudomonas
aeruginosa. This suggests that PIKfyve is important for killing internalised pathogens
by general mechanisms (e.g. not bacterial specific) such as ensuring rapid phagosome
maturation. Whether PIKfyve regulates killing by contributing to other mechanisms
such as recruitment of reactive oxygen species or metal ion poisoning remains to be

determined.

Although not involved in macropinosome acidification or proteolysis, PIKfyve was
important for efficient macropinosome fission and shrinkage, which agrees with a
recently published study of defective macropinosome shrinkage in PIKfyve-inhibited
MCF10A (human mammary epithelial cell line) cells (Krishna et al., 2016). Whilst early
fusion events did not appear to be effected by loss of PIKfyve, leading to an early
increase in macropinosome size, subsequent shrinkage of macropinosome was delayed
and did not occur to the same extent. Insights into the mechanisms behind this delayed
fission were provided by airyscan microscopy as loss of PIKfyve lead to a decrease in
membrane remodelling. This remodelling could be a mechanism for removal of
membrane and explain the reason for the decrease in size. Furthermore less clustering
and docking of macropinosomes was observed in PIKfyve- cells. This could be
explained, in part, by a decrease in macropinosome motility, reducing the chances of
vesicles coming into contact. It could also suggest a loss of microtubule binding in
PIKfyve- cells as microtubules have been implicated in controlling tubulation, vesicle

movement, fusion and fission, all of which are effected in PIKfyve- cells.

In conclusion PIKfyve is important for both efficient macropinosome and phagosome
maturation, seemingly playing distinct roles in both processes. While some potential
mechanisms of how PIKfyve exerts its functions e.g. through V-ATPase recruitment
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have been identified, mechanistically how this occurs is still unclear but is likely to

involve specific effector proteins, recruited to PI(3,5)P> or/and PI(5)P positive vesicle.
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Chapter Four:

SnxA: A PI(3,5)P: effector protein
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4.1 Introduction

In the previous chapter I demonstrated that PIKfyve is required for efficient
macropinosome and phagosome maturation. Mechanistically this could occur via
recruitment of specific effector proteins that bind to the lipid products of PIKfyve,

PI(3,5)P> and PI(5)P.

Proteins can be recruited to PIPs via their lipid binding domains including;: pleckstrin
homology (PH) domains; phox homology (PX) domains; Fabl, YOTB, Vacl, EEA1
(FYVE) domains; plant homeodomain (PHD) domains; and p-propellers that bind
phosphoinositides (PROPPINs) (DiNitto et al., 2003, Lemmon, 2008). Several PIP
effectors involved in maturation have been identified, for example EEA1 (early
endosomal antigen 1) is recruited to PI(3)P-positive early phagosomes via its FYVE and
PX domains (Simonsen et al., 1998, Lawe et al., 2002) where it interacts with SNARE

proteins to facilitate endosome fusion (Christoforidis et al., 1999a, Levin et al., 2016).

Sorting nexins are PX domain-containing proteins that have been implicated in
endosomal maturation. Some sorting nexins additionally contain BAR domains
allowing them to sense and induce membrane curvature (van Weering et al., 2012).
Retromer complex proteins SNX1 and SNX5 are recruited to macropinosomes by
binding to PI(3)P (Wang et al., 2010, Lim et al., 2012, Lim et al., 2008), which is
dependent on SNX1 (Kerr et al., 2006, Cozier et al., 2002) and sequester proteins into
subdomains for recycling by WASH. SNX5 has also been described to be involved in
tubule formation from macropinosomes, where it co-localises with the Rab5 effector

protein Rabankyrin-5 (Kerr et al., 2006, Lim et al., 2008, Wang et al., 2010).

Despite the importance of PIKfyve during maturation, few effector proteins for its lipid
products have been identified. However, previous work in the lab screened PX-domain

containing proteins in Dictyostelium to test if their localisation depended on PIKfyve. A
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sorting nexin, SnxA, was identified which localised to large vesicles (presumed to be
macropinosomes) but became completely cytosolic in PIKfyve- cells (Jason King,
unpublished). SnxA contains a PX domain, involved in lipid binding and a coiled-coil
domain involved in protein-protein interactions, however it is lacking in a BAR

domain.

The aim of this project was therefore to identify if the phenotypes observed in PIKfyve-
cells were due to loss of SnxA and to investigate the role of SnxA in macropinosome

and phagosome maturation.
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4.2 Results

4.2.1 SnxA, anovel PI(3,5)P; effector protein

Localisation of SnxA-GFP to large vesicles is lost in PIKfyve- cells (Jason King,
unpublished). To confirm this is due to loss of PIKfyve activity, localisation of SnxA-
GFP was investigated in Ax2 cells treated with the PIKfyve-specific inhibitor Apilimod
(Cai et al., 2013). SnxA-GFP strongly localised to large vesicles in Ax2 cells, however
this recruitment was lost in PIKfyve- cells or Ax2 cells incubated with 3 pM Apilimod
(Figure 4.1A), confirming that localisation of SnxA is PIKfyve-dependent. Using an
extrachromosomal expression vector, levels of SnxA-GFP were variable and in highly
expressing cells it was difficult to see localisation. An integrating SnxA-GFP construct
was made (pCB40) and clones selected which had a lower level of expression and clear
vesicular localisation. These cells were used for all further experiments unless
otherwise indicated. To see how quickly SnxA-GFP localisation was lost from vesicles,
the number of SnxA-GFP-positive vesicles immediately following Apilimod addition
was monitored over time (Figure 4.1 B & C). The half-life of SnxA-GFP after Apilimod
addition was 1.5 minutes, indicating that membrane-association requires continuous

PIKfyve activity.
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Figure 4.1) SnxA-GFP localisation is dependent on PIKfyve. (A) Localisation
of SnxA-GFP (pJSK619) in Ax2, PIKfyve- or Ax2 incubated in 3 pM Apilimod
for 10 mins. (B and C) Images and quantification of number of SnxA-positive
vesicles in Ax2 expressing SnxA-GFP (pCB40) after incubation with 3 yM
Apilimod, time zero images taken before addition of drug, t,, determined by
fitting points to a one-phase decay equation, at least 90 cells were counted
per timepoint across three independent experiments. Scale bar is 5 um.

Both PI(3,5)P2 and PI(5)P are produced by PIKfyve activity. To determine if SnxA is
able to bind to either of these two lipids, lipid binding overlay experiments were
performed by incubating PIP strips with lysates from cells expressing the
extrachromosomal SnxA-GFP vector (pJSK619), owing to its higher expression levels

compared to the integrating construct.

SnxA-GFP binding appeared highly specific to PI(3,5)P> (Figure 4.2A) with minimal

binding to PI(5)P or any other lipids. To confirm this semi-quantitatively a PIP array
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was used (Figure 4.2B); SnxA-GFP bound with at least a 20-fold preference to PI(3,5)P
over any other lipid, with little visible binding to other PIPs even at the highest lipid

concentrations.

Verification of lipid binding in a more physiological context was attempted using
PolyPIPosomes: agarose beads enriched for each of the seven PIP species. This was
tried using both cell lysate as above and using purified SnxA. Although lysates from
cells expressing PHcrac-GFP” showed binding to PI(3,4)P, and PI(3,4,5)Ps as expected
(Dormann et al., 2004, Swanson, 2014, Haugh et al., 2000), no binding could be
observed for SnxA-GFP (Figure 4.2 C & D), despite many attempts at optimisation.
However, this negative result could shed some light on the mechanisms of SnxA
recruitment. Potentially, physiological interactions with another protein, perhaps
mediated by the coiled-coil domain, are required for SnxA to bind to PI(3,5)P; on a
spherical surface, as opposed to in the less physiological PIP strip and array

experiments.

Taken together these results show that SnxA-GFP binds specifically to PI(3,5)P>. There
is currently a real need for a reliable PI(3,5)P; reporter and although a recent probe
using the interacting domains of TRPML1 was reported (Li et al., 2013, Samie et al.,
2013, Vicinanza et al., 2015), there are reports that suggest the probe is not completely
specific (Hammond et al., 2015) and as yet the dynamics of PI(3,5)P> during
macropinosome and phagosome maturation remain unknown. Given its specific
binding and good expression levels, SnxA is therefore an excellent candidate with

which to probe PI(3,5)P> dynamics in Dictyostelium.
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Figure 4.2) SnxA-GFP binds specifically to PI(3,5)P,. (A) Representative
image of Echelon PIP strip from two independent experiments. (B) Image or
PIP array from one experiment. (A & B) performed using lysates from Ax2
cells expressing SnxA-GFP (pJSK619), membranes were probes with an anti-
GFP antibody. (C) Western blot showing PHcrac-GFP binding to PI(3,4)P. and
PI(3,4,5)P, polyPIPosomes, performed using lysates from Ax2 cells expresing
PHcrac-GFP (pDM631) representative of one experiment. (D) Western blot
showing absence of binding using lysates from Ax2 cells expressing SnxA-GFP
(pDJSK619) rrepresentative of two repeats.
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4.2.2 SnxA-GFP recruitment dynamics.

Armed with this novel PI(3,5)P; probe, the dynamics of this lipid during
macropinosome maturation were investigated. Previous work in the lab showed that
the PI(3)P probe GFP-2xFYVE peaks on macropinosomes at two minutes and is lost
after 10 (Jason King, unpublished). To investigate the dynamics of PI(3,5)P», a pulse
chase was performed in cells expressing SnxA-GFP. Cells were incubated for two
minutes in TRITC-dextran to label nascent macropinosomes, this was washed off and
macropinosomes monitored over time as they mature. SnxA-GFP was recruited and
lost from macropinosomes with similar dynamics to GFP-2xFYVE, peaking at two

minutes and being down to about 20% after 10 minutes (Figure 4.3 A & B).

As in the pulse chase experiment macropinosomes can vary in their internalisation
time by two minutes, the timings of this initial recruitment is an estimate. Timelapse
microscopy of SnxA-GFP recruitment to macropinosomes was used to monitor
localisation more accurately. SnxA-GFP appeared to be delivered to macropinosomes
by vesicle fusion (Figure 4.3C and Supplementary movie 4.1), unlike PI(3)P which is
primarily synthesised de novo (Ellson et al., 2001). Shortly after internalisation, small
SnxA-GFP-positive vesicles move towards and surround the nascent macropinosome,
these vesicles then appear to fuse delivering SnxA-GFP. On average SnxA-GFP

localised to macropinosomes in just under two minutes (116s +27 average of five cells).
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Figure 4.3) SnxA-GFP localises to macropinosomes in the first 2 minutes
and is lost after 10. (A and B) Quantification and representative images of
Texas red-dextran pulse chase. Ax2 cells expressing SnxA-GFP were incubated
with a 2 min pulse of 2 mg/ml Texas red-dextran, which was washed off and
chased for 10 mins, at least 40 vesicles counted per timepoint across 3
independent experiments, data shown is mean + SD. (C) Stills from timelapse
movies of SnxA- cells expressing SnxA-GFP (pCB40). Scale bar is 5 pm.

As noted in the previous chapter, different recruitment dynamics of PIPs have been
observed depending on the phagocytic target (or fluid) being taken up. To investigate
if differences in SnxA-GFP recruitment are observed during phagocytosis, localisation
to either PHrodo-labelled yeast or 3 pm beads was monitored. Initial recruitment to
phagosomes took slightly longer than to macropinosomes with an average of two and
a half minutes for both S. cerevisiae-containing phagosomes (average 165 s +48, from 67
cells) (Figure 4.4 A and Supplementary movie 4.2) and bead-containing phagosomes
(average 150 s 0.5 from three cells) (Figure 4.4B and Supplementary movie 4.3). SnxA-

GFP was maintained on bead-containing phagosomes for 27 minutes (n=1), much
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longer than was observed for GFP-2xFYVE, however further repeats would be needed
to confirm this. Consistent with GFP-2xFYVE localisation to yeast (Chapter 3) I was

unable to observe loss of SnxA-GFP from yeast-containing phagosomes.

This data suggests that PI(3,5)P: is present on macropinosomes and phagosomes at the
same time as PI(3)P but may persist on phagosomes for longer. PI(3,5)P> does not
appear to be formed de novo on macropinosomes and is instead delivered by vesicle
fusion. This could imply that these SnxA-GFP positive vesicles are delivering

components to the maturing endosome that are required for efficient maturation.

Figure 4.4) SnxA-GFP localises to phagosomes. (A) Stills from timelapse
movies of SnxA- cells expressing SnxA-GFP (pCB40) phagocytosing PHrodo-
labelled yeast (white asterisk on first frame). (B) Stills from timelapse movies
of SnxA- cells expressing SnxA-GFP (pCB40) phagocytosing 3 ym beads
(white asterisks). White arrows indicate SnxA-GFP localisation. Scale bar is 5
pm.,
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4.2.3 Interplay between PI(3)P and PI(3,5)P2

As PI(3)P and PI(3,5)P2 appear to be present on macropinosomes and phagosomes at
the same time and movies of SnxA-GFP localisation to bead-containing phagosomes
suggested that SnxA-GFP may persist for longer than GFP-2xFYVE, timelapse
microscopy of cells expressing mCherry-2xFYVE and SnxA-GFP was performed to
investigate the interplay between these two lipids on macropinosomes and

phagosomes.

As would be expected mCherry-2xFYVE localised earlier than SnxA-GFP on both
macropinosomes and S. cerevisiae-containing phagosomes, appearing almost
immediately following internalisation (Figure 4.5 & 4.6 and Supplementary movies 4.4
& 4.5). mCherry-2xFYVE appeared to have a slightly dominant negative effect as the
localisation of SnxA-GFP was delayed compared to localisation in cells expressing
SnxA-GFP only. Consistent with reports in the literature that PI(3)P is generated both
de novo and delivered by a “kiss and run” mechanisms (Ellson et al., 2001), mCherry-
2xFYVE-positive small vesicles were visible fusing to the nascent macropinosomes and

phagosomes.

Vesicles that were SnxA-GFP positive but mCherry-2xFYVE negative were observed,
(Figure 4.5 & 4.6), which was somewhat unexpected as PIKfyve requires PI(3)P for
localisation. Interestingly the vesicles delivering SnxA-GFP to nascent macropinosomes

and phagosomes were negative for mCherry-2xFYVE (Figure 4.5 & 4.6).

In agreement with previous findings both mCherry-2xFYVE and SnxA-GFP were
maintained on phagosomes for the full length of the movie (20 minutes), although
mCherry-2xFYVE localisation on phagosomes appeared to decrease following arrival
of SnxA-GFP (Figure 4.6 final column). I was unable to follow individual
macropinosomes for long enough to observe loss of mCherry-2xFYVE or SnxA-GFP by

timelapse microscopy as small, mature macropinosomes are difficult to keep in focus.
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These results uncovered an unexpected and previously undescribed population of
vesicles that were SnxA-GFP positive and mCherry-2xFYVE negative, indicating that
these vesicles have PI(3,5)P2 but not PI(3)P. The nature of these vesicles and what their

contents are remain to be determined.

118



‘wrl g s Jeq aeaog ‘eale pabiejua sajeolpul xoq 8)IYAN (smoue uasib) uonesieso)
d49-¥XUS uey) Jalea Sind00 (Smoue pal 'sysusise a)ym) sawosouldosoewl 0} uonesi|eoo] JAASXZ-ALUBYDHW ‘JAALXZ-ALUByOW pue
d49-wxug bBuissaidxe s|j@o -yxus Jo sainow asdejawiy wol s|INS ‘dig)id ueyy ieje| sawosouidossew uo saAe ‘dl(s‘elid (g'+ ainbiy

119



Zoom :
-
ﬂc
9

Figure 4.6) PI(3,5)P, arrives on phagosomes later than PI(3)P. Stills from timelapse movies of SnxA- cells expressing SnxA-GFP and
mCherry-2xFYVE. Cells were incubated with unlabelled S. cerevisiae. mCherry-2xFYVE localisation to phagosomes (purple asterisks, red
arrows) occurs earlier than SnxA-GFP localisation (green arrows). Scale bar is 5 um.
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4.2.4 SnxA is notrequired for growth of intracellular bacteria

The recruitment of SnxA-GFP suggests that SnxA may be involved in delivery of
specific cargo to macropinosomes and phagosomes. Furthermore SnxA was
independently identified in Thierry Soldati’s lab as being enriched on Mycobacterium
marinum-containing phagosomes (unpublished), supporting a role for this protein in

infection.

If SnxA is a PIKfyve effector protein, then defects seen in PIKfyve- cells could be due, at
least in part, to loss of SnxA. To test this, defects in macropinocytosis and phagocytosis
in SnxA- cells, generated by Aurélie Gueho (Thierry Soldati lab), were investigated. It
is worth noting that SnxA- cells did not have any enlarged endosomes or noticeable
difference in axenic growth (data not shown). Consistent with this both fluid uptake

and phagocytosis of 1 um beads were normal in SnxA- cells (Figure 4.7 A, B & C).
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Figure 4.7) SnxA is not essential for uptake. (A) Cells were incubated with
2 mg/ml FITC dextran in shaking culture. Samples were taken at indicated
time, cells were washed and lysed, fluorescence was measured by plate
reader. (B) Rate of endocytosis calculated from (A) by fitting linear regression.
Data shown is mean £+ SD n=3. (C) Cells were incubated with 1 pm
fluorescent beads, samples were taken at indicated time and measured by
flow cytometry, percentage bead uptake determined by normalising samples to
Ax2 at 60 mins, data shown is mean +SD n=3.

PIKfyve- cells had defects in bacterial killing and were unable to grow efficiently by
feeding on bacteria. To test if any bacterial growth defects were present in SnxA- cells,
cells were seeded onto lawns of Klebsiella aerogenes. Loss of SnxA did not significantly
affect the ability of cells to grow on K. aerogenes (Figure 4.8 A & B) and SnxA- cells were
able to grow on a range of other bacterial species, that PIKfyve- cells could not grow on,

as confirmed by plaque assay (Figure 4.8 C & D).
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However as SnxA is enriched on M. marinum-containing compartments, it suggests
that SnxA may play a role in enabling this bacterium to survive intracellularly. M.
marinum is the causative agent of a tuberculosis-like disease in fish (Swaim et al., 2006)
and is a common pathogen used to model M. tuberculosis infection (Pozos and
Ramakrishnan, 2004, Dionne et al., 2003, Solomon et al., 2003). In Dictyostelium, M.
marinum can halt phagosome maturation and replicate within the phagosome before
escaping into the cytoplasm (Hagedorn and Soldati, 2007) and can undergo cell-to-cell
spread (Hagedorn et al., 2009). Work by Aurélie Gueho (Soldati lab) found that SnxA
was enriched on M. marinum compartments for around 20 hours post infection (hpi)
and lost around the time of their escape from the phagosome (unpublished). Therefore
infection assays were performed to identify if loss of SnxA provided a benefit or cost to
intracellular M. marinum replication. Ax2 or SnxA- cells were infected at MOI 100 with
luminescent M. marinum (Sattler et al., 2013), extracellular bacteria were washed away
and the growth of intracellular bacteria was measured by determining the increased in
luminescence in the 60 hours following infection. No significant defect in bacterial
growth was detected in the absence of SnxA (Figure 4.8E), although two of the SnxA-

clones had a slightly higher plateau at 40 hpi.

This suggests that SnxA does not play a major role in killing of internalised bacteria
and is not the effector through which PIKfyve mediates killing. It does however beg
the question of why this protein appears to be enriched on M. marinum niches prior to

their escape into the cytoplasm?
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Figure 4.8) SnxA is not required for bacterial growth or suppression of
M. marinum replication. (A) Representative images of Ax2 and SnxA- C9-3
Dictyostelium cells plated on lawns of Klebsiella aerogenes, scale bar is 10
mm. (B) Quantification of Dictyostelium plaque size over time, cells were
plated on lawns of K.a and plaque size measured once a day. Data shown is
mean + SD from three independent experiments.(C) Representative pictures of
indicated concentrations of Dictyostelium cells plated on bacterial lawns. A
range of different bacterial species was screened as summarised in (D). C
and D were performed by Florence Leuba (Soldati lab), n=2. (E) Ax2 or
clones of SnxA- cells were infected with luminescent M. marinum at MOI 100.
Extracellular bacteria were washed away and increase in luminescence over
time was measured by plate reader. Data shown is mean + SD n= number of
independent experiments, performed by myself and Aurélie Gueho (Soldati lab).
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4.2.5 SnxA s involved in macropinosome maturation

Fusion of SnxA-GFP positive vesicles to nascent macropinosomes suggests that
components are being delivered that could be required during maturation. Although
the swollen vesicles, indicative of severe trafficking defects, visible in PIKfyve- cells
were not observed in SnxA mutants, the recruitment dynamics of SnxA-GFP suggest a
role in vesicle fusion during maturation. To follow maturation of macropinosomes
over time a pulse chase was performed. As before, cells were pulsed for two minutes
with TRITC-dextran which was washed off prior to a 10 minute chase. Despite not
recapitulating the phenotype observed in PIKfyve- cells (Figure 4.9 dashed blue line),
loss of SnxA prevented the initial increase in macropinosome size at two minutes
(Figure 4.9 A & B). When SnxA-GFP was reintroduced into the SnxA- cells this small

increase was rescued.

This data suggests that SnxA is required for the early fusion of vesicles with
macropinosomes. Presumably these are the SnxA-GFP positive vesicles visible from the
timelapse movies. Although not involved in killing, this early phase of fusion indicates

a role for SnxA in cargo delivery.
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Figure 4.9) SnxA- cells have defects in macropinosome maturation. TRITC
pulse chase of Ax2 and SnxA- C9-3 cells. Cells were pulsed for 2 minutes
with 5 mg/ml TRITC dextran, which was washed off then chased for 10
minutes. Images were taken every 2 minutes. (A) Representative images of
vesicles, scale bar is 5 ym. (B) Quantification of vesicle area, PIKfyve- cell
data included for reference from previous chapter (Figure 3.10). Data shown is
mean + SEM from at least three independent experiments.
4.2.6 SnxA is not required for phagosome acidification or proteolysis
To check if any proteins were delayed in recruitment to phagosomes in SnxA- cells
phagopreps were performed (as described in 3.2.6). As with the previous phagosome
isolation, results were sometimes variable making it difficult to draw firm conclusions.
Delivery of the V-ATPase A subunit (VatA), proteolytic enzyme Cathepsin D (CatD) or

LimpA (LmpA), a protein involved in phagosome maturation (Sattler, 2012), appeared

not to be affected by loss of SnxA (Figure 4.10 A).
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Dynamin A (DymA) and myosin B (MyoB) which are involved in early and
intermediate stages of maturation respectively (Gopaldass et al., 2012) appeared
delayed in the first SnxA- cell repeat, however this observation was not reproduced in
subsequent repeats (Figure 4.10 A, B & C). This suggests that many regulators of

phagosome maturation are recruited to phagosomes independently of SnxA.

This lack of defects in protein delivery could predict that, unlike disruption of PIKfyve,
loss of SnxA would not lead to any strong defects in phagosome acidification or
proteolysis. To test this, phagosome acidification and proteolytic activity were
measured in SnxA- cells using beads coupled to pH specific- (Alexa 488) or proteolysis
specific- (DQ-BSA) reporter dyes. As expected there was no significant difference in

either acidification or proteolytic activity in SnxA- cells (Figure 4.10 D & E).
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Figure 4.10) SnxA is not required for phagosome maturation. (A) Representative Western blot of Ax2 and three repeats of SnxA- C9-
3. Cells were incubated with a 15 min pulse (green) of 0.8 ym silica beads, extracellular beads were removed and bead-containing
phagosomes isolated over time (red). Western blots were used to probe for protein delivery to phagosomes. Blots and repeats were
performed by myself and Dr. Aurélie Gueho (Soldati lab). Quantification of band intensity for MyoB (B) and DymA (C). (D and E) Cells
were fed 1 uym pH reporter beads (D) or proteolytic reporter beads (E), extracellular beads were washed off and fluorescence of bead-

containing phagosomes was measured by plate reader, readings were taken every minute for 4 hours. Data shown is means of n=3 for
SnxA- cells and n=4 for Ax2.
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4.2.7 PI(3,5)P; and delivery of the V-ATPase

Although SnxA itself appears to be dispensable for acidification, analysis of V-ATPase
recruitment in PIKfyve- cells hinted at both PIKfyve-dependent and independent
mechanisms of V-ATPase delivery. To see if V-ATPase and PI(3,5)P, are delivered to
macropinosomes together localisation of SnxA-GFP and either VatB-RFP or RFP-VatM

was investigated by timelapse microscopy.

VatB-RFP localised to both macropinosomes and phagosomes earlier than SnxA-GFP
(Figure 4.11 A & B and Supplementary movie 4.6 & 4.7). While all SnxA-GFP vesicles
were also positive for VatB-RFP, there were VatB-RFP-positive but SnxA-GFP-negative
vesicles present, these were the ones responsible for the early recruitment of VatB-RFP.
The same results were also obtained for RFP-VatM recruitment to phagosomes (Figure

4.12 and Supplementary movie 4.8).

This data is consistent with a model where there is both a PIKfyve-independent early
delivery of V-ATPase and PIKfyve-dependent delivery of V-ATPase occurring shortly

after.
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Figure 4.11) SnxA and VatB are recruited independently to
macropinosomes and phagosomes. (A and B) Cells expressing SnxA-GFP
and VatB-RFP. VatB-RFPis recruited earlier to macropinosomes (A, white
asterisks) and yeast-containing phagosomes (B, white asterisks) than SnxA-GFP,
white arrows show recruitment. Scale bar is 5 pm.
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Figure 4.12) SnxA and VatM are recruited independently to phagosomes.
(A) Cells expressing SnxA-GFP and RFP-VatM. RFP-VatM is recruited earlier
yeast-containing phagosomes (B, purple asterisks) than SnxA-GFP, white arrows
show recruitment. Scale bar is 5 pm.
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4.3 Discussion

4.3.1 Probing the dynamics of PI(3,5)P2

Although the functional role of SnxA in maturation remains obscure, identification of
SnxA and its PI(3,5)P2 specificity meant that this protein could be used as a reliable
PI(3,5)P2 probe. A PI(3,5)P, probe based on tandem TRPML1 binding domains (Li et al.,
2013, Samie et al., 2013, Vicinanza et al., 2015) has been reported by others to have poor
selectivity (Hammond et al., 2015) and has meant the dynamics of PI(3,5)P, during
maturation have remained unclear. Indeed my attempts at using this probe in
Dictyostelium were unfruitful and no specific localisation was seen (data not shown).
However I found that SnxA-GFP bound specifically to PI(3,5)P> making it an ideal

probe.

Using SnxA-GFP, PI(3,5)P> delivery to macropinosomes was observed around two
minutes following internalisation, taking slightly longer for yeast- and bead-containing
phagosomes. Unlike PI(3)P which is primarily synthesised de novo by the action of
Vps34, PI(3,5)P2 appeared to be delivered primarily by vesicle fusion, although it is
likely that additional PI(3,5)P> would be synthesised on endosomes by PIKfyve. These
small SnxA-GFP positive vesicles were devoid of PI(3)P, which was surprising given
that both GFP-2xFYVE and SnxA-GFP were lost from macropinosomes with similar

dynamics (as observed by pulse chase).

There are several possible mechanisms for how PI(3,5)P>-positive but PI(3)P-negative
vesicles could be formed. Fusion of SnxA-GFP to phagosomes lead to an observed
decrease in intensity of mCherry-2xFYVE, presumably due to PI(3)P turnover by
PIKfyve. Further decreases in PI(3)P could occur due to acidification-dependent loss of
Vps34 binding (Naufer et al., 2017) and prevention of new Vps34 localisation due to

the Rabb to Rab7 switch (Kerr et al., 2010) or turnover of PI(3)P by recruitment of the
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myotubularin family of PI3 phosphatases, although this could also lead to a decrease in

PI(3,5)P2 and formation of PI(5)P.

PI(4)P acquisition could potentially follow this loss of PI(3)P, as described recently
during phagosome maturation in macrophages (Levin et al., 2017). It would be
interesting to look at the co-localisation and dynamics of PI(3,5)P» and PI(4)P on
vesicles to see if these two PIPs are present at the same time, or if PI(3,5)P> is lost before

the arrival of PI(4)P.

4.3.2 PI(3,5)P; and recruitment of the V-ATPase

In the previous chapter we speculated that there were both PIKfyve-dependent and
independent mechanisms for the recruitment of the V-ATPase. Using SnxA-GFP as a
PI(3,5)P> probe, two different populations of vesicles that delivered RFP-tagged VatB
or VatM to macropinosomes and phagosomes were observed. Initial delivery of RFP-
tagged VatB or VatM occurred via vesicles that were negative for SnxA-GFP, whereas
vesicles that delivered SnxA-GFP to macropinosomes and phagosomes were also
positive for RFP-tagged VatB/VatM leading to a second phase of delivery. In the
absence of PIKfyve and therefore PI(3,5)P;, SnxA-GFP positive vesicles could be unable
to fuse with macropinosomes and phagosomes, failing to deliver the second wave of V-

ATPase.

4.3.3 Functional role ole of SnxA

Despite efforts to identify the role of SnxA during macropinosome and phagosome
maturation, its function beyond fusion and delivery to nascent macropinosomes and
phagosomes, remains unknown. Clearly SnxA is not the primary effector downstream
of PIKfyve responsible for exerting PIKfyve functions, as SnxA- cells did not
recapitulate any of the defects observed in PIKfyve- cells. This is in contrast to findings
for the recently identified PI(3,5)P; effector TRPML1, which when inhibited shared

many of the phenotypic characteristics of PIKfyve disrupted cells, such as formation of
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decrease phagocytosis of large objects, defects in macropinosome shrinkage (Krishna et
al., 2016) and increased number of LAMP1+* lysosomes (Li et al., 2016, Dayam et al.,
2015). TRPML1 is a PI(3,5)P; activated calcium channel that in mammalian cells
appears to be responsible for mediating important stages of maturation downstream of
PIKfyve. However, the single Dictyostelium orthologue of TRPML1(mucolipin), only
appears to be involved in post-lysosomal phases and mucolipin- cells have no defects in
acidification (Lima et al., 2012). Therefore in Dictyostelium other PI(3,5)P, effector

proteins, perhaps other calcium channels, must fulfil this role.

One observed defect in SnxA- cells was the loss in size increase during the first two
minutes of macropinosome maturation, which was rescued upon reintroducing SnxA-
GFP. This defect implies that loss of SnxA prevents fusion of the SnxA-GFP-positive
vesicles to early macropinosomes. However if this was the case, it might be expected
that there would be a decrease in V-ATPase recruitment and therefore defects in
acidification, which were not observed. This could suggest that although SnxA-GFP
labels this population of small vesicles, it is not required for their fusion, which could
be dependent on PIKfyve. An alternative possibility is that SnxA only binds to a subset
of PI(3,5)P2-positive vesicles and so in the absence of SnxA, other PI(3,5)P>-dependent
but SnxA-negative delivery would still occur. In either case, the contents of these
SnxA-GFP-positive vesicles remains unknown and further investigation would be

required to identify the nature and function of these vesicles.

From the results obtained in both this and the previous chapter, we propose a model
for the role of PIKfyve/PI(3,5)P, in macropinosome and phagosome maturation
(Figure 4.13). Early fusion events that are independent of PIKfyve, allow for delivery of
the V-ATPase and PI(3,5)P> activated channels (such as TRPML1 in mammalian cells).
Subsequent PIKfyve-dependent fusion events occur of vesicles that are SnxA-GFP

positive, delivering both a second wave of V-ATPase and PI(3,5)P,, which is able to
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activate its effector proteins leading to membrane remodelling and vesicle fission. In
the absence of PIKfyve, early fusion events still occur leading to an increase in vesicle
size, but later fusion events are lost, decreasing V-ATPase delivery and preventing
formation of PI(3,5)P». This would also prevent PI(3,5)P.-mediated activation of
calcium channels/ other effectors for example proteins involved in binding membranes
to microtubules, inhibiting membrane remodelling and vesicle fission. However, in
SnxA- cells, while SnxA-GFP positive vesicle fusion may be lost, PI(3,5)P- could still be
synthesised by the action of PIKfyve, allowing for activation of effector proteins and

efficient maturation.
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Figure 4.13) Model of vesicle fusion events during macropinosome
maturation. Fusion events occur at mutliple stages during maturation. Early
events occur upstream of PI(3,5)P, and are likely to be dependent on PI(3)P.
There are also PI(3,5)P,-dependent events were cargo required for driving
tubulation, fission and hydrolytic enzymes are delivered. The contents and roles
of SnxA-positive vesicles are not known but lead to an initial increase in
volume of macropinosomes.
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4.3.4 Conclusions

In conclusion, a novel and specific PI(3,5)P. probe has been characterised. With this
probe the dynamics of PI(3)P and PI(3,5)P, were investigated in tandem, leading to the
identification of a population of PI(3,5)P>-positive but PI(3)P-negative vesicles.
Additionally both PIKfyve-dependent and independent mechanisms for V-ATPase
recruitment were identified. Future work would be needed to further investigate the
mechanistic details of V-ATPase trafficking and to identify the functions of the

PI(3,5)P> positive, PI(3)P negative vesicles.

While SnxA appears to be required for the delivery of a subset of vesicles, its precise
role in maturation remains unclear. Unlike many mammalian sorting nexins, SnxA
does not contain a BAR domain. We therefore considered that SnxA could interact with
BAR domain containing proteins, potentially via interactions with its coiled-coil
domain, to influence maturation. Loss of this interaction could explain the absence of

SnxA-GFP binding to lipid coated beads, as observed using PolyPIPosomes.

To investigate this, nine BAR domain containing proteins in Dictyostelium, were
identified and GFP-tagged. However none of them localised to intracellular vesicles as
would be expected if they were interacting with SnxA. Interestingly, one of the
proteins localised to macropinocytic and phagocytic cups, this protein was investigated

further and is the focus of the next chapter.
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Chapter Five:

How do cells form macropinocytic and phagocytic cups?



5.1 Introduction

As mentioned at the end of the previous chapter, Dictyostelium BAR domain-containing
proteins were cloned and GFP-tagged to try to identify possible SnxA interacting
partners. While none of the proteins localised to large intracellular vesicles (Figure
5.1A), one BAR domain-containing protein (DDB_G0269934) was enriched at
protrusions. In addition to its BAR domain, DDB_G0269934 also contained a regulator
of chromatin condensation (RCC1) domain, a RhoGEF domain and a RasGAP domain
(Figure 5.1B). This protein had not been previously described in the literature,
therefore due to its domain organisation I have named the protein RGBarG (RCC1,

RasGAP, BAR, RhoGEF) and the gene RGBarG.

A)

DDB_G0284997 Nelslsielriliiigml DDB G0276447

"
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PR EErx Il ODB G0305372 | DDB_G0285851
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DDB_G0282941
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DDB_(G0269934 (225kD)
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751 10721080 1284 1332 1528 1715 2044

Figure 5.1) Predicated domain organisation of RGBarG (DDB_G0269934).
(A) Nine BAR domain-containing proteins were cloned and GFP tagged to
check localisation. Blank squares are shown for constructs that did not
express when fused either N- or C- terminally to GFP. Scale bar is 5 pm. (B)
Protein sequence of DDB_G0269934 was obtained from dictybase and NCBI
conserved domain tool was used to predict domain structure.
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The combination of domains present in RGBarG, along with its localisation, suggested
it could be involved in regulating actin-generated protrusion for example in formation
of phagocytic or macropinocytic cups. Both Ras and Rho proteins are major regulators
of actin polymerisation (Jaumouille and Grinstein, 2016, Swanson, 2008) and although
their activities are essential for cup formation, how they are spatially coordinated
during this processes is poorly understood. The RasGAP and RhoGEF domains of
RGBarG could therefore provide a mechanism for restricting activation of small

GTPases during cup formation.

BAR domain-containing proteins have previously been implicated in formation of
phagocytic or macropinocytic cups, albeit not in relation to their membrane curvature
sensing or generating abilities. Formin binding protein 17 (FBP17) is an F-BAR domain
containing protein that can bind and activate N-WASP via its SH3 domain during
phagocytic cup formation (Tsujita et al., 2006, Tsuboi et al., 2009). The BAR domain of
FBP17 binds to PI(4,5)P; restricting its localisation to cups and podosomes (Tsuboi et

al., 2009) and providing spatial activation of actin polymerisation.

Whilst some RCC1 domain containing proteins such as Inositol polyphosphate 5-
phosphatase (OCRL/Dd5P4) and Alsin 2 (ALS2) have been found to play a role in
phagocytosis and endosomal dynamics (Loovers et al., 2007, Kunita et al., 2007), the
RCC1 domain itself is not thought to contribute to these activities (Loovers et al., 2007,

Hadjebi et al., 2008, Otomo et al., 2003).

Using domain searching tools we identified an RGBarG in orthologue in D. purpureum
(DPU_G0053802) containing all of the four domains in addition to an endomucin super
family domain, however we were unable to identify any proteins in any other
organisms containing this unique combination of domains. Proteins involving
combinations of some of these domains have been previously implicated in cup

formation. For example Tuba, which is an F-BAR and RhoGEF domain containing
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protein, activates Cdc42 during cup formation (Salazar et al., 2003) and colocalises with
actin and dextran-positive macropinosomes at the plasma membrane (Kovacs et al.,
2006), the BAR domain of Tuba has been demonstrated to be required for dorsal
ruffling (Kovacs et al., 2006). It could therefore be that in higher eukaryotes, multiple

proteins have evolved to fulfil the role of RGBarG.

Thus, RGBarG provides a useful tool to study the importance of Rho and Rac
regulation, and BAR and RCC1 domains during cup formation. Studying the role of
RGBarG could provide information on general mechanisms involved in cup formation
that are conserved in higher organisms. Therefore the aim of this project was to
investigate the function of RGBarG during phagocytic and macropinocytic cup

formation.
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5.2 Results

5.2.1 Identification of RGBarG and localisation to cups

To investigate if RGBarG is involved in formation of macropinocytic or phagocytic
cups, timelapse microscopy of RGBarG-GFP during cup formation was performed.
RGBarG-GFP was found to be enriched at the tips of macropinocytic and phagocytic
cups during their extension (Figure 5.2A and Supplementary movie 5.1 & 5.2). Co-
expression of RGBarG-GFP with the PI(3,4,5)P; marker PHcrac-mCherry showed that
enrichment of RGBarG-GFP at the tips of the cups was adjacent to patches of PHcrac-
mCherry (Figure 5.2 B, C & D and Supplementary movie 5.3). This pattern of
localisation is not dissimilar from that observed for PI(3,4,5)Ps or active Ras and actin
(Veltman et al., 2014, Veltman et al., 2016) and suggested that RGBarG may be
involved in coordination of small GTPases and actin polymerisation during cup

formation.
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Figure 5.2) RGBarG is enriched at the tips of macropinocytic and
phagocytic cups, adjacent to PIP, patches. (A) Stills from timelapse movies
of RGBarG- cells expressing RGBarG-GFP during macropinocytosis of media
or phagocytosis of TRITC-labelled budded yeast. (B) Representative confocal
images of RGBarG- cells expressing RGBarG-GFP and PHcrac-mCherry during
macropinocytosis of media or phagocytosis of unlabelled budded yeast. Scale
bar is 5 um. (C and D) Intensity profiles of RGBarG-GFP and PHcrac-
mCherry expression from single macropinocytic and phagocytic cups shown in

(B).
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5.2.2 RGBarG is not required for axenic growth but is involved in

macropinosome formation
To investigate the role of RGBarG during macropinocytosis and phagocytosis, RGBarG-
cells were generated by deleting the central region of the RGBarG gene and inserting a
blasticidin resistance cassette (Figure 5.3A). Knockout cells were generated by
homologous recombination and two successful clones were confirmed by PCR (Figure
5.3B). Unless otherwise indicated all experiments were performed with RGBarG- clone

3 (C3) which will be referred to as just RGBarG- from this point.
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Figure 5.3) Generation of RGBarG knockout cassette. (A) 5' and 3' arms of
RGBarG were cloned from cDNA by PCR. The blasticidin resistance cassette
was cloned from pDM1079. Crossover sequences are highlighted in green and
red. The three fragments were joined together by PCR to create the RGBarG
knockout cassette. Homologous recombination leads to gene disruption in cells
after electroporation of the knockout construct. (B) Gel from knockout screen, a
band of 3.2 kbp indicates a knockout (green box), bands of 6.1 kbp indicate a
random integrate (blue box).

As RGBarG-GFP localises to macropinocytic cups, cells lacking RGBarG might have
defects in macropinosome formation, leading to deficient internalisation of fluid. To

check for defects in macropinocytosis, cells were incubated with FITC-dextran, a pH
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sensitive dye that is quenched in acidic pH. As macropinosomes in Dictyostelium
acidify in under two minutes, FITC-dextran labels nascent macropinosomes. The
maximum diameter of macropinosomes was measured from z-stacks of cells, allowing
the volume of macropinosomes to be calculated. Loss of RGBarG lead to a significant
decrease in macropinosome volume which was rescued by reintroducing RGBarG-GFP
(Figure 5.4 A & B). Although macropinosomes were much smaller in RGBarG- cells,
there were more of them per cell (Figure 5.4C). To see if this was compensatory, the
total amount of fluid uptake was measured by incubating cells in FITC-dextran, then
lysing cells at different time points to quantify the amount of fluorescent dextran taken
up. Loss of RGBarG did not have an effect on the rate of endocytosis (Figure 5.4 D & E).
Consistent with this, there was no observed difference in the generation time of

RGBarG- cells growing axenically (Figure 5.4F).

Taken together, although loss of RGBarG did not affect growth or fluid uptake, it
appeared to play a role during macropinosome formation, as nascent macropinosomes

were much smaller in RGBarG- cells.
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Figure 5.4) RGBarG- cells produce more,
smaller macropinosomes. (A) Representative
confocal images of cells incubated in 0.4
mg/ml FITC dextran for at least 2 mins,
scale bar is 5 pym. Quantification of
macropinosome volume (B) and number of
macropinosomes per cell (C) volume was
calculated by measuring max macropinosome
diameter. Data shown is mean + SEM from
across three independent experiments, *
p<0.05, *** p<0.001 as determined by
Student’'s t-test. (D) Endocytosis of FITC
dextran, cells were incubated with 2 mg/ml
FITC dextran, samples taken over time and
fluorescence measured on plate reader.

Data shown is mean £ SEM from three independent experiments. (E) Rate of
endocytosis calculated from (D) data shown is mean + SEM, non significance
determined by Student's t-test. (F) Cells were counted twice a day for 3 days
to calculate generation time. Data shown is mean of three independent
experiments + SD, non significance determined by Student's t-test.
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5.2.3 RGBarG restricts the width and lifetime of macropinocytic cups

Smaller macropinosomes inside RGBarG- cells could be formed by the cells making
smaller macropinocytic cups. To look in more detail at the cups during formation, Ax2
and RGBarG- cells were transformed with PHcrac-GFP. RGBarG- cells had more
patches of PHcrac-GFP per cell than Ax2 from observing a single z-plane (Figure 5.5 A
& C) and additionally the patches themselves were wider (Figure 5.5 A & D). In
Dictyostelium PI(3,4,5)P; is synthesised on cups downstream of active RasS and RasG
(Hoeller et al., 2013). Indeed, when a pan active Ras probe, RBD-GFP, was expressed in
Ax2 and RGBarG- cells, the same localisation pattern was observed (Figure 5.5 B, C &
D), with more, wider patches visible in RGBarG- cells. These results were unexpected
as although the patches of PHcrac-GFP were wider and more numerous in RGBarG-

cells, the nascent macropinosomes, as visualised by FITC-dextran were smaller.
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Figure 5.5) RGBarG- cells have more patches of PI(3,4,5)P, or active Ras
and wider macropinocytic cups. Representative confocal images of Ax2 or
RGBarG- cells expressing the PI(3,4,5)P, marker PHcrac-GFP (pDM631) (A) or
the pan active Ras probe RBD-GFP (Raf1 binding domain) (B) Scale bar is 5
um. (C and D) Quantification of patch size and number of patches of PHcrac-
GFP or RBD-GFP from a single confocal slice in Ax2 and RGBarG- cell.
Patch size and length was measured on imagedJ. Data show is mean + SD, n
indicates number of cells (C) or patches (D) measured from across three
independent experiments. ** p<0.01, **** p<0.0001 as determined by Student's

t-test.

To find out why wider macropinocytic cups lead to smaller nascent macropinosomes,

3D timelapse movies were captured on the airyscan microscope. Cells expressing

PHcrac-GFP were used owing to its much brighter expression than RBD-GFP. As

observed previously RGBarG- cells had much larger patches of PHcrac-GFP on the cell

surface (Supplementary movie 5.4 and 5.5). To see if loss of RGBarG affected the
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dynamics of PHcrac-GFP and macropinocytic cup formation, the lifetime of each patch
was measured by quantifying the amount of individual patches present on the plasma
membrane. In Ax2 cells PHcrac-GFP patches were lost from the plasma membrane as
the macropinosome was internalised (Figure 5.6A), with a median lifetime of 156
seconds (Figure 5.6B). However it was impossible to quantify the lifetime of PHcrac-
GFP patches in RGBarG- cells as they often persisted for the entire length of the movie
(30 minutes). Additionally, in RGBarG- cells small macropinosomes were visible that
pinched off the bottom of the PHcrac-GFP patch, leaving the patch active on the cell
surface (Figure 5.6A and Supplementary movie 5.5). This explains why more but
smaller macropinosomes were visible when cells were incubated with FITC-dextran,

even though the patches themselves were larger.

Taken together this data suggests that loss of RGBarG leads to wider macropinocytic
cups and sustained Ras activity at the cup, thereby increasing the lifetime of PI(3,4,5)Ps.
This data also suggests that RGBarG has RasGAP activity. In RGBarG- cells this
sustained Ras activity prevents proper macropinosome formation and closure leading

to small vesicles pinching off the base of the cup.
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Figure 5.6) PHcrac-GFP patches have a longer lifetime in RGBarG- cells.
(A) Representative stills from timelapse movies showing loss of PHcrac-GFP
patch after macropinosome closure in Ax2 and multiple vesicles internalised
(white arrow) from a single PHcrac-GFP patch in RGBarG- cells. (B)
Quantification of PI(3,4,5)P, patch lifetime in Ax2 cells. Lifetime measured from
first appearance of patch until loss of probe localisation. Data shown is
frequency of patch lifetime from cells taken across three independent
experiments. Scale bar is 5 pym.

5.2.4 Genetic interactions between RGBarG and NF1

Axenic strains of Dictyostelium have mutations in a RasGAP neurofibromin (NF1),
which increases the rate of macropinocytosis enabling cells to grow by fluid uptake
(Bloomfield et al., 2015). RGBarG- cells therefore have two potential RasGAP
mutations, one in NF1 and one in RGBarG. As loss of RGBarG led to widening of
macropinocytic cups in an Ax2 background, we wanted to investigate the effect of

disrupting RGBarG in a background where there are no other RasGAP mutations.
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Attempts to knockout RGBarG in non-axenic NC4 and Ddb strains and select for
colonies on bacteria were not successful. As an alternative strategy, RGBarG- cells in an
Ax2 background were transfected with NF1-GFP, which significantly reduces
macropinocytosis and growth when expressed in NF1- in a Ddb non-axenic
background (Bloomfield et al., 2015). After the transfection it was apparent that
RGBarG- cells expressing NF1-GFP grew significantly slower than either Ax2 or
RGBarG- cells, this was confirmed by quantifying the growth over three days (Figure
5.7A). After completion of this experiment it was noticed that expression of NF1-GFP
was very low, consistent with reported findings, and decreased significantly overtime.
This suggests that expression of NF1-GFP in RGBarG- cells is detrimental to axenic
growth and is therefore under selective pressure to be expressed in low amounts. Low
levels of NF1-GFP expression were improved by growing cells in the presence of heat-

killed Klebsiella aerogenes, cells were grown in this way for the following experiments.

To investigate if this defect in growth was due to decreased macropinocytosis, Ax2 and
RGBarG- cells expressing NF1-GFP were incubated in FITC-dextran to measure the
volume and number of nascent macropinosomes. Expression of NF1-GFP partially
rescued the decrease in macropinosome volume observed in RGBarG- cells (Figure 5.7

B & C) and fully rescued the defect in macropinosomes per cell (Figure 5.7D).
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Figure 5.7) NF1-GFP partially rescues RGBarG- phenotype. (A) Cells were
counted twice a day for 3 days to calculate generation time. Data shown is
mean of three independent experiments + SD, ** p<0.01 at determined by
Student’s t-test. (B) Representative confocal images of cells incubated in 0.4
mg/ml FITC dextran, scale bar is 5 ym. Quantification of macropinosome
volume (C) and number of macropinosomes per cell (D) volume was calculated
by measuring max macropinosome diameter. Results of RGBarG- cells were
added in from Figure 5.4 for comparison. Data shown is mean + SEM from
across three independent experiments. * p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001 as determined by Student’s t-test.
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To investigate the reason for this decreased macropinosome volume in RGBarG- cells
expressing NF1-GFP the number and size of PI(3,4,5)Ps patches was monitored using
PHcrac-mCherry as a reporter. Consistent with the FITC-dextran data, addition of
NF1-GFP to RGBarG- cells decreased the size of PHcrac-mCherry patches whilst not
affecting the number of patches per cell (Figure 5.8 A, B & C). To check if the difference
in expression of NF1-GFP was skewing results, the size of PHcrac-mCherry across cells
expressing high, medium and low NF1-GFP” was measured, however no correlation

between expression and patch size was observed (Figure 5.8D).

These results suggest that RGBarG and NF1 cooperative to regulate Ras activity during
cup formation, as loss of both of their RasGAP activities (as in RGBarG- cells) had an
additive effect on macropinosome size and number. However, cells that only had
mutations in RGBarG (RGBarG- + NF1-GFP) had worse growth defects and smaller
macropinosomes than those with mutations in only NF1 (Ax2). This suggests that
RGBarG and NF1 also have distinct roles during cup formation, further supported by
our inability to generate RGBarG- cells in a non-axenic background, implying that loss
of RGBarG could be lethal in these cells. These different roles could be attributed to
other domains present in RGBarG, such as the RhoGEF domain, which are not present

in NF1.
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Figure 5.8) NF1-GFP partially rescues RGBarG- phenotype. (A - C)
Representative images and quantification of RGBarG- and RGBarG- + NF1-
GFP cells expressing PHcrac-mCherry, data shown is mean + SD from three
independent experiments n= number of patches (B) or number of cells (C).
**** p<0.0001 as determined by Student's t-test. (D) PHcrac-mCherry patch
size plotted according to NF1-GFP expression levels, data shown is mean %
SD, n= number of patches measured from across three independent
experiments, non significance across means determined by one-way ANOVA.
Scale bar is 5 ym.
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5.2.5 GEF, BAR and GAP domains are required for localisation and function
The increased number and size of PHcrac-GFP and RBD-GFP patches in RGBarG- cells
suggests that the GAP domain of RGBarG is important for turning off Ras and
restricting cup size. To investigate the importance of the GAP domain in more detail
and to determine if the other domains of RGBarG are important for protein localisation
and function, RGBarG constructs lacking in each one of the four domains and having

single domains only were generated (Figure 5.9 A & B).

RGBarG domain constructs were then GFP-tagged and transformed into RGBarG- cells
to determine if each one of the domains were required for protein localisation. Western
blots were performed to confirm that each of the GFP constructs was being expressed
in cells (Figure 5.9 C & D). All constructs were well expressed, with the exception of
GEF-GFP which was expressed at very low levels and could not be detected by
microscopy. Additional smaller molecular weight bands were visible on the blots that

are likely degradation products produced during the lysis procedure.
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Figure 5.9) Generation of RGBarG domain deletion and single domain
constructs. All constructs were generated by PCR and cloning into TOPO
vectors. (A) RGBarG constructs lacking in each one of the four domains. (B)
RGBarG domains alone. (C and D) Western blots of RGBarG- cells and
RGBarG- cells expressing GFP-tagged domain deletion constructs (C) or single
domains (D). Blots were probed with a rabbit anti-GFP primary then goat anti-
rabbit secondary (green) and Streptavidin 680 secondary as a loading control
against MCCC1 (red). Kaleidoscope protein ladder was used.
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The localisation of GFP constructs at macropinosomes was quantified and averaged
over multiple cells (as described in Materials and methods 2.33) to allow the fold
enrichment at the tips of the cups to be determined and localisation to be compared
across different constructs. Full length RGBarG-GFP localised to macropinocytic cups
and was enriched at the tips (Figure 5.10 A & B). RGBarGARCC1-GFP localisation was
similar to full length, being enriched at the tips of the cups compared to the base. Both
RGBarGARhoGEF-GFP and RGBarGABAR-GFP remained cytosolic with only minimal
increase in signal at the tips of the cups which is likely to be background. In order to
confirm this negative controls would be needed using a protein that localises
uniformly to the perimeter of the cell, for example the cyclic AMP receptor.
Interestingly, while RGBarGARasGAP-GFP was enriched at the tips of the cups when
quantified, albeit less so than RGBarG-GFP, it was also visible on most of the plasma
membrane (Figure 5.10 A & B). This data suggests that whilst the RCC1 domain is
dispensable for localisation, the RhoGEF and BAR domains are essential for
recruitment whereas the RasGAP domain is needed to restrict localisation to

macropinocytic cups.
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Figure 5.10) GEF, BAR and GAP domains are required for RGBarG
localisation to the tips of cups. (A) Inverted stills of RGBarG- cells
expressing RGBarG-GFP or RGBarG-GFP without either the RCC1, RhoGEF,
BAR or RasGAP domains. Scale bar is 5 ym. (B) Quantification of enrichment
at the tips of cups compared to the base of the cup. Line scan plots of
macropinosomes (as demonstrated by pink box and line (A)) from across at
least three independent experiments were normalised to a width of 40 points
and averaged (macro written by Anton Nikolaev). (C) Summary of enrichment
of the tips of the cups taken from relative width point 2. Data shown is mean
+ SEM. * p<0.05, **** p<0.0001 as determined by Student’s t-test.
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To test whether RGBarG- cells expressing the RGBarG deletion constructs could rescue
the small macropinosome phenotype observed in RGBarG- cells, they were incubated
in FITC-dextran. The full length construct and RGBarGARCC1-GFP were able to fully
rescue the knockout phenotype, whereas consistent with their lack of localisation
RGBarGARhoGEF-GFP and RGBarGABAR-GFP were not (Figure 5.11 A & B).
RGBarGARasGAP-GFP was also unable to rescue the knockout phenotype (Figure 5.11
A & B) this could either be due to its defects in localisation, as it was present on the
entirety of the plasma membrane and less enriched at the tips of the cups, or to loss of

its RasGAP activity.
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Figure 5.11) GEF, BAR and GAP domains are required to rescue small
macropinosome phenotype. (A and B) RGBarG-, or RGBarG- cells expressing
RGBarG-GFP constructs were incubated in 0.4 mg/ml FITC dextran to visualise
newly internalised macropinosomes. (A) Representative confocal images, scale
bar is 5 pm. (B) Quantification of macropinosome volume calculated by
measuring max macropinosome diameter. Data shown is mean + SEM from
across three independent experiments, * p<0.05, ** p<0.01, =% p<0.0001
as determined by Student’s t-test.

5.2.6 The BAR domain of RGBarG is required for membrane binding
As the RGBarGARasGAP-GFP localised to the plasma membrane but was not restricted

to cups and the RGBarGARhoGEF-GFP and RGBarGABAR-GFP were unable to
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localise, it suggests that the RhoGEF and BAR domains may be required for

localisation to the plasma membrane.

RGBarG- cells expressing single domains fused to GFP showed that whilst RCC1-GFP
and RasGAP-GFP remained cytosolic, BAR-GFP was able to localise to the plasma
membrane (Figure 5.12A & B). To investigate if the RhoGEF or RasGAP domains were
sufficient to restrict localisation to macropinosomes, RGBarG domain fusion constructs
containing the BAR domain fused to either the RhoGEF or the RasGAP domain were

generated.

Both RhoGEF-BAR-GFP and BAR-RasGAP-GFP were expressed well and had a
primarily cytosolic localisation (Figure 5.12A), with additional small puncta visible in
RhoGEF-BAR-GFP localisation. This suggests that although the BAR domain alone is
sufficient to localise to the plasma membrane, when other domains are present such as
the RhoGEF and RasGAP it is prevented from doing so, perhaps due to the BAR
domain being sterically hindered by other domains. This suggests that the RhoGEEF,
BAR and RasGAP domains (as in the RGBarGARCC1-GFP construct) are all required
for normal localisation and that conformational changes in the RGBarG may be

required for protein recruitment.

To investigate if the BAR domain was able to interact with lipids on the membrane, PIP
strips and PIP arrays were performed using lysates from cells expressing BAR-GFP.
BAR-GFP bound to tri- and di- phosphorylated phosphatidylinositol phosphates
(Figure 5.12C) with slightly higher affinity for PI1(3,4)P, and PI(3,4,5)P;, still being

detectable at 12.5 pmol/spot of lipid (Figure 5.12D).
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Figure 5.12) The BAR domain of RGBarG binds to PIPs to recruit the
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protein to the membrane. (A) RGBarG- cells expressing RCC1-GFP, BAR-GFP

or GAP-GFP, BAR-GAP-GFP and GEF-BAR-GFP, scale bar is 5 ym. (B)
Western blots of RGBarG- cells and RGBarG- cells expressing GFP-tagged
constructs. Blots were probed with a rabbit anti-GFP primary then goat anti-
rabbit secondary (green) and Streptavidin 680 secondary as a loading control

against MCCC1 (red). Kaleidoscope protein ladder was used. (C) PIP strips and

(D) PIP array, lysates from RGBarG- cells expressing BAR-GFP, membranes

were probed with anti-GFP primary antibody, representative of one blot.
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N-BAR domain-containing proteins, so called due to an N-terminal amphipathic helix,
such as the yeast protein Rvs161 and Drosophilia amphiphysin are known to bind to
membranes and contain a basic patch of residues that are proposed to be important for
binding (Peter et al., 2004). Although RGBarG does not appear to be an N-BAR, it does
contain a cluster of basic residues (1433-1435) that are closely aligned to those of
Rsv161 and amphiphysin (Appendix 7.4). However mutation of these charged residues
(RKR) to glycines did not have any effect on localisation and the construct was able to
rescue the knockout phenotype when cells were incubated with FITC-dextran (Figure
5.13 A & B). This suggests that other residues in the BAR domain may be required for

binding to the plasma membrane.

This data suggests that the BAR domain of RGBarG binds the protein to the plasma
membrane, further interactions mediated by the RasGAP and RhoGEF domains are

then required for restriction of RGBarG to the tips of macropinocytic cups.
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Figure 5.13) Patch of charged residues are not required for BAR domain
localisation or function. (A) RGBarG- cells expressing RGBarG;, . s:.1:50:4-GFP,
scale bar is 5 ym. (B) Quantification of macropinosome volume in RGBarG-
cells expressing mutated BAR construct, cells incubated in 0.4 mg/ml FITC-
dextran. Ax2, RGBarG- and RGBarG-GFP data added in from previous figure.
Data shown is mean + SEM from across three independent experiments.
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5.2.7 RGBarG GEF domain interacts with RacG

To identify if the RhoGEF domain of RGBarG is active, pull downs were performed
using GST-tagged Rac proteins as bait. These experiments were done in collaboration
with Arjan Kortholt’s lab and were performed by Richard Pots. The purified RhoGEF
domain of RGBarG was found to interact specifically with RacH and RacG, having no
detectable binding to any other Rac proteins (Figure 5.14A), studies to quantitatively
measure GEF activity are ongoing. RacH has been demonstrated to be involved
primarily in endocytic trafficking and localises to intracellular compartments.
Although defects in fluid phase endocytosis were observed the authors attributed this
to indirect effects of defective trafficking downstream of the plasma membrane and
consistent with this RacH- cells had no defects in phagocytosis (Somesh et al., 2006a).
RacG on the other hand, is reported to localise strongly to the plasma membrane and is
enriched at the tips of phagocytic cups (Somesh et al., 2006b) and is therefore likely a

more physiological interactor of RGBarG.

To investigate the interaction between RGBarG and RacG, RacG GFP fusion proteins
were expressed in Ax2 and RGBarG- cells. The RacG-GFP expression constructs were
generated by cloning RacG from the published GFP-RacG constructs (Somesh et al.,
2006b) and ligating them in to pDM GFP vectors, constructs were confirmed by DNA
sequencing. Using these constructs I was unable to reproduce the localisation
published by the Rivero lab, obtaining no expression for N-terminally tagged RacG
and only cytosolic and nuclear localisation for RacG-GFP (Figure 5.14B), and I obtained
no expression using the published GFP-RacG and GFP-RacGAlns pDEXH constructs
(Somesh et al., 2006b). The Kortholt lab were also unable to reproduce the reported

localisation of RacG (Arjan Kortholt, personal communication).
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Figure 5.14) The GEF domain of RGBarG binds to RacG. (A) IP using GST-
tagged purified Rac proteins as bait and probing for GFP-tagged GEF domain.
Experiment performed by Richard Pots (Kortholt lab), representative of n=3 (B)
Localisation of RacG-GFP (pCB135) in Ax2 and RGBarG- cells.

As it was not possible to investigate if RGBarG was required for RacG localisation, the
importance of RacG for RGBarG localisation was investigated using RacG- cells
(Somesh et al., 2006b), and using Ax2 cells from that lab (named here as Ax2D) as
controls. In RacG- cells RGBarG-GFP was significantly less enriched at the tips of the
cups compared to the controls (Figure 5.15 A & B), suggesting that RacG is required for

RGBarG localisation. This implies that RGBarG RhoGEF domain is important for the

enrichment of RGBarG-GFP at the tips of the cups.

166



I — Ax2D
g — RacG-C2
L -
O
c
o
o
L
Q
Q
©
m
(G
vd
kel
L
Relative Width
C)
7
2
-
®
o
c
)
£
£
3]
=
c
)
©
)
(T
oy <
v L

Q@
Figure 5.15) RGBarG-GFP enrichment at cup tips is reduced in RacG-
cells. (A) Representative images of Ax2D or RacG- cells expressing RGBarG-
GFP, scale bar is 5 ym. (B) Quantification of enrichment at the tips of cups
compared to the base of the cup. Line scan plots of macropinosomes from
across at least three independent experiments were normalised to a width of
40 points and averaged. (C) Summary of enrichment of the tips of the cups
taken from relative width point 2. Data shown is mean £+ SEM. ** p < 0.01 as
determined by Student's t-test.

RacG has been demonstrated to induce actin polymerisation and its overexpression
promotes both filopodia formation and phagocytosis of TRITC-yeast (Somesh et al.,
2006b). Similarly to loss of RGBarG, RacG- cells did not have any defects in the rate of
endocytosis (Somesh et al., 2006b) but its role in macropinosome formation has not
been studied. To investigate this RacG- clones were incubated in FITC-dextran. There

was no defect in the size of nascent macropinosomes nor the number of
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macropinosomes per cell (Figure 5.16 A, B & C). Consistent with this there was also no
difference in the size of PHcrac-mChery patches and the number of patches per cell

(Figure 5.16 D, E & F).

RacG has been proposed to function in a manner akin to mammalian Cdc42 (Somesh et
al., 2006b), and indeed RacG and Cdc42 share 75% sequence identity (Rivero et al.,
2001, Somesh et al., 2006b). As Dictyostelium do not have any clear orthologues of

Cdc42, it could be that RacG is fulfilling this role.

This data suggests that while RacG is required for RGBarG localisation, it may not be
functionally important in macropinocytic cup formation. Alternatively other Rac

proteins could be compensating for the lack of RacG in these cells.
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Figure 5.16) RacG- cells do not have defects in macropinosome formation.
(A) Representative confocal images of cells incubated in FITC dextran, scale
bar is 5 ym. Quantification of macropinosome volume (B) and number of
macropinosomes per cell (C) volume was calculated by measuring max
macropinosome diameter. Data shown is mean + SEM from across three
independent experiments. (D - F) Representative images and quantification of
Ax2 or RacG- cells expressing PHcrac-mCherry. Scale bar is 5 ym. Data show
is mean + SD, n indicates number of cells measured from across three
independent experiments. Non-significance determined by Student’s t-test.
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5.2.8 RasGAP activity of RGBarG

The RasGAP domain of RGBarG is required for restricting its localisation to
macropinocytic cups. Furthermore increased active Ras patch sizes were observed in
RGBarG- cells, suggesting that RasGAP activity of RGBarG is involved in
macropinocytic cup formation. To investigate if RGBarG functions as a RasGAP, the
RasGAP domain was purified and tested for activity. This work was done in
collaboration with Arjan Kortholt’s lab at the University of Groningen. Preliminary
data suggested that the purified RasGAP domain of RGBarG had specific activity
against RasG (Figure 5.17), which alongside RasS promotes PI(3,4,5)P; synthesis at

macropinocytic cups (Hoeller et al., 2013).
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Figure 5.17) RGBarG contains an active GAP domain. Experiments
performed by Richard Pots. Activity of purified RGBarG RasGAP domain
against RasG. RasG was preloaded with 32P-GTP and intrinsic (without
addition of purified RGBarG RasGAP) activity and activity in the presence of
purified RGBarG RasGAP domain was measured by monitoring scintillation
counts over time. Data shown is mean + SD from three independent
experiments.

RasGAP domains often have arginine residues which are found in the phosphate
binding site to stabilise the transition from Ras-GTP to Ras-GDP (Bos et al., 2007).
Mutation of this arginine residue can inhibit RasGAP activity as demonstrated by

mutating the conserved arginine residue in Dictyostelium and human NF1 (Bloomfield
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et al., 2015). Alignment of RGBarG with both human and D. discoideum NF1 identified
an arginine at residue 1792 in the RasGAP domain of RGBarG that perfectly aligned

with the essential arginine residues in NF1 (Appendix 7.5).

To generate a mutant that maintained protein-protein interactions but lacked RasGAP
activity, an RGBarG-GFP construct was made with the arginine at residue 1792
mutated to a lysine (Figure 5.18A). RGBarGri7o:x-GFP localised to macropinocytic cups
and was enriched at the tips of the cup when expressed in RGBarG- cells (Figure 5.18 B
& C). Despite having normal localisation, expression of RGBarGrize2x-GFP did not
rescue the enlarged patches of PHcrac-mCherry observed in knockout cells (Figure 5.18
D & E). RGBarG- cells expressing RGBarGri7ox-GFP looked phenotypically similar to
RGBarG- cells in timelapse movies of cells expressing PHcrac-mCherry, having visible
small vesicles internalised from PHcrac-mCherry patches and a prolonged patch
lifetime (Supplementary movie 5.6 and 5.7). The RasGAP mutant construct was also
unable to rescue the small macropinosome defect when cells were incubated with
FITC-dextran (Figure 5.18F). Taken together this data suggests that Ras binding is
required for restricting RGBarG localisation to macropinosomes but RasGAP activity is

needed to restrict the width of the cups.
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Figure 5.18) GAP activity is not
needed for localisation but is
required for restricting cup size.
(A) Schematic of RGBarG showing
location of GAP domain point
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(D and E) Representative images and quantification of Ax2 and RGBarG- +
RGBarG,,,...-GFP cells expressing PHcrac-mCherry, data shown is mean + SD
from three independent experiments, * p<0.05, **** p<0.0001 determined by
Student’s T-test. (F) Quantification of macropinosome volume determined by
FITC incubation- data for RGBarG,,,...-GFP has been combined with FITC data
from figure 5. Data shown is mean + SEM from three independent
experiments, * p<0.05 as determined by Student's T-test.
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5.2.9 RGBarG is required for growth on bacteria

All of the data shown thus far describes the role of RGBarG during macropinocytic cup
formation. However as RGBarG-GFP localised to phagocytic cups in the same manner,
and phagocytic and macropinocytic cup formation share common mechanisms, the

role of RGBarG in phagocytic cup formation was investigated.

To check if RGBarG was important for phagocytic growth Ax2 or RGBarG- cells were
plated onto lawns of Klebsiella aerogenes. The size of plaques on the bacterial lawns,
formed as the Dictyostelium cells eat the bacteria, were measured over time. Although
no defects in axenic growth were observed, RGBarG- cells grew significantly slower
than Ax2 cells on bacterial lawns (Figure 5.19 A & B) suggesting that RGBarG may play
a more important role in phagosome formation. Aside from defects in formation,
slower growth on bacterial lawns could be due to defects in maturation. Given the
cellular localisation of RGBarG-GFP this seemed unlikely, however to confirm this was
not the case phagosome acidification and proteolytic activity were measured using
reporter beads as described in previous chapters. As expected there were no defects in
either phagosome acidification or proteolytic activity (Figure 5.19 C & D), which

indicated that the observed defects in growth were due to defective uptake.
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Figure 5.19) RGBarG is required for growth on bacteria but not
phagosome maturation. (A) Representative images of Ax2 and RGBarG- C9-3
Dictyostelium cells plated on lawns of Klebsiella Aerogenes, scale bar is 10
mm. (B) Quantification of Dictyostelium plaque size over time, cells were plated
on lawns of KA and plaque size measured once a day. Data shown is mean
+ SD from three independent experiments *** p<0.001, **** p<0.0001 as
determined by Student’s t-test. (C and D) Cells were fed 1 ym pH reporter
beads (C) or proteolytic reporter beads (D), extracellular beads were washed
off and fluorescence of bead-containing phagosomes was measured by plate

reader, readings were taken every minute for 4 hours. Data shown is means
of n=3.
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5.2.10 RGBarG is involved in phagocytic uptake

Defects in phagocytosis were investigated by measuring the ability of RGBarG- cells to
take up fluorescent beads or bacteria by flow cytometry. Surprisingly there were no
defects in the ability of RGBarG- cells to take up small 1 pm beads (Figure 5.20A) and
loss of RGBarG proved to have a beneficial effect on uptake when cells were
challenged with larger 4.5 pm beads (Figure 5.20B). These results suggest that loss of
RGBarG enables cells to more efficiently form wider phagocytic cups, which is

beneficial for phagocytosis of larger objects.

Formation of wider macropinocytic cups was largely attributed to the RasGAP activity
of RGBarG. To investigate the role of individual domains of RGBarG in phagosome
formation, the 4.5 um bead phagocytosis was repeated in Ax2, RGBarG- and RGBarG-
cells expressing either the full length RGBarG-GFP, domain deletion constructs or the
mutated RasGAP domain construct. Expression of the RGBarG-GFP construct was able
to fully rescue the knockout phenotype (Figure 5.20B) whereas cells expressing
RGBarGri792x-GFP resembled RGBarG- cells, suggesting that loss of RasGAP activity is
required for the observed increase in phagocytosis. All of the domain deletions
appeared to have a dominant negative effect on uptake being consistently worse than
Ax2, this could be because they do not localise correctly but still bind to some RGBarG

interacting proteins, sequestering them away and decreasing phagocytosis efficiency.

Although RacG- cells did not have any observable difference in macropinocytosis, the
effect of loss of RacG on phagocytosis was investigated. There was no defect in the
ability of RacG- cells to take up 4.5 um beads (Figure 5.20D), which is in agreement
with previous reports, where disruption of RacG had no effect on phagocytosis of yeast

(Somesh et al., 2006b).
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Figure 5.20) RGBarG- cells have defects in phagocytosis. Cells were
incubated in shacking culture with either 1 pm fluorescent beads (A) or 4.5 pym
fluorescent beads (B&C), samples were taken at indicated times and measured

by flow cytometry, data shown is mean + SEM n=3. * p<0.05 as determined by
Student's t-test.

To investigate the cause of this increase in larger bead uptake in RGBarG- cells

timelapse microscopy was used to measure the success or failure of phagocytosis
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attempts. Cells expressing PHcrac-GFP were incubated with TRITC-labelled S.
cerevisine and the failure rate of phagocytosis was measured. Ax2 cells had a greater
rate of failure than cells lacking in RGBarG (Figure 5.21 A & B and supplementary
movie 5.8 and 5.9), although the internalisation time of successful attempts was no
different (Figure 5.21C). This confirms that in the absence of RGBarG, cells are more

efficient at phagocytosing larger objects.
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Figure 5.21) RGBarG- cells have a lower failure rate during phagocytosis
of yeast. (A) Confocal images from timelapse movie of Ax2 or RGBarG- cells
phagocytosing TRITC-labelled S. cerevisiae. (B) Quantification of failure rate
and (C) internalisation time. An event was taken as formation of a PHcrac-GFP
patch in contact with a yeast particle, if the particle was not internalised it was
counted as a failed attempt. Internalisation time was measured from formation
of a PHcrac-GFP patch in contact with a yeast particle until loss of PHcrac-
GFP from around the internalised yeast. Data shown is mean * SD n
indicates number of phagocytosis events from across 3 (Ax2) or 4 (RGBarG-)
independent experiments, * p<0.01 as determined by Student’'s t-test.
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5.2.11 Defects in phagocytosis are shape-dependent

Increased or comparable phagocytosis in RGBarG- cells is in contrast to the defects
observed when cells were grown on lawns of K. aerogenes. To investigate if loss of
RGBarG leads to specific defects in uptake of bacteria, phagocytosis of K. aerogenes and
E. coli was monitored. Bacterial suspension were added to RGBarG- or Ax2 cells and
the decrease in ODsno as the Dictyostelium phagocytose the bacteria was measured. We
observed no defects in uptake of K. aerogenes in RGBarG- cells however we did observe
decreased uptake of E.coli (Figure 5.22 A & B), which was rescued by expressing
RGBarG-GFP. This suggests that perhaps the phagocytosis defects in RGBarG- cells
were dependent on the shape of the phagocytic target, as E.coli are more elongated and
rod-shopped than K. aerogenes (Figure 5.22 C & D). These findings were further
supported by measuring uptake of highly elongated Mycobacterium smegmatis by flow
cytometry (Figure 5.22E), loss of RGBarG severely impaired the ability of cells to

phagocytose these bacteria.
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Figure 5.22) RGBarG- cells have defects phagocytosing elongated bacteria.
(A & B) Cells were incubated in OD,, 0.7 of either K. aerogenes (A) or E.
coli (B), samples were taken every 30 minutes and OD,, measured. OD
decreases as bacteria are phagocytosed. (C) Representative images of GFP-
expressing K. aerogenes and E. coli. (D) Histogram showing distribution of
Feret's diameter for E.coli and K. aerogenes. Feret's diameter calculated using
a custom made macro on imaged, E.coli mean is 5.4 pym, K. aerogenes mean
is 3.2 um, means significantly different **** p<0.0001 as determined by
Student’s t-test. (E) Cells were incubated at 100 moi with GFP-expressing M.
smegmatis, samples were taken over time and fluorescence measured by flow
cytometry. Data was normalised to Ax2 at 90 mins. (A, B & E) Data shown is
mean + SD from across three independent experiments. * p<0.01, ** p<0.001,
*** p<0.001, **** p<0.0001 as determined by Student's t-test.

179



Recognition and phagocytosis of different shapes is critical, particularly in the immune
response where professional phagocytes come into contact with a wide range of
different shaped potential pathogens. Similarly in the wild, Dictyostelium need to be
able to eat different shaped bacteria and fungi for food. Appropriate regulation of Ras
and Rho activity could be important for taking up different shapes and has not been
previously investigated. Although these results support our hypothesis that RGBarG is
required for phagocytosis of more elongated shapes, there are several caveats with
using different bacterial species such as bacterial surface composition and differences

in receptor-ligand interactions.

Previous work investigating phagocytosis of different geometries in macrophages
utilised latex beads, stretching them to create different shapes (Champion and
Mitragotri, 2006) and concluded that more complex shapes were more difficult to
phagocytose. To generate these different shapes, beads were embedded in PVA films
and stretched (Champion and Mitragotri, 2006, Ho et al., 1993). Using this method (in
collaboration with Andrew Parnell, University of Sheffield) we generated oblate
ellipsoids by stretching 3 um beads to 1.2 x and 2.1 x their diameter (Figure 5.23 A & B).
Stretched beads were incubated with Ax2 or RGBarG- cells for 30 minutes and the
average number of beads/cells quantified by microscopy. Although additional repeats
are required, preliminary results indicated that while there was little different in the
ability of RGBarG- cells to take up 1.2 x stretched beads, these cells were significantly
worse at taking up 2.1 x stretched beads, further supporting our hypothesis that

RGBarG is important for phagocytosis of elongated shapes.
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Figure 5.23) RGBarG is required for phagocytosis of elongated beads. (A)
Representative images of 1.2 or 2.1 x stretched beads, scale bar is 10 pm.
(B) Frequency distribution of the lengths of 1.2 x of 2.1 x stretched beads.
The mean length was used to calculate the average amount of stretch, n
indicates the number of beads measured. (C) Ax2 or RGBarG- cells were
incubated with stretched beads for 30 minutes in shaking culture, samples were
imaged on brightfield microscope, data shown is mean +SD from across two
independent experiments. ** p<0.001 as determined by Student's t-test.

5.2.12 RGBarG regulates pseudopod dynamics during chemotaxis

Although RGBarG is required for phagocytosis of elongated shapes, this does not
explain why despite having no defects in uptake of K. aerogenes, RGBarG- cells formed
smaller plaques on lawns of this bacteria. RGBarG- cells may therefore have defects in

other actin-dependent processes such as migration. Investigating the role of RGBarG in
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chemotaxis was the focus of a SURE summer student project which I supervised, the

experiments were performed and analysed by James Vines.

Dictyostelium cells express a folic acid G-protein coupled receptor on their cell surface
allowing them to chemotax towards this stimulus (Pan et al., 2016), however as Ax2
cells undergo constitutive macropinocytosis which inhibits chemotaxis (Veltman et al.,
2014) cells need to be placed under agarose, downregulating macropinocytosis and
allowing them to migrate. Under these conditions RGBarG- cells were markedly slower
than Ax2 cells (Supplementary movie 5.10 & 5.11 and Figure 5.24B), which was rescued
by reintroducing RGBarG-GFP into the knockout cells. RGBarG- cells appeared to get
stuck going in one direction (Figure 5.24A), meaning that persistence, calculated as net
distance over total distance, was high even though cells were often not moving
towards the gradient (Figure 5.24C). RGBarG- cells were morphologically different
during migration, often forming a broad moustache-like shape, with two protruding
leading edges (Supplementary movie 5.10 & 5.11). This was more apparent when cells
were looked at in higher magnification (Supplementary movie 5.12 & 5.13), whilst Ax2
cells adopted a classic morphology with a well-defined leading edge and cell rear, this
was not the case in RGBarG- cells. Often, instead of one pseudopod becoming
dominant after splitting and one diminishing, both pseudopods appeared to persist
meaning the cells tried to move in two directions at the same time, slowing them down
significantly and making it difficult for them to change direction and travel up the

folate gradient.
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Figure 5.24) RGBarG is required for folate chemotaxis. (A) Representative
traces of 10 Ax2 or RGBarG- cells chemotaxing under agar towards folate. (B
& C) Quantification of speed (B) and persistence (C) calculated as net
distance/total distance, movies of cells chemotaxing were quantified using
MtrackJ plugin on imageJ. 10 cells were tracked per cell line per experiment,
a total of four independent experiments were performed in total. Data shown in
mean + SD **** p<0.0001 as determined by Student's t-test. (D) Representative
stills from timelapse movies showing cell morphology during chemotaxis towards
folate.

To investigate which domains of RGBarG are involved in regulating folate chemotaxis,
the under agarose chemotaxis assay was repeated using RGBarG- cells expressing the
RGBarG-GFP constructs lacking in each of the four domains, although further repeats
are required for RGBarGABAR-GFP. While cells expressing RGBarGARCC1-GFP were

very similar to Ax2 cells, those expressing RGBarGARhoGEF-GFP or
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RGBarGARasGAP-GFP were unable to rescue the knockout phenotype (Figure 5.25 A

& B).

In summary this data shows that RGBarG is required for efficient folate chemotaxis,
and appears to be involved in regulating pseudopod lifetime, governing the ability of

the cells to follow a folate gradient.
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Figure 5.25) RGBarG RhoGEF and RasGAP domains are required for folate
chemotaxis. Quantification of distance (A), speed and velocity (B) in RGBarG-
cells expressing domain deletion constructs, movies of cells chemotaxing were
quantified using MtrackJ plugin on imagedJ. 10 cells were tracked per cell line
per experiment, a total of three independent experiments were performed in
total. Average data for Ax2 and RGBarG- cells added from previous experiment.
Data shown in mean + SD * p<0.05, *** p<0.001, **** p<0.0001 as determined
by Student's t-test.
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5.3 Discussion

5.3.1 Recruitment and spatial localisation of RGBarG

Spatial restriction of proteins in macropinocytic and phagocytic cup formation is
essential for ensuring proper formation of these structures. RGBarG-GFP localises to
both macropinocytic and phagocytic cups and was specifically enriched at the tips,
adjacent to PHcrac-mCherry patches indicating that RGBarG and PI(3,4,5)P; are
spatially separated within the cup. Recruitment of RGBarG to macropinosomes
required the RhoGEF, BAR and RasGAP domains. We propose that RGBarG is
recruited specifically to macropinocytic cups by binding to active Ras, which would be
present on the plasma membrane in areas where cups are forming. The BAR domain of
RGBarG is involved in binding the protein to the plasma membrane and RGBarG is
further restricted by binding to RacG, leading to enrichment at the tips of the cups
(Figure 5.26). As all three domains are required for localisation to occur it is likely that
RGBarG needs to undergo conformational changes initiated by Rac and Ras binding in
order to allow the BAR domain to bind the protein to the plasma membrane and
restrict localisation to the tips of the cup. This is further supported by the fact that GFP
expression constructions containing only the RhoGEF-BAR or BAR-RasGAP domains

were unable to localise.
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Figure 5.26) Schematic of RGBarG localisation. RGBarG is recruited to sites
of macropinosome and phagosome formation by interacting with active Ras, it
is specifically restricted into the tips via the GEF domain binding to RacG and
binds to the membrane via its BAR domain. RGBarG maintains the boundary
between active Ras, inactivating it to restrict cup width, and active RacG,

activating it to drive actin polymerisation and protrusion at the tips of the cup.

5.3.2 Role of RGBarG in macropinosome formation

RGBarG plays an important role in restricting Ras activity during macropinocytic cup
formation, likely in cooperation with other RasGAPs such as NF1. Loss of RGBarG in
Ax2 cells, which already have mutations in NF1, had an additive effect on cup width
and number of internalised macropinosomes. While for non-axenic strains, mutations
in NF1 allow for bigger volumes of fluid to be internalised (Bloomfield et al., 2015),
further widening of macropinocytic cups due to loss of RGBarG- had a detrimental
effect on macropinosome formation, leading to smaller vesicles being internalised and
hyper active patches of membrane where macropinosomes were formed continuously.
However, this did not have an impact on the rate of endocytosis and no defects in
growth were observed in these cells, indicating that although macropinosome
formation was dysregulated it was sufficient for internalisation of enough fluid to
support normal growth. Despite working cooperatively, our results indicated that NF1

and RGBarG may not have completely overlapping roles as we were unable to produce
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RGBarG knockout cells in non-axenic Dictyostelium and growth was significantly

slower in RGBarG- cells expressing NF1-GFP compared to Ax2 cells.

While the RasGAP domain of RGBarG was required both for localisation and
restricting Ras activity in macropinocytic cups, the role of the RhoGEF domain was less
clear. RGBarG enrichment at the tips of macropinocytic cups was found to be
dependent on RacG however as RacG- cells had no observable defects in
macropinocytosis we were unable to determine its role in macropinosome formation.
One possibility for this is that other Rac proteins may be able to compensate for loss of
RacG either through RGBarG-dependent or independent mechanisms, indeed there are
14 identified Rho-related proteins in Dictyostelium (Rivero et al., 2001). Another
possibility is that active RacG functions to recruit RGBarG which could then mediate
protrusion through other interaction partners. Further studies to identify RGBarG

interaction partners will likely be enlightening.

Whether RGBarG is able to mediate protrusion at the tips of cups, suggested by its
localisation, remains to be determined. We are currently optimising analysis of our
PHcrac-mCherry timelapse movies to try and quantify if there are any defects in

membrane protrusion in RGBarG- or RacG- cells.

5.3.3 Role of RGBarG in phagocytosis

Defects in phagocytosis in RGBarG- cells were found to be dependent on the geometry
of the target being taken up. The ability to cope with a wide range of potential
phagocytic targets is essential both for immune cells such as macrophages and free

living phagocytes like amoebae.

The increase in efficiency in RGBarG- cells to take up large spherical objects such as
beads and yeast was dependent on the RasGAP activity of RGBarG, as cells expressing

RGBarGri792x-GFP were the same as RGBarG- cells in their increased phagocytic
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capacity. Although the loss of RGBarG localisation in cells expressing
RGBarGARhoGEF-GFP and RGBarGABAR-GFP makes it difficult to determine the
extent to which the GEF and BAR domains are involved in phagocytosis, the fact that
cells expressing RGBarGri792xk-GFP had the same increased uptake as RGBarG- cells,
despite localising normally, suggests that the RasGAP activity is largely responsible for
this. This could be due to the ability to form and maintain wider phagocytic cups due

to more persistent Ras activity in RGBarG- cells.

The importance of target geometry in phagocytosis is largely unexplored, which is
surprising given its importance. While a handful of papers have investigated
phagocytosis of a variety of shapes, ranging from flying-saucer shapes to doughnuts
(Champion and Mitragotri, 2006, Sharma et al., 2010, Paul et al., 2013, Champion et al.,
2007, Doshi and Mitragotri, 2010), the mechanisms involved in phagocytosis of these
complex shapes are largely unknown. The defects observed in uptake of elongated
bacteria and beads in RGBarG- cells could suggest that coordinated regulation of
RhoGEF and RasGAP activity is particularly important for phagocytosis of more

complex shapes.

Future work will involve identifying if defects in RGBarG- cells are due to prolonged
RasGAP activity or potentially due to a loss of RacG interactions. Prolonged RasGAP
activity and formation of wider macropinocytic cups could prevent protrusions being
able to track closely along the edge of the targets preventing their capture.
Alternatively, if RGBarG- cells have defects in generating protrusions, either due to
RacG interactions or others, then the cells may lack the force required to bend around

the higher curvature that would be present at the edges of elongated beads or bacteria.

A final possibility could be that the BAR domain is involved in driving tight membrane
curvature around the edges of elongated targets. A similar mechanism has been

described for the inverse BAR-domain containing protein IBARa in Dictyostelium.
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IBARa was involved in phagocytosis of objects with inverse curvature such as
budding-yeast, and was enriched at the tips of the cups as they extended around the
neck in the centre of the budded yeast (Linkner et al., 2014). It would be interesting to
test whether the BAR domain is able to generate membrane curvature making it a

possible candidate for involvement in phagocytosis of elongated shapes.

5.3.4 Role of RGBarG in folate chemotaxis

Formation of PI(3,4,5)Ps patches is involved in macropinosome formation. In cells
where there is increased active Ras and therefore more PI(3,4,5)P; such as axenic
strains, there is an increased rate of macropinocytosis. The downside of this is that
increased macropinocytosis inhibits chemotaxis, as demonstrated by the fact that Ax2
cells are significantly worse at folate chemotaxis that non-axenic NC4 strains of

Dictyostelium (Veltman et al., 2014).

Inhibition of macropinocytosis by compression downregulates macropinocytosis and
increased the chemotactic capacity of Ax2 cells (Veltman et al., 2014). As RGBarG- cells
have more, wider PI(3,4,5)P; patches on the cell surface they would be expected to
have worse migration than Ax2 cells in the absence of compression. Indeed, this is a
phenotype I have observed from timelapse movies, where RGBarG- cells appear to
have a much lower random migration than Ax2 cells. Under compression as
macropinocytosis is inhibited it is perhaps surprising that chemotaxis of RGBarG- cells
is significantly impaired. From timelapse movies it appears that cells lacking in
RGBarG continue to generate pseudopods away from the chemotactic gradient,
impeding their ability to chemotax. However as active Ras drives pseudopod
formation (Van Haastert, 2010) and RGBarG- cells have large patches of active Ras on
the cell surface, pseudopods would be much more likely to form in these cells.
Additionally hyperactivated Ras could explain why multiple pseudopods are formed

in RGBarG- cells.
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5.3.5 Conclusions

In conclusion I have identified a previously uncharacterised protein involved in
macropinosome and phagosome formation in Dictyostelium. The RhoGEF, BAR and
RasGAP domains of RGBarG were all required for localisation and enrichment at the
tips of cups. This enrichment suggested that RGBarG may be involved in mediating
protrusions to form the rims of the cups, given its similarity to SCAR/WAVE and actin
enrichment adjacent to patches of PI(3,4,5)Ps. Although we identified RacG as an
interacting protein, we have not yet defined the mechanistic importance of this
interaction. However we would speculate that RGBarG mediates protrusion at the tips
of the cups via RacG and that this is important both for protrusion during

macropinosome formation but more critical for phagocytosis of complex shapes.

We were able to characterise the importance of the RasGAP activity in RGBarG which
was required for restricting localisation of active Ras/PI(3,4,5)P; to the base of
macropinocytic cups. Defining the base was importance for internalising larger gulps
of fluid, as too large a patch lead to smaller nascent macropinosomes being formed,
and permitted the uptake of small beads and bacteria (Figure 5.27A). Wider cups also
had a positive impact during phagocytosis, making it more favourable for cells to
capture large spherical objects (Figure 5.27B), although the importance of the RasGAP
domain during phagocytosis of elongated shapes and potential involvement of RacG-

mediated protrusions remains to be determined (Figure 5.27C).
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Figure 5.27) Schematic for role of RGBarG during macropinocytosis and
phagocytosis of different geometries. (A) Loss of RGBarG leads to wider
patches of active Ras and prolonged patch lifetime. Small vesicles pinch off
the base of the cup, allowing uptake of small amounts of fluid, small beads
and bacteria. (B) A wider macropinocytic cup facilitates uptake of larger
spherical beads or yeast, potentially prolonged Ras activity could also increase
chances of successful phagocytosis, and large spherical objects could stabilise
the cup, preventing small vesicles pinching off. (C) During uptake of elongated
targets a wider cup could hinder capture or potentially loss of RacG interaction
could inhibit cells generating the force required to extend the membrane
around the high curvature at the edges of the elongated target- this could also
involve the action of the BAR domain.
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Chapter Six:

Summary



My PhD has been split into two main projects: investigating the role of PIKfyve and
SnxA during macropinosome and phagosome maturation; and investigating how
regulation of Ras and Rho activity is involved in macropinocytic and phagocytic cup
formation. Summarised below are the key findings of these projects, along with

unanswered questions for the future.

6.1 Insights into PI(3,5)P2> dynamics during maturation

Inositol phospholipids are major regulators of macropinosome and phagosome
maturation. While the dynamics of PI(3)P during maturation are well established
(Ellson et al., 2001, Gillooly et al., 2000, Christoforidis et al., 1999b) and recent work has
begun to investigate those of PI(4)P (Levin et al., 2017), the dynamics of PI(3,5)P:
during macropinosome and phagosome maturation are very poorly understood. As
previously mentioned this absence of information on PI(3,5)P> dynamics is due to lack

of reliable reporters, which has hampered our understanding of this important PIP.

I have characterised a novel PI(3,5)P, probe, SnxA-GFP, which binds specifically to
PI(3,5)P2 with no detectable binding to other PIPs. With this probe the dynamics of
PI(3,5)P> during macropinosome and phagosome maturation were investigated. Rather
than being synthesised de novo like PI(3)P (Ellson et al., 2001), PI(3,5)P» appeared to
arrive on the membrane via vesicle fusion, as observed by fusion of SnxA-GFP positive
vesicles with nascent mCherry-2xFYVE positive macropinosomes and phagosomes.
Interestingly these vesicles were only positive for SnxA-GFP and had no visible
mCherry-2xFYVE, suggesting they do not contain PI(3)P. The source of these small
vesicles is unclear, but they are likely to originate from mature
macropinosomes/phagosomes, which would suggest that PI(3)P is lost from
macropinosomes and phagosomes prior to loss of PI(3,5)P>. How this mechanistically

occurs is unclear but could involve detachment of Vps34, as proposed to occur
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following endosome acidification (Naufer et al., 2017) and recruitment of the
myotubularin family of 3-phosphatases (Kim et al., 2002). Whether the other lipid
product of PIKfyve, PI(5)P, is also involved in macropinosome and phagosome
maturation remains to be determined, the action of myotubularins attributed to being
involved in removal of PI(3)P, have also been implicated in PI(5)P formation (Shisheva
et al., 2015, Zolov et al., 2012). Until a reliable reporter for PI(5)P can be identified, the

role of this lipid in maturation will remain unknown.

With this novel information on PI(3,5)P> dynamics and our current knowledge of PIPs
during maturation we can propose a working model, for PIP localisation during
maturation (Figure 6.1 A & B). Vps34 is recruited to nascent vesicles by binding to
Rab5 (Christoforidis et al., 1999b) catalysing the formation of PI(3)P from PI. PI(3,5)P is
then delivered to macropinosomes and phagosomes via vesicle fusion, although we
cannot exclude some direct synthesis from PI(3)P by PIKfyve recruitment (Yamamoto
et al., 1995, Sbrissa et al., 1999, Michell et al., 2006, Zolov et al., 2012, Takasuga and
Sasaki, 2013, Cabezas et al., 2006). Acidification could facilitate the detachment of
Vps34 (Naufer et al., 2017) and the Rab5 to Rab7 switch would prevent further Vps34
recruitment. PI(3)P would then be further catabolised by recruitment of myotubularins
(Kim et al., 2002) leading to formation of PI. Recruitment of PI4 kinase class II could

then catalyse the formation of PI(4)P (Levin et al., 2017).
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Figure 6.1) Inositol phospholipids during macropinosome and phagosome
maturation. (A) Different PIPs are present at distinct stages of maturation, this
is achieved through recruitment of lipid kinases and phosphatases. For
simplicity only macropinosome maturation is shown in the diagram. (B)
Interconversion of PIPs involved in macropinosome and phagosome maturation.
Kinases are shown in green, phosphatases are in red.

In future experiments it would be interesting to look at localisation and loss of
mCherry-2xFYVE and SnxA-GFP on bead-containing phagosomes, to see if we can
observe PI(3,5)P>- only positive beads. Additionally monitoring PI(4)P dynamics in

relation to PI(3,5)P: to see if these PIPs are present on distinct compartments would

provide insights into the PIP composition of late phagosomes.
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6.2 Dual mechanisms of V-ATPase delivery

By monitoring V-ATPase recruitment to phagosomes in PIKfyve- cells and by looking at
colocalisation between SnxA-GFP and RFP-tagged V-ATPase subunits, delivery of the
V-ATPase was found to occur from two distinct populations of vesicles; one PIKfyve-
independent and another PIKfyve-dependent. As the second population of V-ATPase-
positive vesicles was also positive for SnxA-GFP and less V-ATPase is delivered in
PIKfyve- cells, this indicates that PI(3,5)P: is required for fusion or generation of this
population of vesicles. The PIP composition of the first population of vesicles involved

is currently unknown.

We recently demonstrated that WASH and retromer are recruited to macropinosomes
and phagosomes immediately following internalisation and remain localised for the
first two minutes before being rapidly lost (Buckley et al., 2016). In Dictyostelium a
second phase of WASH recruitment occurs later in maturation and is required for
removal of the V-ATPase from lysosomes, allowing them to reneutralise (King et al.,
2013, Buckley et al., 2016). Loss of WASH in Dictyostelium prevents V-ATPase being
recycled from lysosomes and leads to a moderate decrease in acidification (Buckley et
al., 2016). Based on our observations that V-ATPase is delivered by two populations of
vesicles we speculate that this first phase of delivery is WASH-dependent, originating
from neutralising post-lysosomes, whereas the second phase is PIKfyve-dependent

(Figure 6.2).

Defects in acidification in PIKfyve- cells are more extensive than those observed for
WASH- cells, suggesting that PIKfyve-dependent mechanisms contribute more to
acidification than WASH-dependent ones. One possible explanation for this is that in
PIKfyve- cells WASH-mediated V-ATPase recycling from post-lysosomes could be
impaired or slower leading to a greater defect in acidification, although we observed

no defects in initial V-ATPase arrival time in our timelapse movies. Another possibility
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is that in addition to recruitment, PIKfyve or PI(3,5)P, contributes to V-ATPase activity
either directly or indirectly, which would also lead to stronger defects in acidification.
To test our hypothesis of V-ATPase recruitment it would be interesting to treat WASH-
cells with the PIKfyve-specific inhibitor Apilimod, as we would predict they would
have very strong acidifications defects and V-ATPase delivery would be severely
impaired.
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Figure 6.2) Dual phases of V-ATPase recruitment. A proposed mechanism for
recruitment of the V-ATPase. Early phase of V-ATPase recruitment are PIKfyve-
independent but dependent on WASH-mediated V-ATPase recycling from
lysosomes. The later phase of recruitment is PIKfyve-dependent and V-ATPase
is trafficked to macropinosomes at the same time as PI(3,5,)P..

6.3 Role of PIKfyve in macropinosome and phagosome maturation

PIKfyve was found to be involved for efficient maturation of both macropinosomes
and phagosomes, although appeared to play distinct roles in these processes. In
macropinocytosis, while acidification and proteolytic activity appeared unaffected,
macropinosome fission was severely impaired leading to swollen vesicles.
Additionally, vesicle motility was lower in these cells and less clustering of vesicles
was observed, suggesting that there may be defects in macropinosome binding to

microtubules. On the other hand during phagocytosis, PIKfyve was required for
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acidification, mediating V-ATPase recruitment and was also essential for proteolytic
activity, potentially by delayed delivery of enzymes. How PIKfyve mediates these
effects is unclear but was found not to require the PI(3,5)P, binding protein SnxA.
These results indicated that other effector proteins must function downstream of

PIKfyve.

In mammalian cells two ion channels have recently been identified that require
PI(3,5)P> binding for their activation, Transient receptor potential mucolipin 1
(TRPML1) and two calcium pore channel 1/2 (TCP1/2), which lead to efflux of Ca2* or
Na* ions upon PI(3,5)P; binding (Wang et al., 2012, Wang et al., 2011) (Figure 6.3).
Endolysosomal release of calcium ions has been implicated in various membrane
trafficking events such as vesicle docking (Stockinger et al., 2006), fission and fusion
(Shen et al., 2011). Little is known about the role of Na* release during endosome
maturation, but it has been reported to be involved in membrane fusion during

exocytosis (Parnas et al., 2000).

Several studies have investigated the role of TRPML1 during phagosome and
macropinosome maturation and found that disruption of TRPML1 recapitulated many
phenotypes seen in PIKfyve disrupted cells. For example pharmacological inhibition of
TRPML1 in RAW macrophages lead to defects in degradation and the formation of
swollen vesicles (Krishna et al., 2016), whereas swollen vesicles caused by knocking out
ArPIKfyve (recruited in a complex with PIKfyve and Sac3) in fibroblasts were rescued
by overexpression of TRPML1 (Samie et al., 2013). Furthermore TRPML1 has been
shown to regulate the interaction between lysosomes and the microtubule motor
dynein, controlling lysosomal transport along microtubules (Li et al., 2016). All of the
above observed defects in TRPML1 disrupted cells fit with the model that most of the
effects seen upon disruption of PIKfyve are mediated by TRPML1 and Ca?* release.

However, while the Dictyostelium genome contains an orthologue of TRPML1
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(mucolipin), it has only been demonstrated to be involved in post-lysosomal phases,
furthermore mucolipin- cells have no defects in acidification (Lima et al., 2012). This
suggests that in Dictyostelium other PI(3,5)P; effectors, perhaps Ca2* or other ion

channels, are involved in signalling downstream of PIKfyve.

Additionally the reasons for the observed difference in PIKfyve-dependence for
acidification and proteolysis between macropinosomes and phagosomes remains to be
determined. If acidification and delivery of proteolytic enzymes is somehow mediated
by a localised release of Ca?* or other metal ions, then loss of PIKfyve would inhibit ion
channels negatively affecting these processes. As in phagosomes, disruption of PIKfyve
perturbs degradation, there would not be a large source of luminal ions available in the
phagosome. In contrast, macropinosomes containing medium are a rich source of ions,
potentially if these could be transported out of the macropinosome in a PIKfyve-
independent manner, then acidification and proteolysis may function normally.
However in this scenario you would not expect to see other defects such as formation
of swollen macropinosomes, which have been attributed to loss of TRPML1 activation.
Therefore there must be other mechanisms involved to account for these observed

differences between macropinosomes and phagosomes.
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Figure 6.3) PI(3,5)P.-activated ion channels during maturation. Efflux of ions
such as Ca” and Na’ into the cytosol has could be involved in mediating
many stages of maturation downstream of PIKfyve such as vesicle fission and

fusion.

6.4 Spatial regulation of small GTPases during cup formation

Spatial restriction of proteins in macropinocytic and phagocytic cups is essential for
formation of these structures. Both small GTPases and PIPs are involved in defining
the base and the tips of the cups ensuring that Arp2/3-mediated actinpolymerisation is

promoted at the rims to drive extension, and formin-mediated polymerisation occurs

in the base, preventing protrusion and stabilising the cup.

We identified a previously uncharacterised protein, RGBarG, involved in formation of
macropinocytic and phagocytic cups in Dictyostelium. The presence of both RhoGEF
and RasGAP small GTPase regulatory domains suggested that RGBarG may be

involved in mediating small GTPase activity during cup formation.

In addition to the BAR domain promoting membrane binding, the RhoGEF and
RasGAP domains were both involved in enrichment of RGBarG-GFP at the tips of cups

which indicated that this protein could function by coordinating both Rho and Ras
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activities. While we confirmed the BAR domain was involved in binding to di- and tri-

PIPs, the RCC1 domain appears to be largely unimportant for RGBarG function.

Whilst we identified RacG as a target of the RhoGEF domain, we were unable to
confirm if this interaction was important for driving cup formation, as we observed no
defects in either macropinocytosis or phagocytosis in RacG- cells, although it is likely
that other Rac proteins, for example Racl, maybe able to compensate for the loss of
RacG. RGBarG interactions with RacG could function to promote cup formation by
driving protrusion as the tips of the cups and we are currently investigating if
protrusion is defective in RGBarG- and RacG- cells. Alternatively, binding to RacG
could be involved in establishing the boundary between the tips and the base of the
cup, as RGBarG would be recruited to RacG and turn off Ras, defining the edges of the

base (Figure 6.4).

actin polymerisation

Figure 6.4) RGBarG restricts Ras activity to define the base of the cup.
RGBarG is enriched at the tips of the cups specifically by interacting with
RacG, it inactivates Ras to define the boundary between the base and the tips
of the cups.

6.5 Ras activity during macropinosome formation

The RasGAP activity of RGBarG was involved in formation of both macropinocytic
and phagocytic cups. Despite not affecting overall fluid uptake or growth, mutations in

the RasGAP domain of RGBarG lead to an increase in the width of macropinocytic
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cups. Mutations in the RasGAP NF1 allow non-axenic stains of Dictyostelium to grow
axenically and is the causative mutation behind axenic lab stains (Bloomfield et al.,
2015). NF1 mutations lead to wider macropinocytic patches and larger amounts of
fluid being internalised, as cells form larger crown-shaped cups. Disruption of RGBarG
further increased cup width however macropinosome formation was affected; the
distal tips of macropinosomes did not fuse together as often observed in Ax2 cells and
instead macropinosomes were formed by vesicles pinching off the base of the cup
(Figure 6.5). This suggests that once the base of macropinosomes go over a threshold
width the protruding edges of the cup cannot meet and fuse. While this does not

impede fluid uptake per se it did have more defined effects on phagosome formation.

Non-axenic Ax2 RGBarG-

|

~ N

Figure 6.5) Consequences of widening patches of active Ras. In Ax2 strains
where NF1 is mutated, patches of active Ras are wider, leading to larger
nascent macropinosomes. In RGBarG- patches are wider still becoming to large
for the distal tips to fuse together, instead smaller nascent macropinosomes are
formed by pinching off at the base.

6.6 Ras activity during phagosome formation

Loss of RGBarG had different impacts on phagocytosis depending on the size or the
shape of objects being taken up. Consistent with no defects in endocytosis we observed
no defects in phagocytosis of small beads or bacteria. However large beads were more
efficiently taken up, indicating that these large spherical objects could stabilise the
cups. Indeed while fusion of the distal tips was not observed in macropinocytosis, it

was observed during phagocytosis of S. cerevisiae. It would be interesting to visualise
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active Ras or PI(3,4,5)P, during phagocytosis of small vs large beads by microscopy in
RGBarG- cells, as due to their size, small beads and bacteria could also be taken up by

macropinocytosis (e.g. not via a zippering mechanism).

Interestingly, we observed that RGBarG- cells were defective in phagocytosis of
elongated objects. While differences in phagocytosis of particles with different
geometries has been described in macrophages (Champion and Mitragotri, 2006,
Sharma et al., 2010, Paul et al., 2013, Doshi and Mitragotri, 2010), why mechanistically
such differences in phagocytic efficiency occurs remains unknown. The fact that we see
defects specifically in RGBarG- cells and not in Ax2 cells suggests that this protein is
functionally important. This could be due to regulation of Ras, by defining the edges of
the base and/or regulation of RacG via the RhoGEF domain. If RacG is involved in
mediating protrusion at the cup tips then it may be required to generate the extra force
required to extend the cup round the tight curvature at the ends of an elongated object.
Potentially this could also involve BAR-domain binding, although further experiments
are needed to investigate if the BAR domain is able to generate or recognise membrane
curvature. Future work currently ongoing into the role of RGBarG domains in
phagocytosis of elongated beads will shed more light on the mechanisms behind these

defects.

6.7 Conclusions and future questions

We have demonstrated that PI(3,5)P: is recruited to macropinosomes and phagosomes
shortly following PI(3)P formation and have identified a population of PI(3,5)P>
positive but PI(3)P negative vesicles. This raises several important questions about
what the source of these vesicles is and what their role in maturation is i.e. what are

they delivering?
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Additionally we have identified two populations of V-ATPase positive vesicles
involved in its recruitment in Dictyostelium, one that we speculate is WASH-dependent
and another that is PIKfyve-dependent. Mechanistically how these two populations of
V-ATPase vesicle fusion are mediated is currently unknown. Does the second phase of
V-ATPase recruitment require Ca?* release for example? Or are there also multiple
mechanisms of V-ATPase recruitment in mammalian cells? Macropinosome and
phagosome acidification and proteolytic activity were found to differ in the
requirement for PIKfyve. In phagocytosis this was due, at least in part, to ineffective V-
ATPase delivery but if this decrease delivery also occurs in macropinosomes why pH
is not affected to the same extent, and if there are physiological reasons for these

differences, remain important questions to address in the future.

Finally we identified that RGBarG was required for macropinosome and phagosome
formation. Although not affecting overall fluid uptake, widened macropinocytic cups
were unable to fuse at their distal tips leading to smaller nascent macropinosomes.
Whether these abnormalities is cup formation were due solely to loss of RasGAP

activity, or if the RhoGEF/RacG interactions is currently unknown.

Phagocytosis of different shaped objects was also dependent on RGBarG. Whether this
requires coordination of Rho and Ras small GTPase activity, or even if it involves other
domain interactions such as the BAR domain remains to be determined. Presumably
this potential requirement for Rho and Ras coordination during cup formation is just as
important in mammalian phagocytes, as RGBarG is not conserved in mammalian cells
it would be interesting to determine which Rho and Ras proteins are required for

macropinocytic and phagocytic cup formation.
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Chapter Seven:

Appendix



7.1 pH calibration curve

el | | qul el
standards 4 a62| ass| sa7|  eod]  6asl 708l 78
o 326 | 500 | 718 | 901 | teas | vre2 | 2108 | 2897
Mexa 594 | 1197 | 1656 | %681 | aer | 1ar | e | 113 | 130
Ratio 0 237062] 0 301932] 0 427127] 0 605018| 0 979702 1302326] 1 964081| 2 087176
Log10 ratio | -0 62514] -0 52008 -0 36944) 021759| -0.00891] 0 11472] 0293155| 031958
aos] se2l so8] sa7]  sodl  sss]  7es] 73
Log0 ratio | .0 62514] .0 52008| 0 3884 .0.21758] -0 00891| 011472 029345] 0 318550

0

Calibration

y=0.329%-2.0189 «

)

65

Figure 7.1) pH calibration curve. The fluorescent signal from FITC and Alexa
594-labelled beads was determined at a range of known pH values. This was

then used to draw a calibration curve which can be used to convert

fluorescent measurements using the beads into pH.
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7.2 Vesicle analysis macro

macro "batch test [F9]"

{

dirl = getDirectory("Choose Source Directory ");
dir2 = getDirectory("Choose Destination Directory *);
list = getFileList(dirl);

setBatchMode(false);

for (i=0; i<list.length; i++) {
showProgress(i+1, list.length);
filename = dirl + list[i];

If (endsWith(filename, "nd2")) {
open(filename);

//run(*'Brightness/Contrast...");

setMinAndMax(0,1600);

run("Duplicate...”, " ");

run("'8-bit");

run("Auto Local Threshold", "method=Phansalkar radius=2 parameter_1=0
parameter_2=0 white");

run("Despeckle™);

run("Options...", "iterations=1 count=1 black edm=0Overwrite do=Close");
/IFills in small holes in selection//

run("Watershed");

//Separates touching objects//

run("Create Selection");

run("Add to Manager");

roiManager("Add");

run("Analyze Particles...”, "size=5-Infinity pixel circularity=0.00-1.00 show=Masks
clear add");

//Separates individual selections into objects, removing all <25 pixels//
close();

saveAs("TIFF", dir2+list[i]+" mask");
close();

1J.deleteRows(0, 10000);
roiManager("Select All");

/linsert window//
roiManager("Measure");
saveAs("Results", dir2+list[i]+".txt");
close();

¥
¥

¥
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7.3 Yeast and V-ATPase fluorescence macro

/Iselect directories

dirl = getDirectory("Choose Destination Directory - Input");

dir2 = getDirectory("Choose Destination Directory - Masks-green™);

dir3 = getDirectory("Choose Destination Directory - Output-V-ATPase");
dir4 = getDirectory("Choose Destination Directory - Output-yeast™);

/1get list of file names from directory//
list = getFileList(dirl);
setBatchMode(true);

/Isearch through list and open tif files//
for (i=0; i<list.length; i++) {
showProgress(i+1, list.length);
filename = dirl + list[i];

if (endsWith(filename, "tif")) {
open(filename);

run("Stack to Images");

/lwhile images are open do... runs macro in order of images as open on screen//

while (nimages>0) {

run("8-bit");

run("Auto Threshold", "method=Li white");
run("Analyze Particles...”, "size=5-Infinity pixel show=Masks exclude add in_situ");

roiManager("Reset");

run("Invert LUT");

run("Create Selection™);
run("Make Band...", "band=0.46");

/lrenames file so that it is in a compatable formate for saving- removes : and \ //

title = getTitle;
rename(replace(title,"\:"," _"));
title2 = getTitle;
rename(replace(title2,"\V"," "));
title3 = getTitle;

print(title3);

//saves in directory 2 //
saveAs("tiff", dir2+title3+"mask");
close();

/[Adds selection on next open image//
run("Restore Selection™);

title = getTitle;
rename(replace(title,"\\:"," "));
title2 = getTitle;
rename(replace(title2,"\V"," "));
title3 = getTitle;

print(title3);
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/[save in directory 3//

saveAs("tiff", dir3+title3+"_V-ATPase");

//add selection to roi manager and measure//
roiManager("Add");

roiManager(""Measure");

roiManager("Reset");

close();

}

//saves lists of measurements in directory 3//
saveAs("Results", dir3+"V-ATPase_results.txt");

¥
¥

run("'Clear Results");

/lreopens original images from directory 1//
for (i=0; i<list.length; i++) {
showProgress(i+1, list.length);

filename = dirl + list[i];

if (endsWith(filename, "tif")) {
open(filename);

run("Stack to Images");
while (nimages>0) {
run("Duplicate...”, " ");

run(*'8-bit");
run("Auto Threshold", "method=Li white");

run("Analyze Particles...”, "size=5-Infinity pixel show=Nothing exclude add in_situ");

roiManager("Reset");
run("Create Selection");
close();

run("Restore Selection");
roiManager("Add");
roiManager("Measure");
roiManager("Reset");

title = getTitle;
rename(replace(title,"\\:"," _"));
title2 = getTitle;
rename(replace(title2,"\V","_"));
title3 = getTitle;

print(title3);

saveAs("tiff", dird+title3+"_yeast");

close();
close();

}

saveAs("Results", dird+"Yeast_results.txt");
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run("Clear Results");
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7.4 RGBarG BAR domain alignment
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Figure 7.4) Conserved basic patch in the BAR domain of RGBarG.
Alignment of the BAR domain of RGBarG with the S. cerevisiae N-BAR
domain containing protein rvs161, and D. melanogaster and rat amphiphysin.
Black box highlights the conserved residues. Alignment was performed using
the ncbi protein BLAST tool.
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7.5

Figure 7.5) Conserved arginine residue in the GAP domain of RGBarG.
Alignment of the GAP domain of RGBarG with both the human and D.

RGBarG GAP domain alignment
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discoideum RasGAP NF1. Black box highlights the conserved arginine residues.
Alignment was performed using the ncbi protein BLAST tool.
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