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Abstract

Endocytosis is the uptake of extracellular material into the cell. Once internalized, endosomes undergo
a series of complex regulatory steps to facilitate the breakdown and/or delivery of different cargoes to
different cellular locations - a process called maturation. Successful maturation relies upon phosphoinos-
itide signalling lipids (PIPs) and regulatory proteins to aid in membrane identity and coordinate complex
trafficking events. PIKfyve is phosphoinositide 5-kinase essential for efficient maturation of phagosomes
and is responsible for synthesis of PI(3,5) Py, a key membrane marker in endocytic pathways including
phagocytosis and macropinocytosis. Despite its importance, P1(3,5) Po is one of the least well understood
regulators of trafficking. Here, we have used the model professional phagocyte Dictyostelium discoideum
to identify a novel PI(3,5) Py biosensor, SnxA, which can faithfully report PI(3,5) Py dynamics in live
cells. We find PI(3,5) Py binding is conferred through a PX-domain within the reporter, and validate the
probe in mammalian cells and D. discoideum, showing it is recruited to macropinosomes in a PIKfyve-
dependent manner. In D. discoideum we employ an automated image analysis pipeline to examine SnxA
enrichment to phagosomal membranes over time. We quantify PI(3,5) Po arrival ~3-minutes after pha-
gosome engulfment and show this is completely lost in APIKfyve cells. To further characterise the role of
PIKfyve and PI(3,5) Py, we quantify the enrichment of other phagosomal maturation regulators. We find
that, while Rab5 and PI(3)P dynamics are unchanged in APIKfyve cells, Rab7 delivery to phagosomal
membranes is severally perturbed. By co-expressing fusion proteins, we go on to delineate a subpop-
ulation of Rab7/PI(3,5) Po-positive vesicles which are delivered to phagosomes. We find these vesicles
contain macropinocytic material which is delivered to phagosomes shortly after their engulfment in a
PIKfyve-dependant manner. These findings uncover key mechanistic details of the role and regulation of
PIKfyve and PI(3,5) Ps.
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Chapter 1

Introduction

1.1 Endocytosis, Endosomes and the Endolysosomal System

Endocytosis is the internalization of extracellular material into the cell. Through controlled manipulation
of the plasma membrane, cells can capture a variety of cargoes which are then internalized to form intra-
cellular vesicles called endosomes (Rieger et al., 1991). Endocytosis is important for all eukaryotic cells

but different cell types employ specialized forms of endocytosis to fulfil specific functional requirements.

1.1.1 The Formation and Function of Different Endosomes

For an endosome to form cargo must be captured, but different cargoes require the use of different
cellular machinery for uptake. The cargo captured within an endosome, and its size, define different
forms of endocytosis. For example, fluid is captured by pinocytosis, whereas solid particles are captured
by phagocytosis, and cargoes of different sizes are captured by either micro- or macro- endocytosis
(Figure 1.1).

Microendocytosis is the internalization of membrane. This process was first identified in the
1960s when advances in electron microscopy allowed microendosomes <100 nm in diameter to be seen for
the first time (Roth & Porter, 1964) (Reviewed in: Elkin et al., 2016). Due to their size, microendosomes
have a high surface-area:volume ratio; thus, they are optimized for membrane turnover or retrieval of
specific proteins on the plasma membrane rather than fluid uptake.

A range of proteins can be employed to form microendosomes. The best studied of these proteins is
clathrin, which can form a self-assembling lattice along the plasma membrane after recognizing adaptor
proteins bound to cargo, such as activated cell surface receptors (Pearse, 1976). Clathrin oligomerisation
leads to membrane curvature, and allows downstream proteins to further invaginate the membrane,
leading to the formation of a small clathrin-coated endosome (Reviewed in: McMahon & Boucrot, 2011).
A variety of other proteins can also facilitate the formation of small vesicles through micropinocytosis,

including caveolin and ARF6 (Reviewed in: Kumari et al., 2010).
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Figure 1.1: Four Types of Endocytosis. Adapted from Vines & King (2019). From left to right: (1) In
clathrin mediated endocytosis, membrane components to be internalized bind to adaptor proteins, which
in turn bind intracellular clathrin. This creates an intracellular coat of clathrin, and an invagination
of the plasma membrane. This results in the formation of a small intracellular endosome known as a
clathrin coated endosome. (2) In clathrin independent endocytosis, other proteins like caveolin, create
small intracellular endosome not associated with clathrin. (3) In macropinocytosis, extracellular fluid
is taken up in large cups formed from spontaneous actin polymerization at the cell surface. This forms
a large intracellular vesicle known as a macropinosome. (4) In phagocytosis, an extracellular solid (ie
bacteria, yeast or latex bead) is taken up upon binding and activation of a cell surface receptor, which
in turn causes the formation of a large cup by stimulating actin polymerisation. This forms a large
intracellular endosome known as a phagosome.
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Macropinocytosis is the uptake of extracellular fluid. It was first identified by Lewis in 1931,
when he saw macrophages forming large fluid-filled macroendosomes called macropinosomes (Reviewed in:
Chapman-Andresen, 1984). Macropinosomes are >200 nm in diameter, so unlike micropinosomes have
a low surface-area:volume ratio and are optimized to collect and sort large quantities of extracellular
fluid. Because there is no solid cargo, they must initiate formation and determine their shape and size
independently of ligand binding.

In mammalian cells, macropinosomes can arise spontaneously from the inward folding of cell-surface
membrane ruffles and their subsequent fusion back to the basal membrane. This process is driven by
actin nucleation, which occurs non-specifically along the plasma membrane and it is maintained at con-
stitutively low levels in most mammalian cells. Macropinocytosis can be upregulated, however, through
activation of receptor tyrosine kinases by growth factors such as colony stimulating factor or epidermal
growth factor (Racoosin & Swanson, 1989; Yoshida et al., 2015; Nakase et al., 2015). These promote actin
nucleation, increasing ruffling and macropinosome formation (Kaplan, 1977; Hacker et al., 1997). In uni-
cellular organisms macropinocytosis evolved for nutrient acquisition (Reviewed in: King & Kay, 2019).
Multicellular organisms have adapted macropinocytosis to aid in immune surveillance, cell motility, and

antigen presentation.

Phagocytosis is the capture of large solids. It was first identified by Metchnikoff in 1882, who
observed motile cells in starfish larvae internalizing solid particles and forming large, particle-containing,
macroendosomes which he called phagosomes (Reviewed in: Tauber, 2003; Gordon, 2016).

Like macropinocytosis, actin nucleation is required to drive phagosome formation, but, unlike mac-
ropinocytosis, receptor binding is required. Classical phagocytosis relies upon Fcy receptors on the cell
surface which recognise characteristic motifs on a cargoes surface which promotes actin nucleation at the
plasma membrane to driving its extension around the solid and facilitate its engulfment (Levin et al.,
2016). Complement mediates phagocytosis, however, uses receptors which recognise targets coated in
complement from blood plasma. Here, cargo is internalised by sinking into the cell without any protru-
sions (Reviewed in: Aderem & Underhill, 2003).

While phagosomes can engulf indigestible solids, the primary function of phagocytosis is to ingest and
digest other cells or cellular debris. In multicellular organisms, this can include destroying pathogens and
clearing apoptotic cells. Professional phagocytes, including macrophages, neutrophils, and dendritic cells,
are especially adept at these processes as they are specialized in efficient intracellular killing (Reviewed in:
Krause, 2000). Other mammalian cells can also perform non-professional phagocytosis, but this happens
at a low frequency and is poorly characterised (Seeberg et al., 2019). Phagocytosis is also crucial for
preventing infection in protists and unicellular life forms, which also need to eliminate opportunistic
pathogens to survive (Molmeret et al.; 2005). Like macropinocytosis, species optimized for phagocytic
uptake and digestion can also utilize it as a source of nutrients.

Phagocytosis is often studied in parallel with macropinocytosis, as both macroendocytic pathways
rely upon the actin cytoskeleton to manipulate the plasma membrane to form large macroendosomes.

Both phagocytosis and macropinocytosis are also crucial for the presentation of exogenously acquired
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antigens to T-cells in professional phagocytes of multicellular organisms. Antigens for presentation can be
acquired from the extracellular environment through macropinocytosis or by breaking down phagocytosed
pathogens (Reviewed in: Roche & Furuta, 2015). These antigens are then displayed on the surface of major
histocompatibility complex class IT molecules. Hindrance of endosomal processing, however, decreases the
overall efficiency of antigen presentation and compromises the development of a robust immune response
(Granboulan et al., 2003; Halici et al., 2008; Neumeister et al., 2005).

1.1.2 The Maturation of Endosomes

Endocytic pathways feed into the endolysosomal system. After the formation of an endosome, its cargo
must be sorted and the vesicle matured. Using marker proteins and lipids, endocytic compartments can
be differentially labelled. Sorting proteins use these markers to establish a network of pathways to move
and sort cargo. The resulting web of trafficking endosomes is the endolysosomal system (Reviewed in:
Klumperman & Raposo, 2014).

Although it can be entered from phagocytosis, macropinocytosis and microendocytosis, which have
distinct differences, many of the proteins and lipids facilitating endolysosomal sorting are the same. This
is because every vesicle, big or small, is delivering cargo to one of three exit points: (1) return to the
plasma membrane via a recycling pathway, (2) degradation via a lysosomal pathway, or (3) delivery to

another location via the trans-golgi network (Reviewed in: Klumperman & Raposo, 2014).

The inositol phospholipid content of an endosomal membrane is central to identifying its
position in the endolysosomal system. Inositol phospholipids are made of an inositol head group,
a glycerol backbone, and two non-polar fatty acid tails connected to the backbone through an ester
linkage(Figure 1.2 A). The head group can be phosphorylated at any of three positions (3, 4 or 5) to
form one of eight different phosphatidylinositide species (PIPs) (Figure 1.2 B-I).

These phosphorylated forms are essential markers for the endolysosomal system. Each can recruit
effector proteins, which specifically recognise different phosphorylation patterns through their PIP binding
domains. One of the best characterised is the Fabl, YOTB, Vacl, and EEA1 (FYVE) domain, which
specifically binds PI(3)P. FYVE-domains consist of two small 8-sheets and an a-helix stabilized by two
zinc ions, and are often found in proteins requiring recruitment to early endosomes (Reviewed in: Gillooly
et al., 2001). The PI(3)P biosensor, 2xFYVE is a tandem repeat FYVE-domain isolated from the human
Hrs gene. It is a well characterised PI(3)P reporter used extensively in live cell fluorescence imaging
to study PI(3)P synthesis and turnover (Gillooly et al., 2000; Clarke et al., 2010). Other PIP sensing
domain include phox homology (PX) domains and pleckstrin homology (PH)domains.

Using kinases and phosphatase the cell is able to convert between each PIP type as maturation
progresses to recruit different effectors (Reviewed in: Bohdanowicz & Grinstein, 2013). For example, on
early endosomes PI(3)P is phosphorylated at the 5-position to form PI(3,5) Py by the kinase PIKfyve
(see: 1.4.3 PIKfyve is essential for coordinating maturation). This results in an elegant system

to sort and identify compartments.
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Figure 1.2: Phosphatidyl-inositol Phosphate Structures.

(A) Detailed structure of a phos-

phatidylinositid consisting of a inositol head group connected to a diacylglycerol by a phosphate linker.

3, 4, and 5 mark the sites at which the inositol head can be ph

osphorylated by various kinases. Asterisk

marks the ester link which is replaced by an ether link in D. discoideum to make a plasmanylinositide.

(B)-(I) Representations of all eight forms which phosphatidyl-

inositol phosphates can take. As detailed

in (A), the hexagon represents the inositol head group, the lines represent the diacylglycerol, and P

represents the sites of phosphorylation for each structure.



Chapter 1

Rabs are regulatory guanosine triphosphatases which, like PIPs, act as key endosomal
markers and regulators of vesicular transport. Rabs function as switchable molecular triggers
which are active in their GTP-bound form and inactive in their GDP-bound form. This activity can
be controlled by specific guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins
(GAPs), which promote GTP or GDP binding, respectively (Figure 1.3) (Levin et al., 2016). In humans,
there are around 60 different Rab GTPases, each of which associates with specific intracellular membranes,
many of which are part of the endolysosomal system (Zhen & Stenmark, 2015). Using GEFs and GAPs,
Rabs can communicate between one another to manage trafficking. For example, the early endosomal
marker Rabb is deactivated by a Rab5-GAP, which also recruits and activates the late endosomal marker,
Rab7 (see: 1.4.2 Rab7 Coordinates Later Delivery Events).

Rab effectors encompass a wide range of proteins, including vesicle tethers, motors, kinases, phos-
phatases, and various adaptor proteins. It is through these effectors that they can regulate endosome
trafficking. They also have roles in a variety of physiological processes, including immunity, hormone

secretion, and neurotransmission (Reviewed in: Stenmark, 2009).
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Figure 1.3: Rab GTPase Switch. Rabs can interact with effectors in their active GTP-bound form.
This is facilitate by GEFs which remove GDP and promote GTP binding. Rabs are deactivated by GAPs
which catalyse the breakdown of GTP into GDP + Pi.

The endolysosomal system drives fusion between compartments. Fusion is incredibly import-
ant for the maturation of endosomes and the trafficking of cargoes to specific locations in the cell. For
example, to breakdown the contents of endosomes, a cocktail of different proteases and hydrolases must be
delivered to the endosomal lumen. These are typically delivered via lysosomes which fuse with endosomes
to form a single degradative compartment called an endolysosome (or for a phagosomes a phagolysosome).
This fusion delivers the digestive cocktail directly the endosome lumen to expedite cargo breakdown.

Fusion is reliant upon PIPs and Rabs to coordinate it. First, fusing vesicles must be tethered to
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one another. Tethers are large protein complexes normally present on target membranes. They extend
away from the target surface and sample the environment for presence of the vesicles, the identification
of which is aided by Rab proteins (Spang, 2016). Upon successful contact, they bring vesicles closer to
the target membrane (Reviewed in: Yu & Hughson, 2010). Different tethering complexes are important
throughout different stages of maturation. For example, the tethering of vesicles to early endosomes is
mediated by the class C core vacuole/endosome tethering (CORVET) complex, while tethering of late
endosomes with lysosomes depends on the homotypic fusion and vacuole protein sorting (HOPS) complex
(Spang, 2016).

Just because two compartments are tethered does not mean they can automatically fuse. Sometimes,
compartments only perform a ‘kiss-and-run’ event. In these instances, a small portion of material is
transferred from one endosome to another, and both endosomes remain independent (Neuhaus et al.,
2002). These events have been noted to be especially common in mammalian cells overexpressing a
constitutively active Rab5, where short bridges between endosomes are especially easy to observe (Roberts
et al.; 1999). For complete fusion, SNARE proteins like syntaxin-6 and syntaxin-13 are required (Simonsen
et al., 1999; McBride et al., 1999). SNAREs are present in all eukaryotic cells, and fusion between two
compartments occurs when one vesicle-SNARE forms a complex with two or three specific target-SNARESs
to form an alpha helix coiled-coil bundle (Reviewed in: Ungar & Hughson, 2003; Hong, 2005). This brings

membranes into sufficient contact so as to promote their fusion.

Endocytosis is integral to eukaryotic cell function. Although the primary role of endocytosis is
uptake of solid, fluid or membrane components, the endolysosomal system as a whole is essential for
other cellular processes too (Reviewed in: Repnik et al., 2013). For example, cellular maintenance and
repair dependant upon autophagy, which can sequester undesirable proteins, organelles and other cellular
debris from the cytosol in membrane abound compartments called autophagosomes. The exocytosis
of lysosomes, membrane-bound organelles that contains digestive enzymes, is also important for cell
maintenance, including plasma membrane repair (Reddy et al., 2001). Lysosomes can also initiate cell

apoptosis by releasing lysosomal proteases into the cytosol.

1.1.3 Macroendocytosis and Human Disease

The array of integral functions the endolysosomal system performs means that its disruption can result a
range of cellular abnormalities, many of which are linked to human disease. Many of these are specifically
linked with macroendosomes. A full understanding of the endolysosomal system would have significant
advantages clinically both for our understanding of disease mechanisms, and for our development of

effective therapeutics.

Pathogens can hijack macropinocytosis and phagocytosis to enter host cells. Many pathogens
exploit macropinocytosis to promote their own uptake. Pathogens such as Salmonella (Rosales-Reyes
et al., 2012) and viruses such as Vaccinia and Ebola (Mercer et al., 2010) induce host cell ruffling or

blebbing to increase their chances of being taken up in an endosome. Some pathogens are even able to
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promote their own phagocytosis; Listeria monocytogenes, for example, mimics apoptotic cells to promote
its uptake into a phagosome (Czuczman et al., 2014).

Once internalized, hijacking pathogens must inhibit normal maturation or will otherwise be destroyed.
Both Salmonella and Legionella secrete effector proteins through endolysosomal membranes via their type
IIT or type IV bacterial secretion systems, respectively. This allows them to manipulate the identity of
their compartments, thereby disrupting normal maturation (Hilbi, 2006). Pathogens can also gain re-
sources by exploiting host cells from within. Mycobacterium marinum, for example, actively promotes
lipid droplet recruitment to the phagosome from early stages, and continues to accumulate lipids through-
out infection to build up its own intra-cytosolic lipid inclusions (Barisch et al., 2015). If pathogens can
effectively establish a safe, resource-rich, replication-permissive niche within a host this can be used to
promote further infection among neighbouring cells.

This exploitation of endocytosis is a highly effective strategy for human pathogens. For example,
Salmonella typhi, the primary cause of typhoid fever world-wide affecting about 14 million people annually,
exploits endocytosis (Reviewed in : Basnyat et al.; 2021). It employs an Arf6-driven actin polymerization
pathway to promote its own macropinocytosis (Humphreys et al.; 2013). With antimicrobial resistance
being common in Salmonella typhi infections, new therapeutic strategies, possibly to prohibit Salmonella

uptake or restore routine maturation, would be highly beneficial for disease prevention.

Macropinocytosis can also be exploited for drug delivery. Finding reliable mechanisms for
delivery of large therapeutics to specific target locations within cells is challenging. Endocytosis is an
efficient and ubiquitous route into the cell, however. Being receptor-independent, macropinocytosis in
particular can be a useful tool for delivery. The size of macropinosomes also means that large or complex
molecules like nanoparticles, can be delivered (Reviewed in: Means et al., 2022). Another current example
of this is mRNA vaccines, such as those developed to prevent Covid-19, which are most likely taken up
via macropinocytosis (Diken et al., 2011).

While macropinocytic entry demonstrates potential, it still has major limitations. Reliably stimulating
cells to perform macropinocytosis within different tissue remains challenging. For example, the size, shape,
charge, and surface coating of nanoparticles strongly influence their uptake efficiency (Chithrani et al.,
2006). Furthermore, creating molecules which reliably escape the macropinosome is difficult, and drugs
can become damaged before they reach their target if lysosomal degradation precedes too far (Reviewed
in: Desai et al., 2019).

Macropinocytosis is commonly upregulated in cancers. Macropinocytosis can significantly in-
crease nutrient acquisition, which helps to promote tumour growth. Oncogenic mutations in the regu-
latory protein K-Ras are commonly associated with this,and lead to increased rates of macropinocytic
uptake and therefore entry of extracellular protein into the cell (Commisso et al., 2013). In addition,
oncogenic mutations can also occur upstream of Ras in the proteins that regulate it, for example muta-
tions in the RasGAP NF1 are found in neurofibromatosis (Li et al., 1992). Helpfully, upregulation of
macropinocytosis, in combination with macropinocytic drug delivery does point to a potential mechanism

for targetting cancer therapeutics (Reviewed in: Liu & Qian, 2022).
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Macroendocytosis is linked with neurodegenerative disease. Ineffective phagocytosis of amyloid-
B plaques has been observed in blood samples of Alzheimer’s patients (Fiala et al., 2005), and inappropri-
ate phagocytosis of myelin has been observed in macrophages from Multiple Sclerosis patients (Reviewed
in: Smith, 1999).

Macropinocytosis has also been linked with cell-to-cell spread of prions (Reviewed in: Zeineddine &
Yerbury, 2015). For example, Amyotrophic Lateral Sclerosis is caused by the spread of SOD1 mutant ag-
gregates between cells. This spread is enhanced by their uptake via macropinocytosis. Once internalized,
the mutant aggregates can rapidly escape from macropinosomes and promote aggregation of otherwise
stable SOD1 mutant protein, leading to a self-perpetuating cycle (Miinch et al., 2011).

In 2016, neurological disorders were second leading cause of deaths globally, being linked with 9
million fatalities (Feigin et al., 2019). In the succeeding years, this value will only have increased, as the

prevalence of neurological disorders increases as population become proportionally older.

Overall, endocytosis is a complex field of study which is relevant to disease prevention. This work
focuses primarily on improving our understanding of how macropinosome/phagosome maturation is regu-
lated. An improved understanding of macropinocytosis and phagocytosis could provide us greater insight
into how our immune system functions, and highlight new mechanisms to potentially improve its function.
Moreover, both processes are closely implicated with infectious disease, cancers and neurodegeneration:
three of the most prevalent areas of human diseases which require our attention. This makes the mac-
roendosome maturation a valuable area to study with significant potential to improve human disease

outcomes in the future.

1.2 Dictyostelium discoideum as a Model for the Study of Mac-

roendocytosis

A useful model to investigate macroendosomes, and the principal organism used throughout this study,

is the soil dwelling amoeba Dictyostelium discoideum.

D. discoideum have a complex life cycle. When there is an abundance of nutrients D. discoideum
grow as single, free-living, cells which reproduce asexually. During this stage of their life cycle they act as
professional phagocytes, engulfing and digesting environmental bacteria for food. When food is scarce,
however, they initiate a multicellular developmental cycle (Figure 1.4): Large numbers of amoebae
chemotax towards one another, forming a large aggregate of approximately 100,000 cells (Bonner &
Savage, 1947). D. discoideum use both intra- and extra- cellular signals, most notably pulses of cAMP
(Konijn et al., 1967), to coordinate this process. Once aggregated, cells subsequently differentiate to form
a multicellular structure called a slug. When in its natural environment, a slug moves towards the soil
surface by sensing heat and light. From there, cells differentiate further, to form an elongated stalk which

rises away from the soil surface, with a spore head at its tip. This structure aids dispersal of spores away
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from the stalk. Spores scattered to new nutrient rich soils return to their single-celled form to feed on
bacteria before repeating the process (Reviewed in: Loomis, 2014).

While this complex lifecycle has been a boon for the study of multicellular development in D.
discoideum, when studying phagocytosis and macropinocytosis D. discoideum are grown in nutrient

rich conditions in their single celled, phagocytic, form.
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Figure 1.4: Dictyostelium Life Cycle. Adapted from Vines & King (2019). In nutrient-replete
conditions, D. discoideum will grow in the vegetative cycle where they feed through phagocytosis and
macropinocytosis, as highlight by the green background. Upon starvation, macroendocytosis is largely
suppressed and large numbers of cells aggregate by chemotaxis and undergo differentiation to form a
multicellular structure consisting of >100,000 cells. The purpose of this structure is to aid the distribution
of spores to a more nutrient rich environment.

D. discoideum is a well characterized model organism. Wild-type strains of D. discoideum were
first isolated in the 1930s (Raper & Thom, 1932; Raper, 1935); however, these strains are uncommonly
used in labs today, as they only grow through phagocytosis on solid food. Through sub-culturing in the
1960s to increase macropinocytic rates, the first axenic strain, Ax1, was generated and able to grown in
liquid media supplemented with liver extract and fetal calf serum (Sussman & Sussman, 1967). In the
1970s, two more axenic strains, Ax2 and Ax3, were independently generated and eliminated the need for
any supplement (Watts & Ashworth, 1970; Loomis, 1971).

The Ax1 strain has since been lost; however, both Ax2 and Ax3 are commonly used as laboratory wild-
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type strains today. Ax3 is known to carry a large duplication of chromosomes 2 and 5 within its genome,
which are not present in Ax2 (Bloomfield et al., 2008). In this work, an Ax2 wild-type background has
been used throughout.

Both axenic strains contain a key mutation in a RasGAP, Neurofibromin (NF1), which allows them
to grow axenicly. NF1 regulates Ras, and its disruption ultimately leads to excessive Ras activity, the
increased size and frequency of macropinosomes, and excessive fluid uptake - all of which are beneficial for
feeding on extracellular liquid nutrients. NF1 mutants can also ingest larger than normal solid particles

due to enlargement of phagocytic cups (Bloomfield et al., 2015).

The mechanisms of macropinocytosis and phagocytosis are conserved between D. discoideum
and higher eukaryotes. Most cells within multicellular eukaryotes have no requirement to be phago-
cytic; they are in large, static tissues with ready supplies of nutrients. A subset of cells, most notably
macrophages and neutrophils, do rely on phagocytosis for immune functions, however. Immune cells also

upregulate macropinocytosis, which is important for immune surveillance and antigen presentation.

Despite differences in function, the machinery governing macroendosomal maturation is largely con-
served. Comparative phagosome proteome studies between D. discoideum and higher multicellular or-
ganisms highlights a shared core of phagosomal proteins across species, suggestive of an evolutionary
conserved pathway (Boulais et al., 2010) which initially evolved for cell feeding and was later adapted for

innate immune roles (Reviewed in: King & Kay, 2019).

The PIP structure in D. discoideum is different to other eukaryotes. An ether linkage, not an ester
linkage, joins the glycerol backbone to the tails, technically forming a rare plasmanylinositide phospholipid
species (asterisk in Figure 1.2 A) (Clark et al., 2014). Because inositol phospholipid interactions are
mediated through the inositol head-group rather than the lipid chain, however, these slight differences in
chemistry do not affect downstream signalling in practice. As such, for this work, both plasmanylinositide
and phosphatidylinositide have been treated interchangeably and are both referred to as phosphoinositol
phosphates (PIPs).

D. discoideum are an ideal model for studying membrane trafficking. Like other professional
phagocytes, D. discoideum are able to phagocytose a range of solids including bacteria, yeasts, other
cells, and indigestible solids like glass microspheres and latex beads. They also constitutively make large,
distinct macropinosomes. Unlike many mammalian cell lines, however, they have small haploid genomes,
making them amenable to genetic manipulation (Eichinger et al., 2005). They often lack the redundancy
that can be problematic in higher eukaryotes. In addition, their ability to grow in large numbers, and
their amenability for biochemical studies and fluorescence microscopy, make them an ideal system for the

study of membrane trafficking and macroendosome maturation.
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1.3 Maturation of Macropinosomes and Phagosomes

The maturation of a macroendosome is a complex and dynamic process that begins with an initial
engulfment event and ends with the degradation of its luminal contents. This process is tightly regulated
by the cell to ensure that cargo is processed efficiently. Different types of cargo require different maturation
profiles, which the cell will optimize to account for cargo types (Souza et al., 1997; Lamrabet et al., 2020b;
Nasser et al., 2013). For example, the requirements to kill and breakdown a yeast are different to that of
an F.coli. Maturation profiles also vary between cell types. Most notably, D. discoideum macropinosomes
and phagosomes mature much faster than their mammalian counter-parts (Reviewed in: Vines & King,
2019). This can make it hard to compare timings between cell types, which is further complicated by
any differences in regulatory proteins too.

Despite these differences, maturation can be divided into a broad set of events, which cells follow
to complete maturation. These include: the nascent stage, recycling events, delivery events, and post-
lysosomal formation & exocytosis (Reviewed in: Levin et al., 2016).

This study primarily concerns maturation in D. discoideum. Therefore, the events discussed below
draw from work on this organism; however, where appropriate, studies from yeast, nematodes worms, and
mammalian cells have also been incorporated, as these can help provide broader insights into maturation
as a whole. For reference, Figure 1.5 contains an overview of this process, and Figure 1.6 contains an

approximate timeline for the markers discussed in D. discoideum.

1.3.1 Nascent Macroendosomes

Nascent macropinosomes and phagosomes are those which have just formed and separated from the
plasma membrane. They have an internal pH equal to that of the extracellular environment, and their
membranes contain proteins and lipids which were required for cup formation, closure, and scission, as

well as those which were non-specifically incorporated from the plasma membrane.

Actin is the key driver of macroendosome formation. Both formation and closure require actin,
so nascent macroendosomes are initially surrounded by actin filaments (Maniak et al., 1995; Kaplan,
1977; Hacker et al., 1997). These filaments rapidly de-polymerize and dissociate following cup closure,
along with actin-associated proteins, such as coronin. This typically occurs 30-60 seconds after closure in
D. discoideum and mammalian macrophages (Maniak et al., 1995; Hacker et al., 1997: Lu & Clarke, 2005;
Clarke et al., 2010; Henry et al., 2004). This process coincides with the movement of the macroendosome
away from the plasma membrane.

The removal of actin is essential for maturation. In AAbpl D. discoideum actin enrichment is sustain
due to stalled de-polymerization, and this results in an array of generalized maturation defects, including
a decrease proteolytic activity later in maturation (Dieckmann et al., 2012). Abpl is normally enriched
along with MyoK at closing D. discoideum phagosomes where both proteins are thought to help regulate
formation (Dieckmann et al., 2010); although they remain at phagosomal membranes throughout later

stages of maturation (Dieckmann et al., 2012). Actin de-polymerization can also be perturbed in human
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neutrophils by lowering calcium ion concentrations, which likewise leads to a perturbation in phagosome

maturation (Bengtsson et al.; 1993).

PI(3,4,5) P3 and then PI(3,4) P> mark the nascent macroendosome. PI(3,4,5)P3 appears at
sites of forming macroendosomes, but is rapidly de-phosphorylated following cup closure by a PI-5 phos-
phatase, Dd5P4 (OCRL in mammals), to generate PI1(3,4) Py (Dormann et al., 2004; Loovers et al., 2007;
Luscher et al., 2019). On D. discoideum phagosomes, P1(3,4) Py enrichment peaks immanently following
cup closure, and is typically lost in the successive 60-120 seconds (Dormann et al., 2004; Giorgione &
Clarke, 2008). This time period, however, is dependent upon phagosomal contents. Phagocytosis of
latex beads shows PI(3,4) P2 can be maintained for upwards of 360-seconds (Giorgione & Clarke, 2008),

possibly due to their indigestible nature.

Plasma membrane proteins are present on nascent macroendosomes. Several studies have
shown that cell surface proteins are non-specifically internalised on macropinosomes and phagosomes
(Ravanel, 2001; Gotthardt et al., 2002; Buckley et al., 2016). Most appear in the same concentrations
as on the plasma membrane (Ravanel, 2001; Mercanti et al., 2006); although, some are excluded from
the macroendosome (Mercanti et al., 2006). Thus, mechanisms must exist for preventing certain proteins
being captured in macroendosomes during cup formation; however, how these proteins are determined
and how they are excluded is not clear.

Some surface proteins also play roles in initiation or formation. For example, LmpB, a glycoprotein,
is known to mediate uptake of mycobacteria and is taken up on forming phagosomes (Sattler et al., 2018).
Any proteins like this need to be recycled almost immediately following closure, to maintain acceptable

levels at the plasma membrane.

1.3.2 Recycling Events

One of the first key events in maturation is the rapid recycling of plasma membrane components back to
the cell surface. This occurs immediately after internalization, and in D. discoideum most proteins are
recycled within 2-minute (Neuhaus & Soldati, 2000).

Many proteins of the nascent macroendosome are rapidly returned to the plasma membrane.
LmpB and the copper transporter p25, are just two examples of proteins which are rapidly removed from
macroendosomes and recycled back to the plasma membrane (Ravanel, 2001; Gotthardt et al., 2002).
This rapid recycling indicates that the return of proteins to the cell surface is important for continued
cell function. Indeed, prohibiting recycling of SibA, an integrin-S-like protein important for cell adhesion
and phagocytic reception, causes sever phagocytic uptake defects in D. discoideum (Cornillon et al., 2006;
Buckley et al., 2016).

The return of cell surface proteins is controlled through the combined action of sorting and

recycling complexes. WASP and SCAR homologue (WASH) complex is one such complex which is
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recruited in patches to macroendosome membranes, where it activates the Arp2/3 complex to generate
the small patches of actin which leads to tubule formation (Buckley et al., 2016; Derivery et al., 2009;
Gomez & Billadeau, 2009). These tubules can then be pinched off into vesicles and trafficked back to the
plasma membrane. Without WASH, cells have severe recycling defects and reduced rates of phagocytosis
(Buckley et al., 2016).

WASH co-localizes with the Retromer Sorting Complex (RSC) through interaction of its FAM21
subunit with the VPS35 subunit of RSC (Jia et al., 2012; Buckley et al., 2016). RSC is thought to act
as a recruiting hub for a large number of proteins involved in tubule formation, including sorting nexins.

In mammals, sorting nexins are recruited to the RSC to aid sorting of receptors (Reviewed in: Worby
& Dixon, 2002; Carlton et al., 2005b,a). SNX1 and SNX2 are two well characterised mammalian sorting
nexins which localize to PI(3)P and PI(3,5) Py on early macropinosomes. Like most sorting nexins, they
contain a phox homology (PX) domain, which aids their recruitment to PIPs, and a BAR domain, which
senses and induces membrane curvature (Carlton et al., 2005b). Along with WASH they can enhance
the formation of tubules and connect to microtubule motors, further promoting tubule extension ready
for scission (Derivery et al., 2009). D. discoideum contains a variety of sorting nexins, although most are

relatively poorly characterised.

For tubules to become recycling endosomes they must be pinched off. This requires scission
machinery such as Dynamin, a large GTPase known to be important in the scission of vesicles from
elongated endosomal tubules in mammalian cells and yeast (Reviewed in: Ferguson & Camilli, 2012).
Knockouts of the D. discoideum dynamin orthologue, DymA, disrupts many membrane scission events
causing a wide range of phenotypes (Wienke et al., 1999; Gopaldass et al.; 2012). This makes it hard
to differentiate between direct and indirect roles of dynamin; nonetheless, DymA localises to phago-
somes early and ADymA cells have slow acidification, reduced proteolysis rates, and hyper-tubulation
throughout maturation (Gopaldass et al., 2012).

Eps15 homology domain (EHD) containing proteins are structurally and functionally related to dy-
namin. The D. discoideum orthologue of EHD is recruited independently of dynamin, but both proteins
bind one-another (Gueho et al., 2016). Like with DymA, disruption of EHD results in hyper-tubulation
of endosomal compartments; however, each protein appears to play functionally independent roles in
phagosome maturation, as EHD knockout phagosomes acidify at normal rates (Gueho et al., 2016).

Whilst it is easy to imagine a role for Dynamin and EHD in the scission of recycling vesicles from
nascent phagosomes and macropinosomes, this is yet to be directly tested. As WASH and the retromer
are only present for the first 2-3 minutes following engulfment, but DymA and EHD remain for as long as
30 minutes, there are also likely to be a number of additional trafficking steps regulated by this membrane
cleavage machinery (Wienke et al., 1999: Buckley et al., 2016; Gueho et al., 2016).

Recycling endosomes are trafficked to target membranes. In mammalian cells, recycling endo-
somes are marked by Rab4 and Rabll GTPases as they recycle. Rabll is specifically associated with
exocytosis events at the plasma membrane (Ward et al., 2005). In D. discoideum, however, protein mark-

ers of recycling endosomes remain unclear, as both Rab4 and Rab11 homologs principally localize to the
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contractile vacuole (Bush et al., 1996; Harris et al., 2001). Additionally, whether recycling endosomes
always return directly to the plasma membrane, or whether they must travel via the golgi apparatus is
unclear; both types of retrograde transport occur in mammalian cells, but there is limited research in D.

discoideum.

1.3.3 Delivery Events

For maturation to progress, protein and lipids must be delivered to macroendosomes. This delivery can
occur directly from the cytosol or from fusion with other endolysosomal compartments. Delivery begins
immediately following internalization alongside the recycling events discusses above (Clarke et al., 2010;
Tu et al., 2022). Tt is regulated spatially and temporally by Rab proteins, PIPs and fusion machineries,

which serve to identify compartments and control delivery events.

Vacuolar-type H"-ATPase (V-ATPase) is delivered to macroendosomes to acidify cargo.
V-ATPase is a proton pump which actively transports hydrogen ions across endolysosomal membranes
(Nolta et al., 1996). It is enriched at the contractile vacuole and on endosomes. While enrichment leads
to the acidification of luminal contents inside endosomes, the pH of the contractile vacuole itself remains
close to neutral (Stock et al., 2002). V-ATPase consists of a peripheral V1 domain that performs ATP
hydrolysis and an integral VO domain. V-ATPases work through rotary motion, where ATP hydrolysis
in V1 causes rotation of a central rotary domain across the membrane, which results in active proton
transport into the lumen (Reviewed in: Cipriano et al., 2008).

In D. discoideum, V-ATPase is rapidly delivered to phagosomes via early endosomes which begin to
fuse within the first 120-second after engulfment (Adessi et al., 1995; Clarke et al., 2002a, 2010). By
tagging a large 100kDa transmembrane subunit of the VO domain, VatM, it is possible to identify small,
highly acidic, VatM-positive vesicles clustering early phagosome before fusing (Clarke et al., 2002a).
These likely arise from pre-existing acidic compartments of the endolysosomal system, and can be loaded
with extracellular dyes which become visible in phagosomal lumens as V-ATPase is delivered and is
indicative of fusion (Clarke et al., 2002a, 2010).

In D. discoideum, V-ATPase delivery continues until a peak around 4 minutes. Acidification of the
lumen continues to increase, however, eventually dropping to pH 3.5 after 30-minutes (Gopaldass et al.,
2012). Rapid acidification is important for digestion and killing any live contents of phagosomes. pH is
only re-neutralized when the V-ATPase is retrieved from the compartment much later in the pathway
(see: 1.3.4 Post-lysosomal Transition & Exocytosis) (Gopaldass et al., 2012).

VatM is essential for cell viability, and D. discoideum knock-downs have slow cell growth, perturbed
phagosome acidification, and a mis-localization of other V-ATPase subunits including the catalytic sub-
unit, VatA (Liu et al., 2002). It is likely that a failure to acidify has consequences downstream for

hydrolases and proteases which require a low pH to function effectively.

The release of calcium ions from intracellular stores, such as the endoplasmic reticulum

(ER), has been found to be essential for the maturation of phagosomes (Stossel, 1973).
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This has been demonstrated through studies on the stromal interaction molecule 1 (STIM1), which pro-
motes the recruitment of ER cisternae to phagosomes and is essential for the release of calcium ions
into the cytosol (Reviewed in: Nunes & Demaurex, 2010). Studies in phagocytic mouse embryonic fibro-
blasts (MEFs) have shown decreased phagocytosis and more prominent peri-phagosomal actin rings when
STIM1 is disrupted (Nunes et al., 2012). This likely results from observed decreases in ER-phagosome
contacts and reductions in peri-phagosomal calcium, both of which have roles in mediating fusion between
early endosome with phagosomes (Reviewed in: Nunes-Hasler & Demaurex, 2017).

The exact timing and nature ER-phagosome interaction during maturation is somewhat controver-
sial, however. FEarly research in D. discoideum used two calcium-binding ER proteins, calnexin and
calreticulin, as markers for ER protein delivery to phagosomes. Both localized to the forming phagocytic
cup, and continued to localize throughout maturation of Legionella pneumonia-containing-phagosomes
(Mu et al., 2001; Fajardo et al., 2004). Other studies, however, only saw calreticulin enrichment after
cup closure (Dieckmann et al., 2012), and some saw no ER proteins at nascent phagosomes at all, only
observing calnexin at much later stages (Lu & Clarke, 2005). In mammalian cells, electron microscopy
has shown phagosomal-ER interaction throughout maturation in J774 macrophages when phagocytosing
Leishmania, Salmonella typhimurium, and red blood cells; however, in neutrophils neither latex bead or
Leishmania containing phagosomes displayed any ER interaction (Gagnon et al., 2002). Additionally,
studies to assess the lipid origins of the phagosomal membrane during maturation found no significant
contribution of ER membrane to the phagosome, suggesting the ER does not play a role in membrane
delivery (Touret et al., 2005).

Overall, the contribution of the ER to macroendosome maturation remains unclear. While it is likely
that ER proteins are important throughout maturation, exactly when, how, and under what conditions
ER contact become essential remains unclear. Furthermore, how ER proteins more generally contribute
to phagosomes maturation, with the exception of STIM1, is unknown (Reviewed in: Levin-Konigsberg &
Grinstein, 2020).

Macroendosomes are actively trafficked along mirotubules. In D. discoideum, phagosomes
traffic bi-directionally along microtubules (Lu & Clarke, 2005). Macropinosomes traffic similarly, but
also deform as they are moving, demonstrating a characteristic ’stretching’ phenotype. Large endo-
somes, like phagosomes and macropinosomes, also bridge gaps between microtubules, crossing from one
to another.

Macroendosomes are pulled along by dynein motors, which cluster into microdomains on surfaces.
By clustering they can work cooperatively to move persistently along a microtubule (Rai et al., 2016).
This allows for rapid, directional movement of macroendosomes around the cell, which, in D. discoideum,
persists for around 35-minutes after internalization (Clarke et al., 2002b). Cells treated with nocodozole,
a microtubule disruptor, lose this rapid movement, and small endosomes cluster in the cell centre rather
than around macroendosomes (Clarke et al., 2002b). This suggests microtubule movement or binding is
important for early delivery events. Rapid movement around the cell may bring early macroendosomes

into contact with a greater number of endosomes, possibly facilitating more fusion events. Additionally,
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characteristic stretching and tubulation of macropinosomes may be important for recycling events.

Macropinosomes shrink as maturation progresses. Because macropinosomes are fluid-filled, their
contents can be concentrated by decreasing their size. This is beneficial, as a small compartment will
be easier to acidify due to its smaller volume. This means, as maturation progresses, macropinosomes
become largely indistinguishable from late endosomes. Phagosomes, however, remain easily identifiable
due to their large solid contents which cannot be concentrated until digestion is complete.

The contents of maturing macropinosomes are also delivered back to early macropinosomes. The
mixing of macropinosomes from different stages of maturation was first demonstrated in D. discoideum
by Clarke et al. (2002b). Fusion between mature and early macropinosomes starts from around 2-
minutes following engulfment, and is aided by microtubule transport. It is likely that mixing is an
efficient mechanism for accumulating maturation machinery to new macropinosomes. The ability to mix

is eventually lost as maturation progresses to later stages (Clarke et al., 2002D).

Lysosomes are delivered to macroendosomes to digest cargo. Lysosomes are small, spherical
endosomes that contain a range of digestive enzymes. Their delivery to macroendosomes marks the
beginning of a later stage of maturation focussed on killing and digestion. Once lysosomal contents are
delivered to macropinosomes or phagosomes, the fused compartments are sometimes referred to as either
endolysosomes or phagolysosomes. Contrary to a model in which a lysosome contains the entire gamut of
digestive enzymes needed to complete maturation, proteomics of purified phagolysosomes in D. discoideum
indicate multiple phases of delivery and retrieval throughout a long digestive period (Gotthardt et al.,
2002). This sequential delivery may aid cargo breakdown or killing.

In mammalian cells, lysosomal integrity is maintained by lysosomal-associated membrane protein
1 (LAMP-1)and lysosomal-associated membrane protein 2 (LAMP-2) (Reviewed in: Eskelinen, 2006).
Disruption of either results in mammalian phagosomes being unable to recruit key regulatory proteins,
such as Rab7, and a failure of them fuse with lysosomal compartments (Huynh et al., 2007).

While LAMPs are essential for maturation in mammalian cells, D. discoideum has no true LAMP
homologs. However, two lysosomal proteins do share a key LAMP-1-like sorting motif: LmpA and LmpC
(Janssen et al., 2001). Both localize to phagolysosomes, becoming enriched throughout lysosomal delivery
(Gotthardt et al., 2002; Sattler et al., 2018). Knockdowns of LmpA are defective in phagocytic uptake,
have impaired acidification, and lower levels of lysosomal hydrolases, while LmpC knockouts appear to
little effect on maturation (Sattler et al., 2018).

Phagocytosis of living cells requires the cell to activate a variety of killing strategies. The
killing of intracellular cargo is achieved through combined actions: The low pH caused by V-ATPase
(Aubry et al., 1993; Adessi et al., 1995; Clarke et al., 2002a; Gotthardt et al., 2002) , the delivery of
metal ions (Buracco et al., 2018), the production of reactive oxygen species (ROS), and the delivery of
lysosomal enzymes all contribute (Reviewed in: Dunn et al., 2018).

The coordination required for each of these steps is energetically intensive for the cell; therefore, it is

unlikely that all killing and digestion strategies are employed for both macropinocytosis and phagocytosis.
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Macropinocytosis is less likely to result in uptake of living cells, and many nutrients may already be broken
down. Conversely, phagocytosis can result in the uptake of living pathogens adapt in avoiding many killing
mechanisms. As such a larger array of killing methods may be employed for phagosomes. Because of this,
studies on killing focus primarily on phagocytosis, not macropinocytosis. Furthermore, because different
pathogens are vulnerable to different killing mechanisms, the methods of killing may vary depending on
prey. As such, studies frequently show large variations in delivery timings and intensities of different
lysosomal components depending upon the cargo. Exactly how the cell is able to distinguish between

cargo types and recognise the best killing mechanisms requires further research.

An imbalance of trace metals can inhibit intracellular cell growth. Concentrating or seques-
tering metal ions, such as iron, zinc and copper, is a pathogen killing mechanism used in mammalian
phagocytes, and similar mechanisms exist in D. discoideum.

Iron is transported out of phagolysosomes. Low iron concentration reduces the growth rate of intra-
luminal L. pneumonia cells (Buracco et al., 2018). The natural resistance-associated membrane protein
1 (Nrampl) is a metal ion transporter which localizes to macroendosomal membranes in D. discoideum
cells (Peracino et al., 2006). Overexpression of GFP-Nramp1 protects cells from L. pneumonia infection.
Its delivery begins around 95 seconds after-engulfment, but only peaks after 15 minutes (Peracino et al.,
2006). It localizes with V-ATPase throughout the lysosomal stage, but remains post V-ATPase removal,
being present on exocytotic vesicles (Peracino et al., 2006; Buracco et al., 2018). ANrampl cells are
defective at killing mycobactreria and L. pneumonia, but can kill Klebsiella aerogenes, suggesting Nrampl
may only be important for killing some bacterial strains (Peracino et al., 2000).

Zinc is transported into phagolysosomes. Excess levels of zinc may inhibit bacterial ATP production,
or replace other metals in the active site of bacterial enzymes. In D. discoideum, free zinc is compart-
mentalized into the endolysosomal system (Barisch et al., 2018; Buracco et al., 2018). It is then delivered
to phagolysosomes, either by fusion, or through active transport by zinc transporters, such as ZntB (Bar-
isch et al., 2018). AZntB cells have a 60% reduction in intra-luminal zinc levels inside Escherichia coli
or M. smegmatis phagolysosomes (Barisch et al., 2018). Excess levels of zinc are known to contribute to
bacterial killing; however, in AZntB cells bacterial killing was unaffected. Thus, loss of zinc poisoning
can probably be compensated for by killing mechanisms (Barisch et al., 2018).

Copper is transported into phagolysosomes. p80, a Ctr-type copper permease, is present at low levels
on the macroendosome membrane from early stages, but is not enriched until post-lysosomal transition
(Ravanel, 2001). Copper translocators are upregulated upon bacterial uptake and are to contribute to
killing (Hao et al., 2016).

Overall, changes in iron, zinc and copper concentrations appear to be important for killing; however,

none are completely essential for phagocytosis.

Reactive oxygen species facilitate killing. In mammals, the NADPH-oxidase, Nox2, is essential
to produce the ROS required for an oxidative burst which aids killing during maturation. It produces a

superoxide radical from oxygen and NADPH (Reviewed in: Dunn et al., 2018).
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D. discoideum contains three catalytic orthologs of mammalian Nox2 (NoxA, NoxB and NoxC). NoxA
is the only one expressed in vegetative cells, along with its regulator, CybA (Lardy et al., 2005). Whether
NoxA and CybA, or their resulting ROS, are delivered to phagosomes is unclear. ANoxA cells show no
defects in growth on K. aerogenes, and NADPH oxidase activity does not appear to be affected in the
knockouts (Lardy et al., 2005). D. discoideum, however, has a high general resistance to oxidative stress

(Katoch & Begum, 2003), which could suggest that ROS are widely used in killing.

Delivery of a range of lysosomal enzymes contribute to killing. The delivery of lysosomal
enzymes to phagolysosomal lumens is complex, and evidence suggests that different enzymes are delivered
and retrieved sequentially.

D. discoideum has two main types of lysosomal hydrolases: those with glucosamine-1-phosphate
modifications, which are delivered to phagosomes early within the first 3-minutes of maturation, and
those with mannose-6-sulfate modifications, which are delivered later (Souza et al.. 1997). They are
sorted into different lysosomal compartments, but all function to catalyse the breakdown phagolysosomal
contents in some way.

Glucosamine-1-phosphate hydrolases include: proteinase I, CP-p34, and CP-p36 (Adessi et al., 1995;
Mehta et al., 1995; Gotthardt et al., 2002; Rupper et al., 2001a). All of these enzymes are classified as
cysteine proteases, which catalyse the breakdown of peptide bonds. CP-p34 and CP-p36 are amongst some
of the first delivered, coinciding with delivery of LmpA and LmpC (Gotthardt et al., 2002; Rupper et al.,
2001a). CP-p34 is retrieved before the delivery of mannose-6-sulfate modified hydrolases (Gotthardt
et al., 2002), but CP-p36 continues to accumulate as maturation progresses (Rupper et al., 2001a).
In Rab7 dominant negative cells, immature forms of cysteine proteinases are delivered to phagosomes
instead, highlighting Rab7 as a key lysosomal delivery coordinator (see 1.4.2 Rab7 Coordinates Later
Delivery Events) (Rupper et al., 2001a).

Mannose-6-sulfate hydrolases include: Cathepsin D (CatD), another protease, and a-mannosidase
and (-glucosidase, which are both involved in the breakdown of sugars and oligosaccharides, including
cellulose (Reviewed in: Dunn et al., 2018). All three are delivered later in maturation, with CatD
only accumulating following retrieval of CP-p34 (Journet et al., 1999). CatD remains until just before
exocytosis, along with the LmpA and LmpC (Gotthardt et al., 2002).

Other hydrolases, such lysozymes, are also delivered from separate compartments (Cosson & Lima,
2014). Lysozymes are glycoside hydrolases that catalyse the breakdown of Gram-positive bacterial cell
walls. AlyA is a member of a family of lysozymes found in D. discoideum, and its disruption halves the
overall level of lysozyme activity in cells. This significantly affects the cells ability to grow slowly on solid
food; although this phenotype can be rescued through continued culturing, suggesting a loss of AlyA can
be compensated through increased phagocytic uptake (Miiller et al., 2005).

Overall, there is a large range digestive enzymes which can be delivered to phagolysosomes. D.
discoideum alone has more than 30 genes predicted to be cysteine proteases, and 22 genes predicted to
be lysozymes (Cosson & Lima, 2014; Lamrabet et al., 2020a). How each of these enzymes are selectively

trafficked is not fully understood, and the benefits of sequential delivery and retrieval are unclear, but
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it’s possible digestion is more efficient if early hydrolases partially digest the luminal contents for later
ones with different cleavage specificity. It’s also clear that not all phagolysosomes require every lysosomal
enzyme. For bacteria, at least, vastly different mechanisms of killing are used depending on the species
(Lamrabet et al., 2020b).

1.3.4 Post-lysosomal Transition & Exocytosis

In D. discoideum, the final stage of maturation ends in the expulsion of indigestible luminal contents into
extracellular space. Before this can happen, various proteins must be retrieved from the endolysosomal

compartment as it transitions into a post-lysosomal.

Proteins are recovered from post-lysosomes before their exocytosis. The transition from a
digestive compartment to a post-lysosome is precipitated by retrieval of V-ATPase. Over a three minute
time period, it is sequestered from the post-lysosomal membrane into small vesicles and recycled (Clarke
et al., 2010). As V-ATPase is removed, the luminal pH begins to re-neutralize and other components,
such as Rab7, CatD, LmpA, and LmpC are retrieved (Gotthardt et al., 2002).

Actin polymerization and the WASH complex are essential for this process (Clarke et al., 2010). In
AWASH mutants V-ATPase cannot be retrieved from post-lysosomal compartments, presumably due to
a failure to nucleate actin (Carnell et al., 2011), and exocytosis is unable to resolve in either the absence
of WASH or in the presence of an actin de-polymerizing agents (Rauchenberger et al., 1997; Carnell et al.,
2011).

Phagosomes fuse with one another before exocytosis. In D. discoideum, phagosome-phagosome
fusion occurs around 45-minutes after initial engulfment (Rupper et al., 2001b). RabD, a mammalian
Rabl4 homolog, and PI-3 kinase activity, is required to mediate this fusion. Cells with hyperactive
RabD have a five-fold increase in phagosome-phagosome fusion, whereas fusion is halved when expressing
dominant negative RabD (Harris & Cardelli, 2002).

Furthermore, treatment of hyperactive RabD cells with LY294002, a PI 3-kinase inhibitor, have a
reduction in multi-particle phagosomes. This confirms early evidence that PI03 kinases also play a role
downstream, or in parallel with, RabD to mediate phagosome-phagosome fusion (Rupper et al., 2001b;
Harris & Cardelli, 2002).

The benefits of phagosome-phagosome fusion are unclear. More recent work has demonstrated in
macrophages the process is correlated with impaired degradation. This is also true of bead contain-
ing phagosomes, which show reduced degradation when forming multi-bead phagosome - indicating the

process is not an evasion response promoted by pathogens (Yu et al., 2022).

Some proteins are retained on the post-lysosome. p80, the Ctr copper transporter, is retained and
reaches high concentrations at the point of exocytosis, and thus provides a useful marker for monitoring
exocytosis (Ravanel, 2001). In D. discoideum a TRPML1 homolog, Mucolipin-1 is delivered to the
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post-lysosome too (Lima et al., 2012). Amcll cells have increased exocytosis, and decreased calcium

concentration within the lumen (Lima et al., 2012).

Post-lysosomes have unique lipid properties. In D. discoideum, Vacuolins (orthologous of flotillin)
accumulate on post-lysosomes in detergent-resistant lipid micro-domains known as lipid rafts (Bosmani
et al., 2019; Rauchenberger et al., 1997). Vacuolin decorates post-lysosomal compartments just before
their exocytosis when the luminal pH is neutral approximately 60-seconds post-engulfment (Rauchenber-
ger et al., 1997). Despite their predominantly post-lysosomal localisation, disruption of vacuolins causes
defects throughout the endocytotic cycle, including faster maturation and defective recycling of mem-
brane proteins (Bosmani et al., 2019). It is therefore likely that lipid-micro-domain mediated sorting and

recycling has pleiotropic functions throughout the endocytotic pathway.

1.4 Regulation of Maturation

The maturation of macroendosomes described above requires by PIPs, kinases, phosphatases and Rab

GTPases to coordinate the delivery and fusion of compartments.

1.4.1 Rab5 and PI(3)P Coordinate Early Delivery Events

Rabb5 marks early endosomal compartments. In mammalian macrophages Rab5 becomes enriched
on phagosomal membranes within the first 60 seconds following engulfment (Henry et al., 2004; Lippuner
et al., 2009). In D. discoideum Rab5 marks endosomal membranes even earlier, being present on forming
macropinosomes and enriching a few seconds after engulfment (Bucci et al., 1992; Dieckmann et al., 2012;
Tu et al., 2022).

Rab5 must be activated to coordinate maturation. GEFs, such as Rabex-5 and Rabaptin-5, work
together to create a positive feedback loop for robust activation of Rabs (Lippé et al., 2001). Continued
activation will promote endosome fusion events via Rabb effectors, including Vps34, EEA1, and CORVET
(Reviewed in: Borchers et al., 2021). Rabb is removed from macroendosomal membranes within a few
minutes of its arrival; however, its recruitment and activation is essential for the next stages of maturation
(Vieira et al., 2003).

PI(3)P is recruited downstream of Rab5. Like Rab5, PI(3)P is a marker of the early macroendo-
some. It is enriched on macroendosome membranes within 60 seconds following internalization, immedi-
ately after actin de-polymerization (Clarke et al., 2010; Henry et al., 2004). In yeasts and mammalian
cells, a PI-3 kinase, Vps34, catalyses PI(3)P production (Christoforidis et al., 1999; Vieira et al., 2001),
and its inhibition stalls phagosome maturation. Recruitment of Vps34 is directly linked to Rab5 activ-
ation, meaning the co-enrichment of Rab5 and PI(3)P distinguishes the early macroendosome (Fratti
et al., 2001).

A Vps34 homologue, DAPIK5, synthesises PI(3)P in D. discoideum and rescues yeast lacking the
Vps34 protein (Zhou et al., 1995). Few other studies have directly assessed DAPIK5’s role in macroendo-
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Figure 1.6: Timings of Components of Phagosome and Macropinosome Maturation in D.
discoideum. Adapted from Vines & King (2019). Each line represents the dynamics of the components
(protein or lipid) over a 60-minute maturation event. When the line of the time-courses is high, the
respective component is at/on/in the endosome at this time-point. When the line of the time-course
is low, the component is not present. This diagram has been pieced together from the existing literat-
ure, combining both microscopy and biochemical data. It assumes that phagosome and macropinosome
maturation are comparable and integrates data from studies of both pathways. It should be noted that
in general, biochemical analysis of purified phagosomes often indicates slower maturation than that ob-
served by live-cell imaging, with maturation occurring over an almost 3 hour period (Buckley et al., 2016;
Gopaldass et al., 2012; Gotthardt et al., 2002). Microscopy studies in contrast, indicate exocytosis of
yeast and bead-containing phagosomes, as well as macropinosomes occurs at around 60-90 minutes after
engulfment (Clarke et al., 2010; Lima et al., 2012; Ravanel, 2001). The data has been consolidated from
both techniques to an “average” 60-minute transit. With this in mind, this figure is best viewed in the
context of this work as a whole and combined with the references provided for each individual component.
“Y” indicates that retrieval phase is known to be longer in phagosomes containing yeast.

23



Chapter 1

some maturation; although, it likely performs similar functions to its mammalian counterpart following
recruitment by Rabb.

PI(3)P typically remains on D. discoideum macroendosomes for the next 360-seconds. Bacteria-
containing-phagosomes and macropinosome both gradually loose PI(3)P over this time until undetectable
(Clarke et al., 2010). Yeast-containing-phagosomes, however, show more sustained levels of PI(3)P, for
upwards of 28-minutes (Clarke et al., 2010; Buckley et al., 2019). This reflects how cargo-type can

drastically change maturation profiles even relatively early in maturation.

Activated Rab5 and PI(3)P promote early endosome fusion. The movement of macroendosomes
around the cell on microtubules helps promote fusion between other compartments. In mammalian cells,
Rabb directly regulates early endosome motility along microtubules, and their movement is dependent
upon Rabb and recruitment of Vps34 (Nielsen et al., 1999).

Furthermore, Rabb co-localizes and interacts with components of the CORVET tethering complex to
contact and tether vesicles ready for fusion (Perini et al., 2014). Following tethering, activated PI(3)P
and Rabb recruit, early endosomal antibody 1 (EEA1) through its FYVE-domain and a Rab5-GTPase
binding domain. In mammals, EEA1 interacts directly with syntaxin-6, a SNARE which mediates mem-
brane fusion following tethering (Simonsen et al.; 1999). In mammals, this tethering of early endosomes
is significantly reduced upon disruption of Rab-GTPase function, PI(3)P synthesis, or EEA1 function
(Geumann et al., 2008).

D. discoideum has no EEA1 homolog to recruit SNARESs, but a similar PI(3)P/Rab5 controlled
cascade is thought to occur which eventually leads to early endosomes fusion. As in mammals, fusion
is still mediated by SNAREs. The first target-SNARE found in D. discoideum was syntaxin-7, which is
essential for endosome-endosome fusion (Bogdanovic et al., 2002). In complex with its co-target-SNARES,
syntaxin 8 and Vtil, it is able to bind a single vesicle-SNARE, VAMP7 (Bogdanovic et al., 2002). Binding
facilitates the fusion of the two respective compartments. VAMPT7-GFP labels all D. discoideum early
endocytotic compartments, suggesting that these SNAREs mediate most early fusion events (Bennett
et al., 2008).

1.4.2 Rab7 Coordinates Later Delivery Events

Rab7 is an essential marker of later compartments including late endosomes, lysosomes, and autophago-
somes (Reiveiwed in: Borchers et al., 2021). Rab7 helps regulate fusion of these later compartments with

macroendosomes.

Rab7 activation is coupled with the deactivation and removal of Rab5 (Henry et al., 2004).
This is sometimes called the Rab5-Rab7 switch, and requires Rab5-GTP hydrolysis, its release from the
membrane and recruitment and activation of Rab7. In mammalian cells, this is mediated by the Monl-
Cczl complex. Monl interacts with active Rab5 on early endosome membranes, where it can associate
with a Rab5-GAP to deactivate Rab5. The whole Monl-Cczl complex, in association with inactive Rabb
can then bind Rab7, and activate it (Kinchen & Ravichandran, 2010; Langemeyer et al., 2020).
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Disruption of either Monl or Cczl results in perturbed phagosome maturation, as phagosomes fail to
recruit Rab7 (Kinchen & Ravichandran, 2010; Langemeyer et al., 2020). AMonl cells also have elevated
and prolonged enrichment of active Rab5, reflecting the failure to recruit a Rab5-GAP. Interestingly, this
AMonl phenotype can be rescued through overexpression of a Rab5-GAP, TBC1D18, which deactivates
Rab5 but does not restore Rab7 activity (Hiragi et al., 2022). This does not restore maturation overall,
however, suggesting that both de-activation of Rab5 and activation of Rab7 are important requirements
for maturation.

D. discoideum have a monl homolog and a cczl homolog, but both are extremely poorly characterised
with unknown roles. Recently, however, a PripA-TberA complex which localizes to D. discoideum mac-
ropinosomes was identified as important for Rab5-Rab7 switching (Tu et al., 2022). PripA can link two
membrane compartments, interacting with Rab7 on later macropinosomes and PI(4,5) P2, a marker of
nascent macroendosomes. PripA can then interact with a Rabb GAP, TbcrA, linking Rab7 recruitment
with Rab5 inactivation (Tu et al., 2022).

Rab7 regulates later lysosomal delivery events. In D. discoideum Rab7 enrichments occurs within
the first couple of minutes following engulfment (Buczynski et al., 1997; Rupper et al., 2001a; Tu et al.,
2022). A dominant negative disruption of the Rab7 gene in D. discoideum results in reduced delivery of
lysosomal markers, such as LmpA, to maturing phagosomes and a complete abolition of macropinocytosis.
Delivery of proteins further downstream in maturation, such as the hydrolase a-mannosidase, is also
perturbed (Rupper et al., 2001a). Delivery of V-ATPase is unaffected, however, and early acidification
profiles are identical, but do re-neutralize much quicker (Rupper et al., 2001a). This indicates Rab7
mediated delivery is downstream of the early fusion events likely mediated by Rab5.

In mammalian phagocytes, Rab7 is delivered to endosomal compartments slightly later, first arriving
on phagosomes and macropinosomes around 10-minutes after engulfment, but just before LAMP-1 and
LAMP-2 (Henry et al., 2004). Rab7 continues to enrich macroendosomal membranes, peaking after
approximately 40-minutes (Henry et al., 2004; Yasuda et al., 2016; Vieira et al., 2003). This gradual
accumulation of Rab7 suggests many delivery events from RabT7-positive lysosomal compartments occur
over a prolonged period (Reiveiwed in: Borchers et al., 2021).

In yeast, this delivery and fusion is mediated via Rab7 through direct binding of the HOPS complex.
This promotes tethering to vesicles and helps regulate SNARE-dependant fusion events. In higher eu-
karyotes, however, Rab7 does not interact directly with HOPs. Thus, other Rab7-dependant pathways
presumably meditate fusion. One possibility is through other Rab7 interactors such as RILP which binds
both microtubule motors and HOPS (Jordens et al., 2001).

In D. discoideum, Rab7 is maintained on phagosomes until compartments reach a post-lysosomal
stage (Temesvarisp et al., 1994; Gotthardt et al., 2002).

1.4.3 PIKfyve is essential for coordinating maturation

PIKfyve is a PI-5 kinase essential for efficient macroendosome maturation and transition into later stages.

It is sole enzyme responsible for synthesises of PI(3,5) P2 through phosphorylation of PI(3)P, and can
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also generate PI(5)P from PI.

PIKfyve is a large, evolutionary conserved protein. At its N-terminus, a conserved FYVE-
domain functions to localize PIKfyve to PI(3)P (Figure 1.7 A). Immunofluorescence microscopy studies
show PIKfyve mutants with truncated FYVE-domains a have lower affinity for PI(3)P enriched liposomes
(Shrissa et al., 2002). Similar results have been shown in vivo, with truncated PIKfyve mutants unable
to localize to PI(3)P positive endosomes in COS cells (Shisheva et al., 1999). Likewise, PIKfyve is unable
to localize to endosomes in the presence of the PI-3 kinase inhibitor, wortmannin (Sbrissa et al., 2002).

In higher eukaryotes, a dishevelled egl-10 and pleckstrin (DEP) domain flanks the FYVE-domain, but
is absent from yeast, plant and D. discoideum genomes, and its function remains largely uncharacterised
(Reviewed in: Tkonomov et al., 2009; Lang et al., 2017).

The central region of the PIKfyve protein is comprised of two regions: a chaperonin domain, which has
homology to other molecular chaperones, and the CHK homology region of about 300 base pairs, which
contains conserved cysteins, histidines and lysines unique to PIKfyve orthologs (Reviewed in: Shisheva,
2008). These two regions are essential for the binding of PIKfyve to other proteins with which it co-
localizes (Tkonomov et al., 2009; Lees et al., 2020). One such protein is the Rab9 effector, p40, which is
phosphorylated by PIKfyve and aids late endosome transport toward the golgi (Ikonomov et al., 2003) .

Finally, at the C-terminus of PIKfyve is a conserved kinase domain responsible for both PI(3,5) Py,
and PI(5)P synthesis, as well as protein kinase activity (Sbrissa et al., 2000).
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Figure 1.7: Structure of PIKfyve. A. Comparison between PIKfyve homologues in human, yeast and
D. discoideum. Show key domains and their functions. B. Structure of the PAS complex. A Vacl4
pentameter binds to PIKfyve and Fig4, which together regulate the synthesis and turnover of PI(3,5) Ps.

PIKfyve is in complex with its own phosphatase. In vivo, PIKfyve is complexed with two other
proteins: Figd and Vacl4 (Figure 1.7 B) (Shrissa et al., 2007; Tkonomov et al., 2009; Lees et al., 2020).
Fig4 is a 5-phosphatase responsible for hydrolysis and turnover of PI(3,5) Py back into PI(3)P (Sbrissa
et al., 2007). TIts function is the complete reverse of PIKfyve, and introduction of siRNAs for Fig4 in
HEK?293 cells results in increased levels of PI(3,5) Py, presumably due to reduced turnover (Shrissa et al.,
2007).

Vacl4 is a regulatory scaffold protein. It forms a homo-pentameric structure, which couples with both
PIKfyve and Fig4 to form the PAS complex. This complex functions to regulate PI(3,5) Py synthesis and

turnover, and as a positive regulator for PIKfyve (Sbrissa et al., 2008; Lees et al., 2020). Biochemical
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analysis shows the pentameric structure orientates Figd and PIKfyve to avoid simultaneous access to
membrane. This is suggestive of a switching mechanism that controls PI(3,5) Po synthesis/turnover and
prevents futile cycles of phosphorylation and de-phosphorylation (Lees et al., 2020). Exactly how this
switch may be controlled is unknown.

Without the PAS complex, PIKfyve is inactive. Expression of Vacl4 siRNA in HEK293 cells results
in enlarged endosomes characteristic of PIKfyve dysfunction. Likewise, in wvitro, forced disassembly
of the complex results in an overall reduction of PIKfyve activity (Sbrissa et al., 2004, 2008). These
observations likely stem from PIKfyve autoinhibition: While removed from the complex, PIKfyve can
autophosphorylate to reduce its own lipid kinase activity. Fig4 phosphatase activity from within the PAS
complex is speculated to be required for release of PIKfyve from autoinhibition, and restoration of kinase
activity (Sbrissa et al., 2000; Lees et al., 2020).

PIKfyve is a regulator of maturation. In HeLa cells, PIKfyve localizes with EEA1-positive endo-
somes, but is largely absent from late endosomes (Cabezas et al., 2006). This suggests a role for PIKFyve
during early stages of maturaiton, and aligns with the recruitment of other FYVE-domain containing
proteins to high concentrations of PI(3)P. The complexity of the PAS complex, however, may impose
additional regulation on PIKfyve activity, even after its enrichment. In D. discoideum, GFP fusions of
PIKfyve have proven challenging to express (Buckley, 2018).

PIKfyve’s role in endosomal trafficking is best examined through its inhibition or removal. Apilimod
is a potent PIKfyve inhibitor. It is a small organic chemical which blocks PIKfyve’s phosphotransferase
activity (Cai et al., 2013; Sbrissa et al., 2018). In combination with siRNA knockdowns and conditional
knockouts, these inhibitors are commonly employed in studies at the whole organism level, where genera-
tion of a complete APIKfyve knockout results in embryonic lethalities. Likewise, homozygous APIKfyve
knockout mammalian cell lines are largely unviable (Ikonomov et al.; 2011; Krishna et al., 2016; Min
et al., 2019).

Across a range of organisms, inhibition or knockdown of PIKfyve results in a substantial PI(3,5) Py
reduction, a characteristic enlarged endosome phenotype and delays or aberrations in endosome matura-
tion. For example, in Drosophila, PIKfyve disruption causes reduced levels of PI(3,5) Py, increases in cell
and organ size, and enlarged late endosomes which are poorly acidified (Rusten et al., 2006). In C.elegans
a loss of a PIKfyve homolog, PPK-3, again causes impaired production of PI(3,5) Po, enlarged endosomes,
and an embryonic lethality (Nicot et al., 2006; Krishna et al., 2016). Yeast with kinase-deficient Fabl,
a PIKfyve homolog, have attenuated vacuole acidification linked with destabilisation of yeast V-ATPase.
Hyperactive Fabl mutants have a reverse phenotype, causing vacuoles to hyper-acidify (Zhang et al.,
2022). There are also links between Fabl in yeast endosome-lysosome fusion events mediated by the
HOPS and CORVET complexes (Dove et al., 2009). Finally, macrophage cell lines also have enlarged
endosomes and delays in macropinosome shrinkage. Their phagosomes have a reduced degradative ca-
pacity and aberrant lysosomal marker accumulation upon PIKfyve inhibition or knockdown (Kim et al.,
2014; Krishna et al., 2016).

There is a link between PIKfyve disruption and macroendosomal acidification, although this is not
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always consistent between studies. For example, Isobe et al. (2019) demonstrate that PIKfyve disruption
causes perturbed phagosome acidification in macrophages. Conflicting studies in both yeast and mac-
rophage, however, suggest disruption of PIKfyve has no effect on phagosome acidity (IKim et al., 2014;
Ho et al., 2015), with some even finding inhibition causes hyper-acidification of lysosomes (Leray et al.,
2022).

The cause of the swollen endosome phenotype is also unclear. In RAW macrophages treated with
apilimod, the swollen endosomes phenotype can be suppressed through generation of ROS which prevent
lysosome-lysosome fusion events (Saffi et al., 2021). The mechanisms for this occur independently of
PI(3,5) Py synthesis, but vary depending upon the ROS. For example, H2O4 appears to disrupt movement
along microtubules, whereas other ROS have no influence on movement but still rescue the phenotype
(Saffi et al., 2021). This is highlights a complexity in the sequence of events which lead to enlarged
endosomes, which is challenging to pin on one specific disruption.

Complete APIKfyve knockouts are viable in D. discoideum. Similar to higher eukaryotes, they have
enlarged endosomes, slow macropinosome shrinkage, slow phagosome movement, and a reduced degrad-
ative capacity (Buckley, 2018). Their phagosomes also acidify slowly and have massively reduced levels of
proteolysis. Surprisingly, acidification and proteolysis is unaffected in macropinosomes (Buckley, 2018).
This is suggestive of an as yet uncharacterised regulatory difference between phagosome and macropino-
some maturation, or, possibly, a more general cargo-related dependence. This finding could also help
account for some of the differences seen in other organisms, which are inconclusive about PIKfvye’s role
in endolysosomal acidification.

APIKfyve D. discoideum cells also show delayed recruitment of a range of proteins involved in all
stages of maturation. These include early markers, such as V-ATPase and Dynamin A, and later markers,
such as LmpA and CatD to phagosomes (Buckley, 2018). These observations suggest that PIKfyve, and
in turn PI(3,5) Py, are essential for normal maturation.

Why such a broad range of proteins from different stages of maturation are affected is not clear. One
possibility is that PI(3,5) Po may be a key-player in phagosome-endosome fusion events similar to Rab5 or
Rab7, resulting in a generalized delivery defect upon its removal. PIKfyve itself could also play a role in
recruiting and regulating maturation, and the yeast homolog, Fabl, has been shown to act as a substrate
of the Target of Rapamycin Complex 1 (mTORC1), a master regulator involved in nutrient and energy
and regulating protein synthesis. In yeast, it phosphorylates PIKfyve proximal to its FYVE-domain.
Synthesis of PI(3,5) Py supports further mTORC1 activation, and together both proteins a feedback loop
to regulate overall PI(3,5) Py production and signalling (Chen et al., 2021). Whether such mechanism
also exist in higher eukaryotes is unclear; however, this highlights the possibility that PIKfyve itself could

be involved in signalling cascades in other organisms.

1.4.4 PI(3,5) P, plays an important, but uncharacterised role, in maturation

Despite PI(3,5) Py’s relatively low abundance, making up only 0.04% to 0.08% of the total cell inositol

phospholipid content, its absence has a large impact on the endolysosomal system (Reviewed in: Dove
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et al., 2009). This is, in part, due to the role it plays in directly regulating endolysosomal ion channels

during macroendosome maturation.

Transient receptor potential (TRP) protein of the mucolipin sub family (TRPML) is one
of the best characterised PI(3,5) P, effectors. There are three TRPML paralogs in mammals
(TRPML1-3). All are calcium ion channels involved in signalling across endolysosomal membranes to
help mediate endosome fusion events (Reviewed in: Cheng et al., 2010). Of these three only TRPMLI1
binds to, and is activated by, PI(3,5) Py(Figure 1.8).

Macrophages with inactive or deficient TRPML1 exhibit an enlarged endosome phenotype similar to
APIKfyve cells. Their phagosomes also show decreased uptake efficiency, slower maturation, reduced
killing, perturbed exocytosis, and become surrounded by lysosomal vesicles which cluster but do not fuse
(Dong et al., 2010; Samie et al., 2013; Dayam et al., 2015). The fusion defect can be rescued through
forced calcium ion release, pertaining to a role for TRPML1 and calcium ions in phagosome-lysosome
fusion (Dayam et al., 2015). Furthermore, in yeast, calcium ion concentration in the cytosol increases
during phagocytosis, which is dependent upon both TRPML1 and PIKfyve (Dayam et al., 2015).

Overexpression of TRPMLI1 rescues the characteristic enlarged endosome phenotype caused by PIKfyve
inhibition (Dong et al., 2010), suggesting TRPMLI inactivation may be the principal cause of endosome
enlargement. Other APIKfyve phenotypes could be accounted for by the requirement for TRPML1 activ-
ity during calcium-ion dependant movement of lysosomes along microtubules (Li et al., 2016). TRPML1
itself localizes to phagosomes within 5 minutes of engulfment (although, surprisingly, smaller phagosomes
have delayed TRPMLI arrival) (Samie et al., 2013).

Evidence from whole endosome patch clamping suggests the N-terminus of TRPML1 binds PI(3,5) Py
which activates the channel to facilitate calcium ion efflux (Dong et al., 2010). Conversely, structural
studies indicate that TRPMLI remains closed when bound to PI(3,5) P2, and it’s only through binding
of co-factors, such as the drug rapamycin, that the channel opens with high efficacy (Fine et al., 2018;
Gan et al., 2022). This suggest a more complex regulation of TRPMLI1 than initially characterised by
Dong et al. (2010). The channel is also regulated by other PIPs, such as PI(4,5) Py, which deactivates
the channel at the plasma membrane (Zhang et al., 2012).

The extent to which additional co-factors are important for channel opening in vivo remains unclear.
Regardless, the evidence above supports a link between PI(3,5) Py synthesis, TRPMLI activation and
calcium release, leading to phagosome-lysosome fusion. Calcium ion signalling has been linked to SNARE
function, providing a possible explanation for these observations (Bharat et al., 2014).

D. discoideum possess a single TRPML ortholog, mcln; however, it is only present on post-lysosomes
at exocytosis and Amcln D. discoideum don’t exhibit the same APIKfyve-like phenotypes as mammalian
cells (Lima et al., 2012). Thus, there must be additional macroendosomal regulators with a requirement
for PI(3,5) Po in D. discoideum.

Two-pore channels (TPCs) are also regulated by PI(3,5) P,. Like TRPMLs, TPCs are a family

of calcium ion channels that localize to endosomes. There are two paralogs in mammals: TPC1 localizes
to early endosomes, binding both PI(3)P and PI(3,5) P2, and TPC2 localizes to lysosomes, binding
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exclusively PI(3,5) Py (Feng et al., 2022). This binding is thought to activate the channels to facilitate
ion movement.

TPCs can also be activated by a calcium ion releasing secondary messenger, nicotinic acid adenine
dinucleotide phosphate (NAADP). The respective roles of NAADP and PI(3,5) P2 in TPC2 activation
are somewhat contested. Calcraft et al. (2009) identified NAADP as the only requirement for channel
activation, as measured by calcium ion release. Wang et al. (2012), however, found PI(3,5) P2 alone to be
sufficient for channel activation as measured, not by calcium ion release, but by sodium ion release (Wang
et al., 2012). Recent research suggests that TPCs are in fact a rare form of ion channel which can vary
ion selectivity in a ligand-dependent manner, releasing more calcium ions on NAADP binding, and more
sodium ions upon PI(3,5) Py binding (Gerndt et al., 2020). Binding of both ligands appears to result in
increased calcium, but not sodium efflux (Yuan et al., 2022). Importantly, TPC2 in its PI(3,5) Py bound
form produces only small calcium ion signals, speculated to be sufficient for fusion events or exocytosis.
In contrast, NAADP binding may result in more generalized calcium signalling, possibly leading to ER
interaction (Reviewed in: Jaslan et al., 2023).

D. discoideum have a single TPC protein, tpc2, which is similar to its mammalian counterpart. Atpc2
D. discoideum show a higher rate of calcium ion uptake into vesicles, suggesting TPC2 may normally
acts as a calcium ion leak. Atpc2 cells also show reduced acidity of intracellular vesicles, and have been
noted to have an accumulation of autophagosomes (Chang et al., 2020). Tt is unclear whether or not they
have enlarged endosomes. Additional research on tpc2 during maturaion is lacking, with most research
focusing instead on its role during multicellular development (Chang et al., 2020). In particular, whether
D. discoideum TPC2 is activated by PI(3,5) Po, when it is present on endolysosomal membranes, and

whether its disruption results in any APIKfyve-like phenotypes all still need to be established.

A chlorine/hydrogen antiporter, CIC-7, also directly interacts with PI(3,5)P2. CIC-7 is
present on late lysosomes, and has principally been studied in human osteosarcoma U20S cell lines.
Inhibition of PIKfyve causes hyperacidfication of these lysosomes, which is rescued in ACIC-7 knock-
outs. Interestingly, the enlarged endosome phenotype is not rescued, indicating they are likely caused
independently (Leray et al., 2022).

CIC-7 itself exports 1 hydrogen ion from the lysosomal lumen in exchange for importing two chloride
ions (Graves et al., 2008). Chlorine ion influx likely acts to negate large voltage differences which build
up within acidified lysosomes, and would perturb further hydrogen ion pumping (Reviewed in: Mindell,
2012). PI(3,5) Py is hypothesised to regulate chlorine ion flux by inhibiting CIC-7 and thus chlorine
efflux, which would prevent hyper-acidification. This provides a link from PIKfyve, through PI(3,5) Pa,
to regulation of lysosomal pH.

The interplay between PI(3,5) Py and CIC-7 requires further characterisation, however. In earlier
endolysosomal compartments, PIKfyve inhibition is typically associated with slower acidification and a
failure to re-neutralize (Buckley, 2018; Rusten et al., 2006; Isobe et al., 2019). Other CIC family proteins
localize to early endosomes in mammals across a range of cell types, but none have yet been identified
as PI(3,5) Py interactors (Reviewed in: Mindell, 2012). CIC-7 has several chloride channel orthologs

30



Introduction

(CICA-F) in D. discoideum; however, they are all poorly characterised.

V-ATPase activity and assembly is influenced by PI(3,5) P, levels. In yeast, elevated levels of
PI(3,5) Py increases recruitment of V1 subunits from the cytosol to the vacuolar membrane, and in vivo
the purified V0 subunit has a preference for PI(3,5) P2 binding (Li et al., 2014). Additionally, in isolated
vacuolar vesicles, exogenous PI(3,5) Py enhances V-ATPase activity, possibly by stabilizing the enzyme
(Banerjee et al., 2019). There is also evidence that calcium ion transporters, like those discussed above,
interact with the V-ATPase in yeast (Zhang et al., 2022). There is little evidence on how PI(3,5) Py
affects V-ATPase assembly outside of yeast.

V-ATPase

CIC-7
TRPML1

P A

Figure 1.8: PI(3,5) P2 Effectors. Summarizes the four ion transporters thought to be regulated by
PI(3,5) P5. Those on the left are activated by PI(3,5) P2, while those on the right are suppressed.

Other proteins, which are not ion channels, also bind PI(3,5) P, but their links with matur-
ation are less clear. For example, activation of mTORC]1, a regulator of cell growth and metabolism,
has been linked with PI(3,5) Py binding through Raptor (Bridges et al., 2012). ATP13A2, a lysosomal
transporter implicated in Parkinsons disease, is thought to be activate by PI(3,5) Py also (Holemans
et al., 2015). Finally, Sorting Nexin 2 localizes to early endocytic compartments and non-specifically
binds PI(3,5) Py. It localizes to tubular elements on endosomes hypothesised to play roles in early recyc-

ling via the retromer sorting complex (Carlton et al., 2005b).

The downstream effects of PIKfyve activity are hard to establish due to the lack of any
reliable PI(3,5) P, reporter. In 2013, a tandem repeat of the N-terminal region of TRPML was
reported to exhibit PI(3,5) Py binding in vitro and in cells (Li et al., 2013). Later work, however, found
evidence of non-specific endolysosomal recruitment and retention after PI(3,5) Py depletion (Hammond
et al., 2015).

The lack of a reliable reporter means it is challenging to unpick the functions of PIKfyve from the
effects of P1(3,5) Py synthesis. While the PI(3,5) P effectors discussed above can account for some of the
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phenotypes observed in APIKfyve cells, it is probable that PIKfyve itself also plays a regulatory role in

macroendosomal maturation aside from it’s PI(3,5) Py synthesis.

1.4.5 Summary Remarks

In summary, macroendosome maturation is a highly regulated and complex process requires coordination
of several different delivery and retrieval events over a prolonged period of time to successfully process
macroendosomal contents. The description of maturation above is not complete, and instead is meant to
provide a generalized overview of the process, focusing particularly on core regulatory proteins and lipids
which control normal maturation. The cascade of early markers leading from Rab5, to PI(3)P, and then
PIKfyve onto Rab7 and PI(3,5) Py is particularly significant, as disruption to any one of these results in
downstream maturation defects.

In particular, the role of PIKfyve in macroendosome maturation is still poorly understood. Buckley
(2018) successfully characterised a APIKfyve cell line in D. discoideum; however, understanding the
mechanisms by which PIKfyve acts still requires further research.

In recent years research into PIKfyve has garnered greater interest due to discoveries highlighting it
as a target for treatment of neurodegenerative diseases and viral infections. For example, inhibition of
PIKfyve reduces the induction of tau aggregation in mouse neurons at the early stages of Alzheimer’s
disease (Soares et al., 2021). Furthermore, in Amyotrophic Lateral Sclerosis PIKfyve inhibition activates
a protein clearance mechanism to remove proteins likely to form aggregates and extends the survival of
a patient-derived motor neurons (Hung et al., 2023). Treatment of cells with PIKfyve inhibitors, like
apilimod, has also been shown to disrupt viral infection. Both enterovirus-71 (Luo et al., 2023) and
SARS-CoV-2 (Kang et al., 2020) have perturbed replication upon PIKfyve inhibition, and inhibitors also
reduce uptake of the SARS-CoV-2 spike protein (Drewry et al., 2022). Apilimod is already an approved
anti-cancer drug for B-cell malignancies (Ikonomov et al., 2019; Gayle et al., 2017), making it a strong
therapeutic candidate.

Therefore, understanding the function of PIKfyve is of considerable clinical interest. Moreover, un-
derstanding PIKfyve function is relevant to our current understanding of the endolysosomal system and

macroendosome maturation more generally.

1.5 Project Aims

This work seeks to further characterise PIKfyve’s role in macroendosomal maturation by investigating

its product, PI(3,5) P2, and by examining how PIKfyve influences other core endolysosomal regulators.

Aim 1: To Characterise and Deploy a novel PI(3,5) P, probe

Previous unpublished work in the King Lab identified a novel PI(3,5) Py binding probe, SnxA. To be
employed as a reliable biosensor, however, the probe required further characterization. Here, the probe

was dissected to optimise binding: A tandem repeat of probe’s PX-domain (2xPX), predicted to be
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responsible for its localization, was cloned and further examined for PI(3,5) Py binding in vitro alongside
the full length protein. Both probes were also deployed in vivo, in both D. discoideumn and a range of
mammalian cell lines, where they localize to early endocytic compartments. Finally, the probe has been

examined alongside a PIKfyve-GFP probe to better characterise PI1(3,5) P formation during maturation.

Aim 2: To Establish how PIKfyve Disruption Leads to APIKfyve Phenotypes

While the effects of disrupting PIKfyve during phagosome and macropinosome maturation have been well
characterised by Buckley (2018), how PIKfyve or PI(3,5) Py cause these phenotypes remains poorly un-
derstood. To assess how PIKfyve disruption affects maturation more broadly, endolysosomal maturation
markers Rabb, PI(3)P, PI(3,5) Py, and Rab7 were tagged and followed during maturation of APIKfyve
D. discoideum. Rab7 recruitment to phagosomes was severally reduced in APIKfyve cells, which likely

leads to perturbed downstream processing including a reduction in phagosome-macropinosome mixing.
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Abstract

The phosphoinositide signalling lipids (PIPs) are key regulators of membrane identity and vesicle traf-
ficking. Of these, PI(3,5) Py is one of the least well understood, despite key roles in many endocytic
pathways including phagocytosis and macropinocytosis. PI(3,5) P2 is generated by the phosphoinositide
5-kinase PIKfyve, and is critical for phagosomal digestion and killing of engulfed microbes. However
PI(3,5) Py dynamics and regulation remain unclear due to the lack of a reliable reporters. Using the
model professional phagocyte Dictyostelium discoideum we have identified SnxA as a highly selective
PI(3,5) Po-binding protein that allows faithful observation of PI1(3,5) Py dynamics in live cells for the first
time. We validate this probe in mammalian cells and show that it is also recruited to macropinosomes in
a PIKfyve-dependent manner. Using SnxA-GFP we demonstrate that both phagosomes and macropino-
somes accumulate PI(3,5) Py three minutes after engulfment, but then differ with PI(3,5) Py retained for
25-minutes on phagosomes but lost after 5-minutes from macropinosomes. We further find that PIKfyve
recruitment and activity are separable, and that PIKfyve activation stimulates its own dissociation. We
therefore describe a new tool for observing PI(3,5) Py dynamics in live cells that reveals key mechanistic
details of the role and regulation of PIKfyve/PI(3,5) Ps with broad relevance across endocytic pathways.

Phagocytosis | PIKfyve | Dictyostelium | Phosphatidylinositol(3,5)-bisphosphate | Mac-
ropinocytosis
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2.1 Introduction

The inositol phospholipids are a family of intercon-
vertible signals that define distinct endocytic com-
partments. Differential phosphorylation at three
positions on the inositol headgroup allows seven dif-
ferent signalling species to be generated. These
are used to recruit specific effector proteins to
membranes and are interconverted by a large fam-
ily of lipid kinases and phosphatases. Transitions
between different phosphoinositides (PIPs) are thus
central components of the identity, sorting and pro-

gression of almost all membrane compartments.

One of the least understood PIP transitions is
the generation of PI(3,5) P2 by the phosphoinos-
itide 5-kinase PIKfyve (Fablp in yeast). PIKfyve
is recruited to early endosomes via its FYVE
(Fabl, YOTB, Vacl and EEA1) domain that binds
PI(3)P and subsequently phosphorylates it at the
5-position to produce PI(3,5) Py (Cabezas et al.,
2006; Sbrissa et al., 1999; Yamamoto et al., 1995).
PIKfyve is in a complex with the scaffolding reg-
ulator Vacl4 (ArPIKfyve) and the 5-phosphatase
Figd (Sac3) which catalyses the reverse reaction
(Botelho et al., 2008; Rudge et al., 2004; Sbrissa
et al., 2007). This complex is under intricate reg-
ulation and while genetic, biochemical and struc-
tural studies have provided some mechanistic in-
sight (Berwick et al., 2004; Tkonomov et al., 2009;
Lees et al., 2020; Sbrissa et al., 2000), the dynamics
of PI(3,5) P, formation in vivo have remained elu-

sive due to the lack of a reliable live-cell reporter.

Disruption of PIKfyve causes severe and wide-
spread defects in endocytic trafficking in all organ-
isms studied, typified by the formation of swollen
endosomes and defects in lysosomal degradation
(Buckley et al., 2019; Choy et al., 2018; de Lartigue
et al., 2009; Dove et al., 2009; Ikonomov et al., 2001;
Kim et al., 2014; Krishna et al., 2016; Nicot et al.,

2006). PIKfyve activity is therefore critical for sev-
eral physiologically important pathways such as the
digestion of autophagic and phagocytic cargo and of
endocytosed receptors (Buckley et al., 2019; de Lar-
tigue et al., 2009; Demirsoy et al., 2017; Ferguson
et al., 2009; Kim et al., 2014; McCartney et al.,
2014; Rusten et al., 2006). Unsurprisingly, disrup-
ted PI(3,5) Py signalling is implicated in a broad
range of diseases (Mccartney et al., 2014; Shisheva,
2012).

How these phenotypes result from PI(3,5) Po de-
ficiency is not clear. Several studies have indicated
that PI(3,5) Py can directly regulate lysosomal ion
channels such as mucolipin (TRPML1), Two-Pore
calcium channels (TPCs), and the chloride channel
CIC7 (Dong et al., 2010; Leray et al., 2022; Samie
et al., 2013; Wang et al., 2012). PI(3,5) P2 has also
been shown to regulate association of the two va-
cuolar ATPase (V-ATPase) subcomplexes on the
yeast vacuole, although this has not yet been con-
firmed in other organisms (Li et al., 2014). Loss of
PI(3,5) P2 can also affect lysosomal transport and
delivery to the compartments targeted for degrad-
ation (Li et al., 2016). Each mechanism can poten-
tially contribute to the phenotypes observed, but
our understanding is limited by poor knowledge of
where and when PI(3,5) P2 is generated.

We and others have previously demonstrated a
key role for PIKfyve during phagosome maturation.
Phagocytosis is used by cells to engulf large extra-
cellular particles such as microbes, dead cells and
debris and is highly related to the process of mac-
ropinocytosis, whereby cells take up bulk extracel-
lular fluid (King & Kay, 2019). After engulfment,
both pathways follow a complex series of matur-
ation steps to deliver antimicrobial and digestive
components in order to defend against potential
pathogens, recycle nutrients or generate antigens

for presentation (Buckley et al., 2016; Chen et al.,
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2010; Levin et al., 2016).

PIKfyve plays an evolutionarily conserved role
during phagosome maturation, and is important for
phagosome-lysosome fusion in macrophages, neut-
rophils and the amoeba Dictyostelium discoideum
(Buckley et al., 2019; Dayam et al., 2015, 2017;
2019; 2014).  We re-
cently showed that loss of PIKfyve in Dicty-

[sobe et al., Kim et al.,
ostelium severely disrupts phagosomal proteolysis
and killing, rendering them hypersensitive to infec-
tion with Legionella pneumophila (Buckley et al.,
2019). Whilst this demonstrates the importance of
PIKfyve in innate immunity, its regulation remains

poorly understood.

A major obstacle to understanding PI(3,5) Py
function and regulation has been the lack of a reli-
able reporter to visualise when and where it is gen-
erated in cells. Although a tandem repeat of the N-
terminal lipid-binding region of TRPML1 showed
PI(3,5) Py specificity in vitro and looked promising
in cells (Li et al., 2013), others found clear evidence
of non-specific endosomal recruitment and retention
after PI(3,5) Py depletion (Hammond et al., 2015).
We therefore set out to identify and validate an al-
ternative reporter to faithfully describe PI(3,5) Py
dynamics within live cells. Here, we identify and
characterise SnxA as a highly-selective PI(3,5) Po-
binding protein. Using phagosome and macropino-
somes maturation as accessible endocytic pathways
we then use fluorescent SnxA fusions as reporters
to visualise and describe PI(3,5) P dynamics in live
cells for the first time and uncover key regulatory

steps in both PIKfyve recruitment and activity.
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2.2 DMaterials and Methods

2.2.1 Dictyostelium Culture

All Dictyostelium discoideum cells were derived
from the Ax2 (Kay) laboratory strain background
and were grown in adherent culture in filter ster-
ilised HL5 medium (Formedium) at 22°C. Cells
expressing extrachromosomal plasmids were trans-
formed by electroporation and grown in appropriate
antibiotic selection by addition of either 20 pg/ml
hygromycin (Invitrogen) or 10 pg/ml G418 (Sigma).
The PIKfyve knockout strain in Ax2 background
generated as previously described (Buckley et al.,
2019). Live cell imaging was performed in defined

SIH medium (Formedium).

Growth on bacterial lawns was performed by
seeding ~20 Dictyostelium cells with suspension
of Klebsiella aerogenes on SM agar plates (Forme-
dium). Colonies were visible after 5 days and colony
size measured each day. Tests of growth on a panel
of bacteria were performed as described by Fro-
quet et al. (2009). Dilutions from 1 to 1 x 10*
cells were seeded on agarose in wells of a 96-well
plate containing the relevant bacteria. After sev-
eral days (dependent on bacterial strain) wells were
scored for the presence of Dictyostelium colonies.
Bacteria used were a gift from Pierre Cosson and
were: K. pneumoniae laboratory strain and 52145
isogenic mutant (Benghezal et al., 2006), M. luteus
(Wilezynska & Fisher, 1994), the isogenic P. aeru-
ginosa strains PT5 and PT531 (rhlR-lasR avirulent
mutant) (Cosson et al., 2002), E. coli B/r (Gerisch,
1959), non-sporulating B. subtilis 36.1 (Ratner &
Newell, 1978) and E.coli DH5a (Fisher Scientific).
An avirulent strain of K. pneumoniae was obtained
from ATCC (Strain no. 51697).
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2.2.2 Mammalian Cell Culture

HEK293, MIA PaCa-2 (gifted from Helen Mat-
thews) and RPE-1 cells were cultured in DMEM
supplemented with 10% FBS, 2 mM L-glutamine
and 50 pg/mL penicillin/streptomycin at 37 °C in
a humidified incubator with 5% CQO,. For transient
transfection with SnxA-GFP or 2xPX-GFP probes,
cells were seeded in glass-bottomed dishes or cov-
erslips at 200,000 cells/mL and grown overnight
before treatment with Lipofectamine 3000 Trans-
fection Reagent (ThermoFisher) as per manufac-
tures guidelines. For apilimod treatment, 1000 nM
apilimod (USBiological) was added 24-hours after
transfection, for at least 1-hour before imaging.

To score the number of GFP-positive vesicles in
live cells, ten images were captured per condition.
Cells were scored for the number of identifiable ves-
icles within the cell. A Z-stack was used to help
identify vesicles, although single Z-stacks are shown
in figures for clarity. Untransfected cells, or those
with extremely high levels of expression, were not
counted. To see dextran uptake in live cells, media
was removed and 2.5 mg/mL 70kDa TexasRed dex-
tran added throughout (see preparation of dextran
for more info). Images were captured every 60 s for
up to an hour. For fixing, cells on coverslips were
first washed twice in PBS and treated with 4% PFA
for 10-minutes before another wash and mounting.
All images were captured using a Nikon W1 Spin-
ning Disk Confocal.

2.2.3 Cloning

All gene sequences used for cloning were ob-
tained from dictybase (http://www.dictybase.
org/) (Fey et al., 2013).
proteins encoded within the Dictyostelium genome
were identified by BLAST. Full-length SnxA-GFP
(pJSK619), and PIKfyve-GFP (pJV0025) plasmids

PX domain containing

were generated by PCR of the respective coding se-
quences from cDNA using primeSTAR max DNA
polymerase (Clontech), subcloning into Zero Blunt
TOPO II vector (Life Technologies) and then clon-
ing into the Bglll/Spel sites of the pDM1045 ex-
pression vector (Paschke et al., 2018; Veltman et al.,
2009). To generate 1x and 2xPX expression plas-
mids, the sequence for the PX domain was synthes-
ised by DC Biosciences with a 3’BgllI sites and a
5’BamHI and Spel sites. This was cloned into the
Bglll/Spel sites of pDM1043 to give the 1xPX-GFP
expression vector pJV0010. A second copy of the
PX domain was then inserted into the BgllI sites
of this as a Bglll/BamHI fragment of the synthes-
ised gene to give the 2xPX-GFP construct pJV0016.
The same procedure was used to generate the mam-
malian expression vectors. The full-length and PX
domain coding sequences were human codon op-
timised, synthesised and cloned as a BamHI/EcoRI
fragments into pEGFP-C1. The full-length, 1xPX
and 2xPX constructs are pJSK659, pJSK663 and
pJSK664 respectively. These will be available at
Addgene.com.

2xFYVE-GFP (pJSK418) uses the sequence
from the human Hrs gene and was previously de-
scribed (Calvo-Garrido et al., 2014). Co-expression
plasmids were created by first cloning the RFP-
fusion sequence into the pDM series shuttle vec-
tors (pDM1042 and pDM1121), before cloning as
an NgoMIV fragment into the appropriate GFP-
expression vector. The SnxA-GFP integrating vec-
tor was made by cloning full-length SnxA into
the integrating C-terminal GFP vector pDM1053
(Paschke et al., 2018).

the plasmid was linearised with BamHI, and trans-

Prior to transformation,

formation performed with 100 U of BamHI, produ-
cing a 5-10 fold increase in the number of colonies
compared to controls. Colonies were selected and

screened by confocal microscopy for a cell line with
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low-expression and high contrast.

2.2.4 PIP arrays

PIP arrays were performed using whole cell lysates
from Dictyostelium cells expressing the GFP-fusion
constructs. ~ 2 x 108 cells were lysed in RIPA buf-
fer (50 mM Tris HCL pH 7.5, 150 mM NaCl, 0.1%
SDS, 2 mM EDTA, 0.5% sodium deoxycholate, 1x
HALT protease inhibitor cocktail (Pierce)). PIP ar-
rays (Echelon Biosciences) were blocked for 1 hour
at room temperature in 3% fatty acid free BSA in
TBS-T, and then incubated with lysates for 1 hour.
Membranes were probed with anti-GFP antibody

as for Western blots.

2.2.5 Purification of

proteins

recombinant

All SnxA probes were expressed as N-terminal
6xHis and eGFP fusion proteins in BL21 cells in
LB media containing Ampicillin and 1.7 g Lactose
per litre for 7 h at 37°C before lowering down to
18°C for ~10-12 h. Cells were pelleted and lysed
by ultrasound before clearing by centrifugation at
60,000 x g for 1 h. Cleared lysates were filtered
through a 0.22 pm filter and purified using a 5 mL
His trap HP column followed by anion exchange us-
ing a 5 ml Capto-Q column and size exclusion chro-
matography using a Superdex 200 16/60 pg column.
All probes were snap frozen in liquid nitrogen and
stored at -80°C.

2.2.6 Lipid binding experiments

Performed as previously (Maib & Murray, 2022).
1 mg liposomes, containing each of the seven
different PIPs were produced by mixing 95 mol
percent POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) with 5 mol % of the respective

40

phosphatidylinositol together with 0.1% Atto647N-
DOPE. The mixtures were evaporated under ni-
trogen and dried overnight in a vacuum extruder.
Dried lipids were resuspended in 1 mL buffer con-
taining 150 mM NaCl, 20 mM HEPES and 0.5 mM
TCEP and subjected to 6 freeze-thaws in liquid ni-
trogen. Liposomes ~100 nm diameter were gener-
ated by passing the lipid mixture 11 times through
a 100 nm filter (Whatman Nuclepore). Liposomes

were aliquoted, snap frozen and stored at -20 °C.

Membrane coated beads were generated by
adding 10 pg of liposomes to ~ 0.5 x 105 10 pm
silica beads (Whitehouse Scientific) in 100 ul of 200
mM NaCl for 30 min rotation at room temperat-
ure. Beads were washed twice and resuspended in
buffer containing 150 mM NaCl, 20 mM HEPES,
0.5 mM TCEP (tris(2-carboxyethyl)phosphine hy-
drochloride) and blocked with 10% goat serum for
30 min. Drops of 7.5 nl beads were added into the
corners of uncoated p-Slide 8 well chambers (Ibidi)
and 7.5 pl of the purified SnxA probes were ad-
ded and mixed by pipetting at indicated final con-
centrations. Lipid binding kinetics were allowed to
equilibrate for 30 min at room temperature before

imaging close to the equator of the beads.

Confocal images were acquired using a Leica
SP8 Confocal Microscope with a Leica HC PL APO
CS2 63x/1.40 Oil objective at 0.75 base zoom with
1024x1024 pixels scan. GFP and Atto647N-DOPE
fluorescence were imaged simultaneously without
any measurable bleed through. Data was analysed
using a custom ImageJ script that segments the
Atto647N-DOPE channel to create a mask around
the outer circumference for each bead. Segmented
masks were then used to measure GFP fluorescence

around each bead.
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2.2.7 Mass photometry

Mass photometry measurements were performed as
described in (Sonn-Segev et al., 2020). Briefly,
cover slips were cleaned in 50% isopropanol and 5
pl of sample was applied to a culture well gasket.
Samples were diluted to a concentration of between
25-50 nM in buffer containing 250 mM NaCl, 20 mM
HEPES and 0.5 M Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) immediately before meas-
urements. Data was acquired using OneMP mass
photometer (Refeyn Ltd, Oxford, UK) AcquireMP
(Refeyn Ltd,) and data analysis was performed us-
ing DiscoverMP (Refeyn Ltd). Calibration was car-
ried out using standards of known molecular weight.
For each sample, between 1,315 and 10,380 indi-

vidual events were recorded and analysed.

of

yeast and dextran

2.2.8 Preparation fluorescent

Saccharomyces cerevisiae were used for phagocyt-
osis assays. Yeast were grown for 3 days at 37 °C in
standard YPD media (Formedium) until stationary
phase before centrifugation at 1000 x g for 5 minutes
and resuspension at a final concentration of 1 x 10°
cells/mL in PBS pH 7, and frozen until use. Yeast
were fluorescently labelled using either pHrodo red
succinimidyl ester (Life Technologies), or Alexa-405
succinimidyl ester (Life Technologies) at a final con-
centration of 0.25 mM and 2.5 mM, respectively.
0.5 x 10° yeast were resuspended in 200 pL PBS at
pH 8.5 and incubated with 10 pL of prepared dye
for 30-minutes at 37 °C with gentle shaking. After,
cells were pelleted and sequentially washed in 1 ml
of PBS pH 8.5, 1 ml of 25 nM Tris-HCI pH 8.5, and
1 ml of PBS pH 8.5 again. Finally, cells were resus-
pended in 500 nl of KK2 pH 6.1 and kept at -20 °C.
Yeast were diluted in STH medium (Formedium) to

a working concentration of 1 x 108 yeast/mL before

use. TexasRed 70kDa Dextran (Life Technologies)
was resuspended in water and diluted to a working

concentration of 2 mg/mL.

2.2.9 Microscopy and image analysis

For fluorescence microscopy ~ 1x10¢ Dictyostelium
cells were seeded in 35 mm glass-bottomed micro-
scopy dishes (Mat tek P35G-1.5-14-C) and left to
grow overnight in STH medium (Formedium). Cells
were imaged on a Zeiss LSM880 AiryScan Confocal
with x63 Plan Apochromat oil objective and pro-
cessed using the Zeiss microscope software, unless
otherwise stated.

For timelapses of phagocytosis, most of the
medium was aspirated immediately before ima-
ging, and 20 pL of 1 x 10% dyed yeast added.
After 60 seconds, cells were overlaid with a thin
layer of 1% agarose in SIH and excess medium re-
moved. For normal timelapses, images were cap-
tured every 10 seconds for up to 10 minutes. For
extended timelapses, images were captured every 60
seconds. Automated analysis of the fluorescent in-
tensity around each phagosomal membrane was per-
formed using the Python plugin pyimagej (https:
//pypi.org/project/pyimagej/). Images where
phagosomal entry could be seen were manually se-
lected. To segment out the phagosome, the yeast
channel was thresholded and particles larger than
1.5 pm? selected. Particles on time-adjacent frames
were automatically scored for similarity based on
position and size, and high similarity particles cat-
Then, throughout

each event, the phagosome area was monitored for

egorized into the same event.

fluorescence change of pHrodo-labelled-yeast as a
proxy for phagosomal pH. The selection perimeter
was enlarged into two rings of ~ 0.35 pm thick-
ness: an inner ring 0.2 pm enlarged, to measure
enrichment at the phagosomal membrane, and an

outer ring 0.85 pm enlarged, to monitor background
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cytosol fluorescence. Each event was then manually
screened for errors before mean fluorescence intens-
ity was recorded for each frame, normalized to intra-
cellular background, and fold enrichment from -10 s
calculated. Because addition of an agarose overlay
appeared to suppress the effects of apilimod, cells
treated with 5 pM apilimod (added > 2 hours be-
fore imaging) (USBiological) were imaged without
overlay through a larger Z range every 10s using a
Nikon W1 Spinning Disk Confocal. The automated
analysis pipeline was not sensitive enough to detect
PIKfyve-GFP enrichment, so events were manually
followed and scored as either GFP positive or neg-
ative using ImageJ.

Dextran pulse-chases were performed by aspir-
ating most of the medium, then adding 50 pl of 2
mg/ml 70kDaTexas Red dextran for the indicated
time. Dextran was the removed by washing thrice
in SIH medium, leaving ~1 ml of SIH in the dish.
Cells were immediately imaged, with multiple fields
of view taken every 2-minutes for 10-minutes. GFP
co-localisation at each timepoint was then scored

manually.

2.2.10 Generating SnxA knockouts

The SnxA (DDB_G0289833) locus was disrupted by
homologous recombination, inserting a blasticidin
resistance cassette within the gene and deleting 550
bp of coding sequence. The knockout construct
was made using a one-step recombination method
into the pKOSG-OBA-Dicty vector as previously
described (Wiegand et al., 2011). The 5’ recombina-
tion arm was generated with the primers agcgcgtcte
caatgACCACCCAGGTTAAAAATAATTCC/ age
gegteteccttc TTCCTTTTCTAAGAGAATATATT
TGG, and the 3’ arm with agcgegteteegttgCCTTA
AAAGAGACGAAGGT/ agegegteteetcccCTGGC
TTTGTTTTTATAAAACAG. PCR products were

recombined with the vector using StarCombinase
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(IBA GmbH, Géttingen, Germany). The resulting
vector was used to transform Ax2 Dictyostelium,
and the resulting blasticidin-resistant clones were
screened for successful gene disruption by PCR us-
ing the primers GCACTGGGAGTTCCAATATC
AATATCATC/ATAATTAATTCAACATCTTG
CAAAT. Multiple independent clones were isolated

and used for functional characterisation.

2.2.11 Endocytosis and fluid phase

proteolysis

Macropinocytosis and exocytosis (Maniak, 2001),
were measured by incubating 5 x 10° cells/mL in
HL5 medium containing 2 mg/mL 70 kDa FITC
dextran (Sigma). 500 pl of cells was then removed
at each timepoint and added to 1 mL ice-cold KK2
(0.1 M potassium phosphate, pH 6.1). Cell pel-
lets were then washed once and lysed in 50 mM
NaHPO, (pH 9.3) with 0.2% Triton X-100 before
FITC fluorescence was measured in a fluorimeter.
Exocytosis was measured in the same way, except
cells were pre-incubated with FITC-dextran for at
least 2 hours, before washing out and measuring the

decrease in fluorescence over time.

2.2.12 Phagocytosis assays

Bead uptake, proteolysis and acidification were per-
formed as previously described in detail in (Sattler
et al., 2013). Briefly, phagocytosis was measured by
uptake of 1 pm YG-green beads (Polysciences Inc.).
Cells were incubated with beads for the times indic-
ated and fluorescence measured by flow cytometry.
pH and proteolysis were measured using 3 nm silica
beads (Kisker Biotech) conjugated to either FITC
or BSA respectively as well as alexab94 as a refer-
ence dye. Synchronous phagocytosis was caused by
centrifuging beads onto confluent cells in a 96-well
plate (1,200 RPM for 10 seconds) before washing
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and measuring changes in the fluorescence intensit-
ies over time. All samples were measured in triplic-

ate.

2.2.13 Statistics

Statistical analysis was performed using Graphpad
Prism 9. Biological replicate numbers and statist-
ical tests used for each experiment are detailed in
each figure legend. A p-value of < 0.05 was deemed
significant with * indicating p < 0.05, **p < 0.01
and ***p < 0.005 throughout.

2.3 Results

2.3.1 Identification of SnxA as a
PI(3,5) P2-binding protein in

Dictyostelium

To identify a specific PI(3,5) Py-binding protein
that could be used as a reporter, we started with
the assumption that such proteins would only be
recruited to membranes in the presence of PIKfyve.
As PX-domains are frequently used by proteins to
bind specific PIPs, we searched the Dictyostelium
genome for proteins containing a PX domain and
screened C-terminally tagged GFP fusions of these
for PIKfyve-dependent localization, by expression
in both wild-type and APIKfyve cells.

Of the proteins cloned, most localised to mem-
branes irrespective of the presence or absence
of PIKfyve (e.g.
(DDB_G0289833) clearly localised to large vesicles

with the appearance of macropinosomes in wild-

Figure 2.1 A). However, one

type but was completely cytosolic in APIKfyve cells
(Figure 2.1 B). DDB_G0289833 is previously un-
studied and contains a coiled-coil domain in addi-
tion to the PX-domain. As this domain combina-
tion is found in many mammalian sorting nexins we

named the Dictyostelium protein SnxA. To further

confirm the dependence of SnxA recruitment on
PIKfyve we applied the PIKfyve inhibitor apilimod
(Cai et al., 2013) to wildtype cells expressing SnxA-
GFP. This caused rapid dissociation of SnxA-GFP
from all membranes, becoming completely cytosolic
within 10 minutes (Figure 2.1 C-D).

PIKfyve activity is required for the formation
of both PI(3,5) Py and PI(5)P. To determine the
lipid-binding specificity of SnxA we examined bind-
ing to PIP arrays using lysates from SnxA-GFP ex-
pressing Dictyostelium cells. In this assay SnxA-
GFP bound with at least a 20-fold preference to
PI(3,5) P2 over all other PIPs with almost no non-
specific binding at even the highest lipid concentra-
tions (Figure 2.1 E).

To optimise lipid binding and reporter char-
acteristics, we then tested GFP-fusions of either
the PX-domain alone, or a tandem repeat of this
domain (1xPX-GFP) and 2xPX-GFP respectively,
Figure 2.1F). 1xPX-GFP had low contrast, loc-
alising poorly to large vesicles in some cells but
Con-
trast was significantly enhanced in the 2xPX-GFP

was completely cytosolic in many others.

construct, which localised with similar character-
istics and PIKfyve-dependence as full-length SnxA-
GFP (Figure 2.1 G). The 2xPX-GFP construct
also bound similarly to PIP arrays, localizing spe-
cifically to PI(3,5) Py (Figure 2.51 A).

To confirm PI(3,5) Po-specificity to more
physiologically-relevant membranes, all three
GFP fusions were produced recombinantly

(Figure 2.51 B) and screened for binding to beads
coated with bilayers consisting of 5% phosphoinos-
itide and 95% POPC. Lipid binding and affinities
were then determined by measuring GFP recruit-
ment by microscopy (Maib & Murray, 2022). As an-
ticipated, both SnxA-GFP and 2xPX-GFP probes
showed high specificity for P1(3,5) Py, while 1xPX
showed very little binding (Figure 2.2 A-D). By
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Figure 2.1: Identification of SnxA as a PI(3,5)P2 reporter. (A) and (B) Expression of
GFP-fusions of PX-domain containing proteins in wildtype and APIKfyve Ax3 Dictyostelium. (A)
DDB_G0285711 localised to large vesicles in both cells, whereas DDB_G0289833 (B) was completely
cytosolic in APIKfyve. (C) Timelapse of DDB_G0289833 (SnxA)-GFP localisation in Ax2 cells after
addition of the PIKfyve inhibitor apilimod (3 pM). Quantification of number of SnxA-GFP vesicles per
cell is shown in (D). >90 cells measured per time-point. Data shows mean +SEM of 3 independent
experiments. (E) PIP array using lysates from wildtype cells expressing SnxA-GFP and probed with
anti-GFP antibody. (F) Schematics of SnxA-GFP, 1xPX-GFP and 2xPX-GFP. (G) Representative im-
ages of their localisation in the cells indicated. 1xPX-GFP remained predominately cytosolic in wildtype
cells, whereas 2xPX-GFP localised strongly to large vesicles, which was lost in APIKfyve and apilimod
treated cells. All scale bars = 2 pm.
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titrating the probe concentration at a fixed amount
of membrane, we determined an apparent Kp of
187.3 nM for full-length SnxA and 217.5 nM for
2xPX (Figure 2.2 E-F). Importantly, no binding
to PI(5)P, the other product of PIKfyve, was ob-
served under any conditions (Figure 2.51 C-D).
These data demonstrate that the PX-domain of
SnxA is a highly selective PI(3,5) Po-binding do-
main. Whilst a tandem repeat of this domain in-
creases binding affinity, this unexpectedly provides
no improvement over the full-length protein. We
therefore tested whether the full-length protein di-
merises by measuring the mass distribution of the
recombinant fusion proteins by mass photometry
(Sonn-Segev et al., 2020). While the 1x and 2xPX
GFP fusions existed as a single population with
apparent molecular weights of 92 and 104 kDa re-
spectively, 85% of the full-length SnxA protein had
an apparent molecular weight of 181 kDa — ap-
proximately double that expected for a monomer
(Figure 2.S1E). Full-length SnxA therefore di-
merises via its coiled-coil domain, providing an
avidity similar to the 2xPX construct. This may
be advantageous for imaging as it will incorporate
2 GFP-moieties into each dimer and increase bright-
ness, although it is also possible that full-length

SnxA could dimerise with other proteins.

2.3.2 Validation of SnxA
PI(3,5) P, reporter in mam-

as a

malian cells

Our data in Dictyostelium indicate that SnxA
has both high selectivity for PI(3,5) Py and fast
off-kinetics, indicated by rapid dissociation upon
PIKfyve inhibition. To test whether it could be
universally used as a PI(3,5) Py reporter in other
organisms, we made human codon-optimised ver-
sions of both the full-length SnxA and the 2xPX

construct to express as N-terminal GFP-fusions in

a panel of mammalian cell lines.

In all cell lines examined, both full-length SnxA
and 2xPX GFP fusions localised clearly to large
intracellular vesicles (Figure 2.3 A). Localisation
was almost completely lost upon inhibition of
PIKfyve with apilimod and whilst a small number
of GFP-positive puncta were observed in some cells,
these were much smaller and resembled aggregates,
with no visible lumen (see Figure 2.3 A,C and E
zoom panels). Effective inhibition of PIKfyve was
confirmed by the presence of the typical swollen va-

cuoles visible in these cells (Cai et al., 2013).

We also noted that upon paraformaldehyde
(PFA) fixation, SnxA-GFP was also partly enriched
near the plasma membrane (Figure 2.52 A). This
was insensitive to apilimod treatment and did not
occur with the 2xPX-GFP probe.
alisation was also never visible in unfixed cells
(e.g. Figure 2.3).

ment is therefore due to non-specific binding via the

A similar loc-
Plasma membrane enrich-

coiled-coil domain rather than an additional pool
of PI(3,5) P2. As this localisation is sufficiently dis-
tinct from endosomal PI(3,5) P2 pools this does not
prevent use of SnxA-GFP as a probe for experi-
ments where fixation is necessary, however we ad-
vocate caution interpreting any observations at or
near the cell surface and the use of appropriate con-

trols.

Although both fusion proteins were recruited to
vesicles of comparable size, fewer structures were
often observed in cells expressing 2xPX-GFP than
those expressing the full-length SnxA-GFP. This
varied between cell lines; both reporters behaved
similarly in MIA PaCa-2 pancreatic cancer cells,
whereas the 2xPX-GFP was recruited to very few
structures in both retinal pigment epithelial (RPE-
1) or human embryonic kidney (HEK293) cells. We

also noticed that these cells grew more slowly and
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Figure 2.2: PI(3,5) P2 binding specificity. (A-D) Representative images and quantification of bind-
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generally appeared less healthy than untransfec-
ted or SnxA-GFP expressing cells . Expression
of 2xPX-GFP may therefore cause cytotoxicity in
some cells — most likely dependent on expression
levels.

As the large vesicles observed resemble mac-
ropinosomes, we tested this by incubating HEK293
cells with 70kDa Texas-red dextran, which is pre-
dominantly taken up by this route. Dextran clearly
labelled all SnxA-GFP positive vesicles indicat-
ing that they are macropinocytic in origin. How-
ever, not all dextran-containing vesicles had SnxA-
GFP, indicating that PI(3,5) Py is only transiently
present (Figure 2.3 G, and Video 2.1). Although
PI(3,5) P; is thought to be a general component of
late endosomal/lysosomal pathways we never ob-
served any small puncta that could represent clas-
sical endocytic pathways. See the discussion for po-

tential explanations for this.

2.3.3 SnxA-probes do not disrupt
PIKfyve signalling in Dicty-

ostelium

To characterise SnxA as a PI(3,5) Py reporter in
detail we returned to the Dictyostelium model sys-
tem. As disruption of PIKfyve blocks both phago-
somal proteolysis and the concentration of macro-
pinosome contents we started by testing whether
expression of SnxA-GFP fusions also affected these
pathways (Buckley et al., 2019). Neither full-length
SnxA, 1xPX nor 2xPX GFP-fusions had deleteri-
ous effects in either assay and we did not notice
any obvious changes to cell morphology or growth
(Figure 2.S2B-C). Therefore none of the SnxA
probes appear to disrupt PI(3,5) Py signalling in
Dictyostelium.

We also generated multiple independent SnxA

knockouts and asked whether it played an import-
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ant function in phagosome maturation itself. Un-
like APIKfyve cells, ASnxA mutants had no signi-
ficant defects in growth on bacteria, bulk fluid up-
take, phagocytosis, phagosome proteolysis or acid-
ification (Figure 2.S3 A-G). Following extensive
investigation, the only differences we could ob-
serve between wild-type and ASnxA cells was a
subtle but reproducible alteration in the dynam-
ics of macropinosome shrinkage after internalisa-
tion: whilst wild-type macropinosomes transiently
enlarge after internalisation before shrinking and
concentrating, the expansion phase does not oc-
cur in ASnxA cells and can be rescued by re-
expression of SnxA-GFP (Figure 2.53 H-I). Des-
pite this, bulk fluid uptake is unaffected and no ax-
enic growth defect was observed. We speculate the
transient swelling indicates SnxA-dependent fusion
of another endocytic compartment to very early
macropinosomes, but this requires further investig-
ation. In any case, SnxA is not necessary for mat-

uration of either phagosomes or macropinosomes.

2.3.4 PI(3,5)P2 dynamics during

phagosome and macropino-

somes maturation

To test whether the large SnxA-GFP-positive ves-
icles observed in Dictyostelium were also mac-
ropinosomes, and determine at which point
PI(3,5) P2 is present we labelled macropinosomes
with a 2-minute pulse of Texas Red-dextran and
then imaged different fields of view at time inter-
vals after dextran removal. For optimal imaging
and uniform expression we generated a stably in-
tegrated SnxA-GFP cell line selecting for a clone
with low expression/high contrast for microscopy
experiments. This allows the percentage of mac-
ropinosomes positive for GFP to be measured for up

to 10 minutes of maturation (Buckley et al., 2016).
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This demonstrated that SnxA-GFP is transiently
recruited to macropinosomes within 2-minutes of

engulfment, peaking at 4-minutes before removal
after 5-6 minutes (Figure 2.4 A and B).

We then observed SnxA-GFP recruitment to
phagosomes using timelapse confocal microscopy
Un-

individual yeast contain-

of cells engulfing pHrodo labelled yeast.
like macropinosomes,
ing phagosomes could be reliably followed over
time, so we also developed an automated image
analysis pipeline to measure the fluorescence in-
tensity in a ring around the yeast and average
over multiple events (Figure 2.S4 A-C). This
showed that phagosomes also acquire SnxA-GFP
2-minutes after engulfment, with no enrichment ob-
served in APIKfyve controls (Figure 2.4 C-E and
Video 2.2). In contrast to the rapid loss from mac-
ropinosomes, longer-term timelapses indicated that
SnxA-GFP then remained on the phagosomal mem-
brane for a further 20-minutes (Figure 2.4 F-G).
Therefore, although the early stages of macropino-
some and phagosome maturation appear identical,

the timing then appears to diverge.

The quantitative analysis of phagosome matur-
ation also allowed us to compare recruitment of
2xPX-GFP to full-length SnxA-GFP. This showed
that 2xPX-GFP was recruited to phagosomes
with identical dynamics to the full-length SnxA
but whilst SnxA-GFP remained stably associated
with the phagosome (Figure 2.4 E), the intens-
ity of 2xPX-GFP slowly decreased after 3-minutes
(Figure 2.54D-F). Co-expression of 2xPX-RFP
in expressing cells SnxA-GFP showed that this ef-
fect was dominant, as both reporters were then
lost with comparable dynamics (Figure 2.54 G-
H and Video 2.3). Therefore, 2xPX expression
again exhibited a greater tendency to interfere with
PI(3,5) Py signalling than SnxA-GFP, consistent

with our observations in mammalian cells. However
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in Dictyostelium at least, this was relatively minor
and insufficient to detectably perturb phagosomal
digestion. As 2xPX had superior contrast to full-
length SnxA as an RFP fusion, with indistinguish-
able initial recruitment it is therefore still useful in

some circumstances, with appropriate caution.

The

veals

SnxA

complex

2.3.5 reporter re-

coordination
of PIKfyve recruitment and

activity

PI(3,5) Py is generated by phosphorylation of
PI(3)P, which is both the substrate of PIKfyve
and responsible for its recruitment via the FYVE-
domain. SnxA allows us to observe PI(3,5) P2 ac-
cumulation in live cells for the first time, so we next
asked how this relates to both PI(3)P and PIKfyve
dynamics.

To compare the relative dynamics of PI(3)P
and PI(3,5) Py, we co-expressed SnxA-GFP with
the PI(3)P reporter RFP-2xFYVE (Gillooly et al.,
2000) and followed early phagosome maturation.
Although RFP-2xFYVE expression caused a delay
in SnxA-GFP recruitment compared to our pre-
vious experiments, it was clearly recruited first,
immediately following engulfment (Figure 2.5 A-
B and Video 2.4). SnxA-GFP was then en-
riched on the phagosome several minutes later
(Figure 2.5 A-B and Video 2.4).
periment, this was accompanied by a partial drop
in RFP-2xFYVE intensity; this is consistent with
PIKfyve depleting PI(3)P as indicated in mam-
malian cells (Hazeki et al., 2012; Kim et al., 2014),
although our previous studies show that PI(3)P dy-

In this ex-

namics are unaffected by loss of PIKfyve in Dicty-
ostelium (Buckley et al., 2019).

observations confirm the early formation of PI(3)P

Either way, our

and subsequent conversion to PI(3,5) Py by phago-
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somal PIKfyve (Ellson et al., 2001; Hazeki et al.,
2012).

We then investigated how the dynamics of
PIKfyve related to PI(3,5) Py accumulation by ex-
pression of PIKfyve-GFP. Although PIKfyve-GFP
expressed poorly in wild-type cells, it was clearly
visible on large vesicles that resembled macropino-
somes. A diffuse perinuclear cluster of presum-
ably sub-resolution vesicles could also be observed
in some cells (Figure 2.55 A). Contrast was im-
proved by expression in APIKfyve cells, which
also rescued the swollen endosomal phenotype
(Figure 2.S5B). This allowed PIKfyve-GFP dy-
namics to be observed over time, demonstrating re-
cruitment to both macropinosomes and phagosomes
within 60-seconds of engulfment (Figure 2.5C
and D and Video 2.5 and Video 2.6). This is
consistent with the role for PIKfyve in the early
maturation and its initial recruitment by PI(3)P.
Whilst low signal and movement in the Z-axis
meant it was not possible to reliably follow indi-
vidual macropinosomes much beyond 2 minutes,
we observed removal of PIKfyve-GFP from phago-

somes approximately 3-minutes post engulfment.

To examine how PIKfyve recruitment and dis-
sociation relates to PI(3,5) Po production, we co-
expressed PIKfyve-GFP with the SnxA probe
(2xPX-RFP) in cells engulfing alexa-405 labelled
This confirmed that PIKfyve is recruited
1-2 minutes prior to PI(3,5) P2 accumulation but

yeast.

also showed that they only co-localise fleetingly,
with PIKfyve-GFP dissociating immediately after
the SnxA probe arrives (Figure 2.5E-F and
Video 2.7).

early during phagosome maturation, but dissoci-

PIKfyve is therefore recruited

ates rapidly upon activation and accumulation of
PI(3,5) Ps.

As PI(3)P is present throughout the first 10-

minutes of both macropinosome and phagosome
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maturation (Buckley et al., 2019; King & Kay,
2019), dissociation of PIKfyve at 2-3 minutes indic-
ates an additional layer of regulation. As PIKfyve
dissociation coincides with PI(3,5) P2 accumula-
tion, we used the inhibitor apilimod to test whether
PIKfyve activity is required for its release. Con-
sistent with this, PIKfyve-GFP appeared to accu-
mulate more strongly on phagosomes in aplimod
treated cells. Timelapse microscopy then con-
firmed that apilimod treatment caused PIKfyve to
be retained on phagosomes for significantly longer
compared with untreated controls (Figure 2.6 A-
C). This demonstrates PIKfyve dissociation is pro-
moted by its catalytic activity, providing a mech-

anism to couple activation and release.

2.4 Discussion

In this study we identify the Dictyostelium protein
SnxA as a highly selective PI1(3,5) Po-binding pro-
tein, and demonstrate its utility as a reporter for
PIKfyve signalling in both Dictyostelium and mam-
malian cells. Using this, we have been able to visu-
alise PI(3,5) Py dynamics in live cells for the first
time and provide insight into the complex regula-
tion of PIKfyve and the early regulation of phago-
some and macropinosome maturation.

Whilst we find that both full-length SnxA and
tandem PX domain constructs are selective for
PI(3,5) P2, we note several caveats that should be
considered with their use. Firstly, the full-length
protein also contains a coiled-coil domain in addi-
tion to the PI(3,5) P2-binding PX domain. The
primary function of this appears to be mediat-
ing homodimerization which is highly advantage-
ous in increasing binding avidity, but we cannot
completely exclude interactions with other proteins.
Nonetheless, with the exception of the moderate

PI(3,5) Po-independent enrichment at the plasma
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membrane observed upon paraformaldehyde fixa-
tion, full-length SnxA is recruited to the same com-
partments with similar dynamics to a 2xPX con-
struct lacking the coiled-coil domain. Therefore any
additional interactions appear to have minor or no

effects on localisation.

The 2xPX construct is theoretically superior as
it has the same Kp as a SnxA dimer and should be
more specific. However, we observed 2xPX fusions
also have a greater tendency to disrupt PI(3,5) P
signalling in both Dictyostelium and mammalian
cells. Whilst disruption was minor in Dictyostelium,
cell morphology, growth and macropinocytosis were
clearly perturbed in some mammalian cell lines.
This is most likely due to the 2xPX probe outcom-
peting endogenous PI(3,5) P2 effectors or regulat-
ors. We speculate this is due to a slower off-rate of
a constitutive tandem fusion compared to a SnxA
dimer connected by transient electrostatic interac-

tions.

Despite this caveat, we found the 2xPX probe
often had better contrast for microscopy. This was
especially evident when expression levels varied over
a large range or when imaging parameters were
challenging, such as in co-expression experiments.
In Dictyostelium cells expressing SnxA-GFP from
an extrachromosomal vector, vesicular localisation
was only visible above the background signal in
lower expressing cells whereas 2xPX-GFP and par-
ticularly 2xPX-RFP performed much better than
their counterparts. Deleterious effects of 2xPX ex-
pression in mammalian cells was also not evident in
all cell lines tested and are likely to be minimised by
low expressing using weaker promoters than those
used in this study. It is also possible to bypass probe
expression artefacts altogether by using recombin-
ant probes to strain fixed cells (Hammond et al.,
2009; Maib & Murray, 2022). The choice of full-
length SnxA or 2xPX probes therefore depends on

o4

individual experimental conditions. We recommend
future users carefully test both, using appropriate
controls including treatment with PIKfyve inhibit-
ors and functional read outs of the pathways under

investigation where possible.

The ability to observe the localisation and
dynamics of both the PIKfyve enzyme and its
product has provided several new mechanistic in-
sights.  Combined, our data support a model
whereby PIKfyve is regulated in a series of coordin-
ated steps. Initially, inactive PIKfyve is recruited
by binding PI(3)P via its FYVE domain before sub-
sequent activation causes rapid PI(3,5) Py accumu-
lation. Finally, PIKfyve dissociates dependent on

its own activity.

Complex regulation is not unexpected. PIKfyve
is unusual in that its catalytic substrate (PI(3)P)
also mediates its recruitment via additional inter-
actions with the FYVE domain. Whilst PIKfyve
could be released from the membrane by simply
using up all the PI(3)P (Kerr et al., 2010), this
is unlikely to be the case in this system as signi-
ficant PI(3)P is retained on phagosomes long after
PIKfyve dissociates and loss of PIKfyve does not af-
fect PI(3)P dynamics (Buckley et al., 2019). There
is therefore likely to be an additional regulation
of the FYVE domain binding.

ted by a recent study demonstrating recruitment of

This is suppor-

the yeast PIKfyve orthologue Fabl is regulated by
phosphorylation near its FYVE domain by TORC1,
causing translocation between the yeast vacuole and
signalling endosomes (Chen et al., 2021). Whilst it
is unclear whether this mechanism is conserved in
other endocytic pathways or organisms, the finding
that PIKfyve recruitment to PI(3)P is also condi-
tionally regulated during Dictyostelium phagosome

maturation shows strong similarities.

A further complication is that PIKfyve is com-
plexed with the phosphatase Figd which can po-
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tentially break down PI(3,5)Py as soon as it is
generated. As PI(3,5) Py accumulates in a burst
almost 2 minutes after PIKfyve arrival, either
PIKfyve or Figd catalytic activity must also be
regulated. The crystal structure of the PIKfyve
complex suggests that PIKfyve can be inhibited by
auto-phosphorylation, requiring a protein dephos-
phorylation activity of Figd for activation (Lees
et al., 2020). Fig4 may therefore also be temporally
regulated during phagosome maturation, or an ad-
ditional unknown regulatory mechanism may exist.
Our observations that PIKfyve dissociates as soon
as PI(3,5) P2 accumulates but is retained if phar-
macologically inactivated indicates that catalytic
This

is consistent with a previous study in mammalian

activity also affects membrane association.

cells, where catalytically inactive PIKfyve was also
reported to be retained on macropinosomes (Kerr
et al., 2010). Whilst the FYVE domain is not well
resolved in the crystal structure, it is suggested to
lie near the kinase domain (Lees et al., 2020). This
may provide potential for an additional level of reg-
ulation to explain the coordination of recruitment

and activity in vivo but needs more investigation.

Many aspects of maturation are shared between
phagosomes, macropinosomes, and other endocytic
pathways, such as classical clathrin-mediated endo-
somes. These also transition from a Rab5s/PI(3)P-
positive early form to later compartments demarked
by Rab7, V-ATPase and lysosomal components.
Furthermore, degradation of classically endocyt-
osed receptors, autophagosomes and entotic vesicles
are also sensitive to PIKfyve inhibition (de Lartigue
et al., 2009; Krishna et al., 2016; Qiao et al., 2021).
A significant limitation of SnxA as a PI(3,5) Py
probe is that we were not able to see any signific-
ant recruitment to these smaller endocytic compart-
ments. There are several potential explanations for

this; for example PI(3,5) Po may not be present in

sufficient abundance in other endocytic pathways
due to their limited membrane surface, or a lim-
ited pool of PI(3,5) P2 may already be fully occu-
pied by endogenous binding proteins. Low levels
of SnxA recruitment onto small compartments may
also simply not be visible over the cytosolic back-
ground with standard confocal imaging.

Whatever the reason, it is likely that at our ob-
servations with phagosomes and macropinosomes
are applicable to other endocytic routes and over-
comes the technical challenges in following ~100nm
vesicles in sufficient detail over time. Using Dicty-
ostelium SnxA to report PI(3,5) Py dynamics in live
cells we have harnessed an experimentally-tractable
approach to define the complex sequence of events
that occur in the first minutes of phagosome matur-
ation with key mechanistic insights into regulation
of PIKfyve and PI(3,5) P,.
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2.7 Supplementary Figures and Videos
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Supplementry Figure 2.51: SnxA does not bind PI(5)P. (A) PIP array performed using lysates from
wildtype cells expressing 2xPX-GFP and probed with anti-GFP antibody. (B) Coomassie stained SDS-
PAGE gels of recombinant GFP fusion SnxA probes used for lipid binding assays. (C) Representative
images of SnxA probe titrated against PI(5)P-containing membrane coated beads, quantified in (D).
(E)(E) Mass photometry analysis of recombinant SnxA fusions. Note that exact molecular weights of
native proteins are inaccurate below ~100 kDa using this technique.
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Supplementry Figure 2.52: Characterisation of SnxA probes.
cells transfected with either full-length or 2xPX GFP fusions after fixation with paraformaldehyde. (B)
Phagosomal proteolysis of both Ax2 and APIKfyve Dictyostelium cells expressing different SnxA-derived
probes, measured by digestion of bead-conjugated DQ-BSA. (C) Images of macropinosomes in Ax2
cells expressing each probe, or APIKfyve cells after overnight incubation in TxRed-dextran. The bright
vesicles indicate concentration of macropinosomes contents. All scale bars represent 2 pm
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Supplementry Figure 2.53: Loss of SnxA has little effect on phagosome or macropinosome
maturation. (A) Images of wildtype and AsnxA-1 colonies growing on a lawn of K. aerogenes. Average
colony diameter over time is shown below. Scale bar = 10 mm. (B) Growth of mutant cells in different
bacteria. Numbers indicate the number of Dictyostelium cells seeded on each well. (C) Summary
of growth on a range of bacteria screened as in (B). (D) Quantification of endocytosis calculated by
FITC dextran uptake. (E) Phagocytosis of 1 nm fluorescent beads, measured by flow cytometry and
normalised to wildtype cells at 60 mins. (F) Phagosomal proteolysis and (G) pH over time, measured by
fluorescence changes after engulfment of either DQ-BSA or FITC/Alexa594 reporter beads respectively.
(H) Representative images of macropinosomes shrinking after a 2 minute pulse of TRITC-dextran, Scale
bar = 2 pm. Size is quantified in (I). All data shown are the mean+ SD of at least 3 independent
experiments. AsnxA-1, 2 and 3 indicate independent knockout clones.
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Supplementry Figure 2.54: Quantification of phagosomal recruitment and comparison of SnxA
and 2xPX. (A) Shows automated methodology to quantify fluorescent reporter recruitment to a phago-
cytic event. Channel containing yeast (red) is thresholded and particles larger than 1.5 pm? are segmented
(white circles). This area is used to monitor fluorescence change of pHrodo-labelled-yeast, a proxy for
phagosomal pH, shown in (C). The perimeter is enlarged by 0.2 pm to generate a ring of 0.3 pm thickness
over the phagosomal membrane (inner ring). As a control, and additional ring further away from the
yeast (outer ring, expanded by 0.85 pm from the yeast) was also generated, to give a measure of back-
ground cytosol fluorescence that should remain constant. (D) Timelapse of 2xPX-GFP recruitment to
a pHrodo-labelled yeast containing phagosome in wild-type cells. (E) Shows an identical experiment in
APIKfyve mutants. (F) Shows quantification of phagosomal enrichment in both cell lines, averaged over
multiple cells. (G) Timelapse of phagocytosis in wild-type cells co-expressing SnxA-GFP and 2xPX-RFP
Geee Video 3 for full timeseries). (H) Quantification of probe intensities over time in this video.



APIKfyve +
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Supplementry Figure 2.S5: Expression of PIKfyve-GFP in Dictyostelium. (A) Localisation of
PIKfyve-GFP in wild-type cells. Boxes indicate regions enlarged in the panels on the right. (B) Rescue
of the macropinosome concentration defect by PIKfyve-GFP expression in APIKfyve cells. The cell lines
indicted were incubated overnight in TxRed Dextran overnight prior to confocal microscopy.

Video 2.1: Macropinocytosis in HEK293 cells
expressing SnxA-GFP directly following addi-
tion of txRed dextran. Scale bar = 2 pm



https://drive.google.com/file/d/1ECNiSQYBV2F-tx5dahrnEV3JyRq4t3QO/view?usp=share_link
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Video 2.2: PI(3,5) P2 dynamics during pha-
gosome maturation.  Wildtype (left) and
APIKfyve(right) cells expressing the SnxA-
GFP probe for PI(3,5) P2. Note the complete
loss of localisation in the mutants. Scale bar
= 2 pm

Video 2.3: Co-localisation of SnxA-GFP and
2xPX-RFP to a newly formed phagosome in
a wild-type Dictyostelium cell. Scale bar = 2
pm

Video 2.4: Simultaneous imaging of
PI(3)P (RFP-2xFYVE, magenta) and
PI(3,5) P2(SnxA-GFP) recruitment to phago-
somes in wildtype cells. Scale bar = 2 pm

Video 2.5: Recruitment of PIKfyve-GFP to
a newly formed macropinosome (asterisk).
PIKfyve-GFP expressed in a APIKfyve cell.
Scale bar = 2 pm


https://drive.google.com/file/d/1E4hyd4iK9W7swDWNDn5Ixeeqb01aRmSP/view?usp=sharing
https://drive.google.com/file/d/1E8mtZeRZs7uHlVwwZ533eimsYHRuUgKZ/view?usp=sharing
https://drive.google.com/file/d/1EBsDSIFR8Yy64fo1_fqa7K_mW5FUWqXX/view?usp=sharing
https://drive.google.com/file/d/1EBmVnxjiDd1BP3BQD1gZEABC5Ler0Y4r/view?usp=sharing

Inyve

Video 2.6: Recruitment of PIKfyve-GFP to
phagosomes.  Engulfment of an alexa405-
labelled yeast by a GFP-PIKfyve expressing
APIKfyve cell. Scale bar = 2 pm

Video 2.7: Simultaneous imaging of PIKfyve-
GFP and PI(3,5) Po(RFP-2xPX) in magenta),
in wildtype cells. Scale bar = 2 pm
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Chapter 3

Declaration:

In accordance with the University of Sheffield’s thesis format guidelines, this chapter has been
submitted for examination in the form of a draft manuscript, which is intended for submission to an
unknown journal in the near future.

This work results from revisions to an original manuscript (Vines et al., 2022) which also included data
from my first thesis chapter. Consequently, this work bears marked similarity to the original pre-print.

This manuscript contains everything unrelated to PI(3,5) Py probe as a tool. That includes examining

how PIKfyve interacts with other key macroendosomal regulators.

All of the experiments, unless stated below, were carried out by James H Vines. All analysis, unless
stated below, was carried out by James H Vines. The manuscript was written by James H Vines and
Jason S King.

The following data is not my own work:

1. Data in Figure 3.3 D-G was collected and analysed by Catherine M. Buckley.

2. Data in Figure 3.4 E and H was collected by Catherine M. Buckley, but analysed by James H
Vines.


https://www.sheffield.ac.uk/research-services/code/thesis/preparation/formats#publication

Chapter 3

Draft Manuscript:

PIKfyve is Required for Phagosomal
Rab7 Acquisition and the Delivery
and Fusion of Early Macropinosomes
to Phagosomes

JaMES H. VINES!, CATHERINE M. BUCKLEY? AND JASON S. KING!™

'School of Biosciences, University of Sheffield, Firth Court Western Bank, Sheffield, UK.
2Current address: Department of Medicine, Cambridge University, UK.

MCorresponding author: Jason.King@sheffield.ac.uk

Abstract

The maturation of a phagosomes requires complex coordination and regulation of processing machineries.
Like other endocytic pathways, phagosome maturation is regulated by a combination of Rab GTPases
and phosphoinositide signalling lipids (PIPs) which define membrane identity and control vesicle traffick-
ing. PIKfyve, a PI-5 kinase, plays a key role in regulating endocytic traffic, and its disruption results
in severe defects in phagosomal digestion and the killing of engulfed microbes. How PIKfyve, and its
product PI(3,5) P, control phagosome maturation remains unclear. Using the model professional phago-
cyte, Dictyostelium discoideum, we show PIKfyve is required for the phagosomal Rab5-Rab7 transition.
Using PIP markers, including our recently characterized PI(3,5) Pao-probe, SnxA (Vines et al., 2022), we
delineate subpopulations of Rab7-positive endosomes which are marked by PI(3,5) Py and describe their
sequential delivery to phagosomes in a PIKfyve dependent manner. Furthermore, we find PIKfyve is
required for fusion between macropinosomes and phagosomes, which enables phagosomes to efficiently
accumulate lysosomal components. These findings uncover key mechanistic details on the role and regu-

lation of PIKfyve/PI(3,5) Py likely to have general relevance across endocytic pathways.
Phagocytosis | Macropinocytosis | PIKfyve | Rab7 | Dictyostelium

3.1 Introduction

The degradation of endocytic cargo is a highly reg-

ulated cellular process. Endosomes must acquire
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the correct markers with temporal accuracy to fa-
cilitate their maturation. This is achieved through
sequential regulatory steps, which identify compart-
ments in different stages of maturation. In this way,
effector proteins and lysosomal compartments are
recruited over the course of maturation to exped-
ite the trafficking or degradation luminal contents.
Disruption of any one of these key regulators can
result in aberrant endosomal trafficking and severe

physiological defects.

Inositol phospholipids define specific compart-
ment membranes during endosomal maturation.
They contain a glycerol backbone, two non-polar
fatty acid tails, and an inositol head group which
can be phosphorylated at any of three positions (3,
4 or 5) to form one of eight different phosphoinos-
itide (PIP) species. Each PIP can recruit different
effector proteins, allowing for spatially segregated
Be-

cause PIP species can be inter-converted through

protein enrichment to different membranes.

phosphorylation or de-phosphorylation, their bind-
ing proteins and effectors are also recruited tem-
porally throughout maturation (Bohdanowicz &
Grinstein, 2013).

PIKfyve is a phosphoinositide 5-kinase recruited
via a FYVE (Fabl, YOTB, Vacl and EEAl)
domain to PI(3)P concentrated on early endo-
somes. Here, it phosphorylates PI(3)P to pro-
duce PI(3,5)Py, a low abundance phosphoinos-
itide required for routine endosome maturation
2017; 2002;

Cabezas et al., 2006). Across an array of organisms,

(Yamamoto et al., Sbrissa et al.,
disruption of PIKfyve causes a range of endocytic
trafficking defects, including characteristic swollen
endosomes and defects in lysosomal degradation
(Ikonomov et al., 2001; Dove et al., 2009; de Lar-
tigue et al., 2009; Choy et al., 2018; Kim et al., 2014;
Buckley et al., 2019; Nicot et al., 2006; Krishna

et al., 2016). Precisely how PIKfyve disruption

leads to these phenotypes in unclear; although
several PI(3,5) Py activated ion channels on endo-
somal membranes have been identified, including
TRPML1 and TPC2, and have both been implic-
ated in endosome-endosome fusion events (Leray
et al., 2022; Samie et al., 2013; Wang et al., 2012;
Dong et al., 2010).

The Rab family of small GTPases also plays key
roles in regulating endolysosomal traffic (Borchers
et al., 2021). Early endosomes are marked by Rab,
which recruits effector proteins essential for early
endosome fusion events (Henry et al., 2004; Lippu-
ner et al., 2009). This includes Vps34, the class
IIT PI-3 kinase responsible for PI(3)P synthesis.
As maturation progresses, Rab5 is exchanged with
the lysosomal marker, Rab7. In both yeast and
mammals, this switch is mediated by the Monl-
Cczl complex, which both deactivates and dissoci-
ates Rabb, and recruits and activates Rab7 to en-
dosomes (Kinchen & Ravichandran, 2010; Lange-
meyer et al., 2020; Nordmann et al., 2010). Accu-
mulation of Rab7 on late endosomes promotes fu-
sion with lysosomal compartments, and its disrup-
tion result in severely perturbed lysosomal delivery

to phagosomes (Rupper et al., 2001).

Our previous work, using the soil-dwelling
amoeba, Dictyostelium discoideum, showed that
PIKfyve is critical for phagosome maturation
(Buckley et al., 2019).

characterized model organism which feeds through

Dictyostelium is a well-

phagocytosis of bacteria or bulk uptake of media
by macropinocytosis. The maturation of phago-
somes and macropinosomes is highly related and is
studied extensively in a range of professional pha-
gocytes, including macrophages. Dictyostelium is
well-suited for the study of these processes, being
a genetically pliable model which is amenable to
biochemical analysis and fluorescence microscopy

studies. Additionally, comparative phagosome pro-
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teome studies between Dictyostelium and higher
multicellular organisms indicates a shared core of
phagosomal proteins across species (Boulais et al.,
2010).

Using a PIKfyve-null (APIKfyve) Dictyostelium
cell line, we previously characterized a defect in
phagosomal proteolysis and killing, which rendered
cells hypersensitive to infection with Legionella
pneumophila, and demonstrated the physiological
importance of PIKfyve in innate immunity (Buckley
et al., 2019). These defects were, in part, caused
by perturbed V-ATPase and protease delivery to
newly formed phagosomes. PIKfyve is also import-
ant for phagosome-lysosome fusion in both macro-
phages and neutrophils (Dayam et al., 2017, 2015;
Kim et al., 2014; Isobe et al., 2019). This indic-
ates a central and conserved role, but how PIKfyve
activity is regulated and integrates with other com-
ponents of the phagosomal maturation machinery
such as Rab signalling and fusion with other endo-

somal compartments is poorly understood.

Here, we dissect how disruption of PIKfyve leads
to defective phagosome maturation. By examining
key maturation markers: Rab5b, PI(3)P, V-ATPase,
and Rab7, we find that whilst PIKfyve-deficient
phagosomes can acquire and recycle Rab5b, they ac-
cumulate almost no Rab7, which appears to be nor-
mally delivered by vesicle fusion. Furthermore, us-
ing our recently characterised molecular biosensor,
SnxA which binds to PI(3,5) P2 with high specificity
(Vines et al., 2022), we identify an additional route
for PI(3,5) P2 enrichment to phagosomes and mac-
ropinosomes on small, Rab7-positive macropino-
somes. Finally, we find PIKfyve has a specific role in
regulating heterotypic fusion between phagosomes
and a temporally defined population of macropino-
somes, which we suggest plays a previously unap-

preciated role in maintaining digestive efficiency.
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3.2 DMaterials and Methods

3.2.1 Dictyostelium Culture

All Dictyostelium discoideum cells were derived
from the Ax2 (Kay) laboratory strain background
unless stated otherwise and were grown in adher-
ent culture in filter sterilised HL5 medium (Forme-
dium) at 22°C. Cells expressing extrachromosomal
plasmids were transformed by electroporation and
grown in appropriate antibiotic selection by addi-
tion of either 20 pg/mL hygromycin (Invitrogen)
or 10 pg/mL G418 (Sigma). PIKfyve knockout
strain in Ax2 background generated as previously
described (Buckley et al., 2019).

ging was performed in defined STH medium (Forme-

Live cell ima-

dium).

3.2.2 Cloning

All gene sequences used for cloning were obtained
from dictybase (Fey et al., 2013). The generation
of SuxA-GFP (pJSK619), PIKfyve-GFP (pJV0025)
and integrating SnxA-GFP plasmids has been de-
scribed previously (Vines et al., 2022). GFP-RabbA
(pJVO0054) was generated similarly: c¢DNA was
cloned via PCR using primeSTAR max DNA poly-
merase (Clontech). This was followed by subcloning
into a zero blunt TOPO II vector (Life Technolo-
gies), before cloning into the appropriate BglII/Spel
sites of the pDM expression plasmid (Paschke et al.,
2018; Veltman et al., 2009). The coding sequence
was confirmed by restriction digest. 2xFYVE-GFP
(pJSK418) uses the sequence from the human Hrs
gene and was previously described (Calvo-Garrido
et al., 2014). A GFP-Rab7A (pTH70) plasmid was
kindly gifted by Huaquing Cai (Tu et al., 2022).
Co-expression plasmids were created by first clon-
ing the RFP-fusion sequence into the pDM series
shuttle vectors (pDM1042 and pDM1121), before
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cloning as an NgoMIV fragment into the appropri-

ate GFP-expression vector.

of

yeast and dextran

3.2.3 Preparation fluorescent

Saccharomyces cerevisiae were used for phagocyt-
osis assays. To obtain non-budded yeast, cells were
grown for 3 days at 37°C in standard YPD media
(Formedium) until in stationary phase. For a bud-
ded population, growth was halted while yeast were
still in log phase. Both populations were then cent-
rifuged at 1000 x g for 5-minutes and resuspended
to a final concentration of 1 x 10? cells/mL in PBS
pH7, then frozen until use. Yeast were fluorescently
labelled using either pHrodo red succinimidyl ester
(Life Technologies), or Alexa-405 succinimidyl ester
(Life Technologies) at a final concentration of 0.25
mM and 2.5 mM, respectively. 0.5 x 10° yeast were
resuspended in 200 nL. PBS at pHS8.5 and incubated
with 10 pL of prepared dye for 30-minutes at 37°C
with gentle shaking. After, cells were pelleted and
sequentially washed in 1 m: of PBS pH 8.5, 1 mL
of 25 nM Tris-HCI pH 8.5, and 1 mL of PBS pH
8.5 again. Finally, cells were resuspended in 500 pL
of KK2 pH 6.1 and kept at -20°C. Yeast were di-
luted in SIH to a working concentration of 1 x 108
yeast/mL before use.

Texas-Red 70kDa Dextran (Life Technologies)
was resuspended in water and diluted to a work-
ing concentration of 2 mg/mL. Far-red dextran was
generated by labelling 70 kDa dextran (Invitrogen)
with Alexa Fluor 680 NHS Ester (Invitrogen) as
above, removing unbound dye by dialysis in KK2.

3.2.4 Microscopy and image analysis

Approximately 1 x 10° Dictyostelium cells were
seeded into 35 mm microscopy dishes with glass bot-
toms (Mattek P35G-1.5-14-C) for fluorescence mi-

croscopy, and left to grow overnight in STH medium
(Formedium). Imaging was conducted using a Zeiss
LSM880 AiryScan Confocal microscope equipped
with a 63x Plan Apochromat oil objective.

To perform dual colour timelapse phagocytosis
assays, most of the medium was removed just prior
to imaging, and 20 pL of 1 x 10® dyed yeast added.
After 60-seconds, a thin layer of 1% agarose in STH
was overlaid on the cells, and excess medium was
removed. For normal timelapses, images were cap-
tured every 10-seconds for up to 10-minutes. For
extended timelapses, images were captured every
60-seconds. Fluorescent intensity analysis around
each phagosomal membrane was carried out auto-
matically using the Python plugin pyimagej, which
has been described previously (Vines et al., 2022).
In brief, phagosomal contents were identified and
segmented by using the fluorescent yeast, which are
large and easy to follow. The fluorescence chan-
nel containing the yeast was thresholded, and large
yeast-sized particles identified to be followed over
time by examining similar particles on adjacent
frames. This allowed individual phagosomes to be
followed over the course of a few minutes. Increases
in membrane fluorescence were then calculated by
expanding the particle perimeter and taking aver-

age fluorescence readings in a banded area.

To perform dextran pulse-chases, the majority
of the medium was removed and replaced with 50
pL of 2 mg/mL 70kDa Texas Red dextran for the
specified duration. Dextran was then removed by
washing three times in SIH medium, leaving ~1
mL of SIH in the dish. Cells were immediately im-
aged, with multiple fields of view captured every 2-
minutes for 10-minutes. An ImageJ script was used
for the automated quantification of macropinosome
number and size. GFP co-localization at each time

point was scored manually.

For macropinosomes-phagosome fusion assays,
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50 pL of 2 mg/mL Texas Red dextran was added to
cells for the time indicated for macropinosomes to
form. The dish was then washed as above, before
addition of 20 pL of 1 x 108 dyed yeast and then
agarose overlay after a further 60-seconds. Cluster-
ing analysis was performed using a modified ver-
sion of the automated analysis pipeline described
above. For macropinosome/macropinosome mix-
ing a second dye, 50 uL of Alexa680 70kDa Dex-
tran, was added instead of yeast. For macropino-
some/phagosome fusion assays, budded yeast were
used instead and analysis of fusion performed manu-
ally in ImageJ by measuring the mean intensity
across the yeast neck over time. For analysis of clus-
tering macropinosomes, macropinosomes within 1
pm of the phagosome were manually scored as GFP
positive or negative, and binned into 2-minute in-

tervals.

3.2.5 Western Blotting

Wildtype and APIKfyve cells expressing GFP-
Rab5A, GFP-2xFYVE, or GFP-Rab7A were ana-
lysed by SDS-PAGE and Western blot using a rab-
bit anti-GFP primary antibody (gift from Andrew
Peden) and a fluorescently conjugated anti-rabbit
800 secondary antibody, using standard techniques.
The endogenous biotinylated mitochondrial protein
methylcrotonoyl-CoA Carboxylase 1 was used as
a loading control using Alexa680-conjugated strep-
tavadin (Davidson et al., 2013).

3.2.6 Statistics

Graphpad Prism 9 was used for statistical analysis.
The figure legends provide details on the number of
biological replicates and the statistical tests used for
each experiment. A p-value of <0.05 was considered
significant, with * indicating p>0.05, ** indicating
p>0.01, and *** indicating p>0.005 throughout.
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3.3 Results

3.3.1 Loss of PIKfyve specifically af-
fects Rab7 delivery to phago-

somes

To understand the functional role of PIKfyve, we
examined how its loss affected other core compon-
ents of the phagosome maturation pathway. Previ-
ously, we observed that PIKfyve-GFP is transiently
recruited to Dictyostelium phagosomes between 30
to 120-seconds following engulfment (Vines et al.,
2022), so we focused our analysis on components
Dur-

ing classical endocytosis, Rabb accumulates at early

likely to be active within this time frame.

stages and exchanges with Rab7 as endosomes ma-
ture (Rink et al., 2005). A similar Rab5-Rab7 ex-
change has been described during both phagosome
and macropinosome maturation around the same
time we observe PIKfyve-GFP recruitment (Kerr
et al., 2006; Poteryaev et al., 2010; Tu et al., 2022;
Vieira et al., 2003).

Co-expression of RFP-Rab5A and GFP-Rab7A
allowed us to follow the dynamics of both pro-
teins to newly formed phagosomes in wildtype and
APIKfyve cells (Figure 3.1 A-B and Video 3.1).
In wild-type cells, as previously reported (Tu et al.,
2022), RFP-Rab5A was highly enriched on perinuc-
lear endosomes, and to a lesser extent at the plasma
RFP-Rabb5A was recruited to phago-

somes following internalization before its removal

membrane.

in the following minutes. As expected, this coin-
cided with a gradual accumulation of GFP-Rab7A,
which also localized to a large pool of small en-
dosomes which continuously clustered around pha-
gosomes and appeared to fuse from approxim-
ately 30-seconds post-engulfment. In contrast, al-
though RFP-Rab5A dynamics appeared identical
in APIKfyve cells phagosomes, they only ever ac-
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A Phagocytosis
10s 40:

cumulated very low levels of GFP-Rab7A, despite
its strong recruitment to other enlarged endocytic

compartments (Figure 3.1 B).

To quantify changes in protein enrichment
around engulfed particles over multiple events, we
employed an automated image analysis pipeline
which we have previously described (Vines et al.,
2022). This segments the yeast and measures the
fluorescence intensity of fluorescent fusion proteins
around the periphery at each time point. To re-
duce the possibility of artefacts from overexpress-
ing both proteins during quantification, Rab5A and
Rab7A were expressed individually as GFP-fusions
and multiple events averaged, normalised to the

completion of engulfment (Figure 3.2).

This analysis confirmed the enrichment of
GFP-Rab5A just prior to phagocytic cup clos-
ure (Figure 3.2 A-C and Video 3.2). This
was independent of successful internalization
(Video 3.3), suggesting a potential role for Rabb
before engulfment is complete in Dictyostelium.
Rab5A-GFP then intensified following internal-
ization and peaked 30-seconds after engulfment

(Figure 3.2 A). Although expression levels were

Figure 3.1: Simultaneous analysis
of RFP-Rab5 and GFP-Rab7 re-
cruitment Timelapse movies of (A)
Wildtype and (B) APIKfyve cells co-
expressing RFP-Rab5A (magenta) and
GFP-Rab7A (green) during phagocyt-
osis of Alexad05-yeast (blue). Rab7A
only arrives on wildtype phagosomes.
The followed phagosome is indicted by
and asterisk. The full timeseries is
shown in Video 3.1. All scale bars =
2 nm

lower in the mutants (Figure 3.S1 A), the tim-
ing of Rab5A-GFP dynamics was not significantly
changed in APIKfyve cells (Figure 3.2 B-C).

As Rabb is also responsible for PI(3)P synthesis,
due to the recruitment and activation of the Class 2
PI3-kinase Vps34, we also quantified PI(3)P using
the well characterised reporter GFP-2xFYVE ((Gil-
looly et al., 2000)). In wildtype cells, GFP-2xFYVE
became enriched on phagosomes in a uniform ring
within 60 seconds of engulfment (Figure 3.51 B-D
and Video 3.4), and was maintained for at least 50~
minutes (Figure 3.51 E). PI(3)P also localized to a
set of small vesicles throughout the cytosol (arrows
in Figure 3.51B). In APIKfyve cells, however,
these vesicles were replaced with large numbers of
characteristically swollen endosomes which moved
slowly around the cell (Figure 3.51 C). Nonethe-
less, there were no quantifiable differences in phago-
somal PI(3)P dynamics in APIKfyve cells consist-
ent with normal Rab5 dynamics (Figure 3.51 D).

Quantification of GFP-Rab7A in wildtype cells
showed a continuous accumulation to phagosomes
over the first 6 minutes of maturation follow-

ing its initial arrival around 30-seconds post-
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Figure 3.2: Loss of PIKfyve affects Rab7 recruitment to phagosomes. (A) and (B) Timelapses
of GFP-Rab5A during phagocytosis of pHrodo-yeast (red) in wildtype (A) and APIKfyve(B) cells. GFP-
Rab5A is constitutively enriched on a peri-nuclear pool (pink arrow) and the plasma membrane (orange
arrow) as well as the phagosomal envelope for 0s-60 s. Quantification of GFP-Rab5A enrichment at the
phagosomal membrane is shown in (C). Rab5 has similar dynamics in both cell types, with no significant
differences at all timepoints tested. (D) and (E) show GFP-Rab7A recruitment to phagosomes in wild-
type and APIKfyve cells respectively. Arrowheads indicate the clustered GFP-Rab7A-enriched vesicles
only observed in wildtype cells. (F) Quantification of phagosomal GFP-Rab7A enrichment, demonstrat-
ing a significant decrease in APIKfyve mutants. (G) Timelapse movie of wildtype cells co-expressing
RFP-VatM (magenta) and GFP-Rab7A (green). Fluorescence intensity around phagosome in G is shown
in (H). Data is mean intensity + SD of a linescan along the phagosomal membrane normalised between
minimum and maximum intensities observed. All scale bars = 2 pm.
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engulfment (Figure 3.2D-F and Video 3.5).
GFP-Rab7A was maintained for at least 50-minutes
(Figure 3.51 F-G), most likely until the transition
to a post-lysosome (Buczynski et al., 1997). In
contrast, although very low levels of GFP-Rab7A
were visible at some timepoints, quantitative ana-
lysis confirmed the majority of GFP-Rab7A de-
livery to phagosomes was lost in APIKfyve cells
(Figure 3.2 F). In these experiments, it was not-
able that whilst GFP-2xFYVE appeared as a
smooth ring directly on the phagosomal membrane,
in wild-type cells GFP-Rab7A-positive vesicles ap-
peared to cluster around the phagosome before fus-
ing. This was apparent by analysis of the vari-
ance in fluorescence along the phagosome mem-
brane (Figure 3.51 H), and indicates that phago-
somal Rab7 accumulation is predominately driven
by fusion with other Rab7-containing compart-
ments, rather than recruitment from a cytosolic
pool. In contrast, although the cytosol of APIKfyve
cells was full of swollen GFP-Rab7A positive ves-
icles, there was no obvious clustering around the

nascent phagosome (Figure 3.2 D).

We have previously shown that disruption of
PIKfyve causes a reduction in V-ATPase-delivery
to phagosomes (Buckley et al., 2019). We therefore
asked whether Rab7 and V-ATPase were delivered
on the same vesicles by co-expressing GFP-Rab7A
with RFP-VatM (a component of the V-ATPase
complex) in wildtype cells (Figure 3.2 G). This
showed that all VatM-positive vesicles were also
Rab7A-positive, and both proteins accumulated on
the phagosomal membrane with similar timings
(Figure 3.2 H). This indicates that PIKfyve is re-
quired for the delivery of Rab7A /VatM-positive en-
dosomes to the early phagosome, and its absence
causes a generalized loss in the delivery of the lyso-

somal components required for normal maturation.

3.3.2 PIKfyve is not important for
Rab7 delivery to macropino-

somes

Although GFP-Rab7A did not accumulate on
still

compartments

APIKfyve phagosomes, it clearly local-

ised to other large endocytic
(Figure 3.2E). As these resemble the swollen
macropinosomes previously observed in these cells
(Buckley et al., 2019), we asked whether the de-
fect in GFP-RabT7A delivery was specific to phago-
some maturation. As individual macropinosomes
are difficult to follow for more than 2-3 minutes
by timelapse microscopy, we labelled macropino-
somes with a 2-minute pulse of TexasRed-dextran
(Figure 3.3 A-B). Different fields of view were
then captured at time intervals after dextran re-
moval allowing the percentage of macropinosomes
positive for GFP to be measured for up to 10-
minutes (Buckley et al., 2016). In this assay, GFP-
RabT7A recruitment to macropinosomes was indis-
tinguishable between APIKfyve cells and wild-type
controls, accumulating within 2-minutes of intern-
alisation (Figure 3.3 C).

Although GFP-Rab7A dynamics appeared nor-
mal, the macropinosomes in APIKfyve cells did
Quantification of the

size and fluorescence intensity of these demon-

still appear much larger.

strated that although macropinosomes started off
the same size in both APIKfyve and control cells,
the normal shrinkage and concentration of their lu-
men was significantly impaired in PIKfyve mutants
(Figure 3.3 D-F). Therefore shrinkage and Rab7
accumulation are functionally separable, indicating
different roles of PIKfyve.

To functionally assess macropinosome matura-
tion, we also measured proteolysis of the reporter
dye DQ-BSA over time. Although loss of PIKfyve
almost completely blocks proteolysis of DQ-BSA
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Figure 3.3: PIKfyve is not important for Rab7 delivery to macropinosomes (A) and (B)
GFP-Rab7A recruitment to macropinosomes labelled by a 2-minute pulse of TxRed dextran (red) in
wildtype (A) and APIKfyve(B) cells. (C) Quantification by scoring the percentage of GFP-positive
macropinosomes at each time point after dextran wash out. GFP-Rab7A dynamics are similar in both
cell types. Data shown is mean + SEM of 3 independent experiments, with N indicating the total number
of cells measured. Biological replicates shown by crosses. (D) and (E) labelling of macropinosomes by
a 2-minute pulse of TRITC dextran (red) in wildtype (D) and APIKfyve(E) cells. (F) Quantification of
macropinosome shrinkage during early maturation. Whilst wild-type macropinosomes lose approximately
half their volume within 5 minutes, this is disrupted in APIKfyve cells. Graph represents the mean +
SEM of six independent experiments. Biological replicates shown by crosses. (G) Fluid phase proteolytic
activity in wildtype and APIKfyve cells measured by increase in fluorescence after a 2-minute pulse of
DQ-BSA. Data shown is mean + SD of three independent experiments. All scale bars = 2 pm.
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when conjugated to beads (Buckley et al., 2019),
degradation of the fluid-phase dye was completely
unaffected (Figure 3.3 G). Therefore, despite gen-
erally similar maturation pathways, PIKfyve plays
a specific role in the fusion of lysosomes to phago-

somes, but not macropinosomes.

3.3.3 PI(3,5)P, is delivered by fu-
sion of small Rab7-positive ves-

icles

The evidence above suggests that PIKfyve or pro-
duction of PI(3,5)Ps is required for lysosomal
fusion with phagosomes. To better understand
how Rab7 is recruited relative to PI(3,5) P2, we
co-expressed RFP-Rab7A with PIKfyve-GFP in
APIKfyve cells (Figure Figure 3.4 A). As ex-
pected, PIKfyve-GFP expression restored Rab7A
recruitment to phagosomes and recruitment of
PIKfyve-GFP overlapped with the start of Rab7 en-
richment (Figure 3.4 B). As we recently showed,
PIKfyve recruitment was only transient and lost
from the phagosomal membrane within 2-minutes.
The sustained presence of its product, PI(3,5) Py,
may therefore function to maintain continued Rab7
recruitment.

To observe PI(3,5) Py dynamics, we used our
recently identified biosensor, SnxA, which specific-
ally binds this lipid with high affinity (Vines et al.,
2022). In Dictyostelium, we showed SnxA-GFP
is enriched on both phagosomes and macropino-
somes approximately 120-seconds after engulfment,
around the same time PIKfyve itself leaves the pha-
gosome. Upon disruption of PIKfyve, SnxA-GFP
becomes completely cytosolic. For clarity, the dy-
namics of PI(3,5) Py during phagosome maturation
relative to other markers from this and other studies

is shown in Figure 3.4 C.

Closer examination of SnxA-GFP recruitment

to phagosome and macropinosomes by timelapse
microscopy indicated that accumulation of SnxA-
GFP is accompanied by the docking and fusion
of multiple smaller SnxA-GFP-positive vesicles less
than 1 pm in size. These cluster around macropino-
somes and phagosomes several seconds before they
themselves acquire the SuxA-GFP (arrows in Fig-
ure 3.4D-E and Video 3.6). This implies that
PI(3,5) P2 accumulates through both in situ syn-
thesis by PIKfyve and delivery via fusion with an-
other PI(3,5) Po compartment. This suggests a role
for PIKfyve in regulating the clustering or fusion of

a specific subset of vesicles to the phagosome.

We then asked whether the small PI(3,5) Ps-
positive vesicles also contained Rab7, by co-
expressing SnxA-GFP with RFP-Rab7A. This
demonstrated that all docked SnxA-positive vesicles
were also positive for Rab7A (White arrows Fig-
ure 3.4F and Figure 3.52 A). However, RFP-
Rab7A also localised to additional populations of
vesicles that start to cluster and fuse much earlier
than those marked by SnxA, as is evident in the
quantification of intensity (Figure 3.4 G). Co-
expression of SnxA-GFP alongside RFP-VatM yiel-
ded similar results, with SnxA vesicles representing
a later-fusing subset of VatM-positive endosomes
(Figure 3.4 H-I).

Together, our data demonstrate the presence
of a Rab7/VatM/PI(3,5) Po-positive compartment
which is delivered to early phagosomes following
PIKfyve recruitment, approximately 120-seconds
post-engulfment. This compartment can be distin-
guished from an additional population of Rab7/V-
ATPase-positive endosomes which cluster earlier
and do not contain PI(3,5)Py. This is indicative
of the sequential delivery of lysosomal components

and depends on PIKfyve for its regulation.
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Figure 3.4: PI(3,5) P2 is delivered after Rab7 to both macropinosomes and phagosomes. (A)
Timelapse of RFP-Rab7A in APIKfyve cells with PIKfyve-GFP rescue expression. Fluorescence intensity
around phagosome in A is shown in (B). (C) and (D) Timelapses of SnxA-GFP during phagocytosis of
pHrodo-yeast (red) (C) and macropinocytosis (D) in wildtype cells. Pink arrowheads indicate clustering
SnxA vesicles. (E) The arrival of maturation components to the phagosomal membrane summarised from
this study and our previous work. When the line is low, the respective component is absent from the
phagosomal membrane, when the line is high the component is enriched. (F) Timelapses of REFP-Rab7A
(magenta) and SnxA-GFP (green) during phagocytosis of Alexad405-yeast (blue) in wildtype cells. SnxA
and Rab7 co-localize on many clustering vesicles (arrowheads). Fluorescence intensity around phagosome
in F is shown in (G). (H) Timelapses of RFP-VatM (magenta) and SnxA-GFP (green) during phago-
cytosis in wildtype cells. Fluorescence intensity around phagosome in H is shown in (I). For all intensity
graphs, data is mean intensity £+ SD of a linescan along the respective phagosomal membrane normalised
between minimum and maximum intensities observed. All scale bars = 2 pm.
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3.3.4 The clustering PI(3,5)P,-
positive vesicles are mac-
ropinosomes

We next investigated the origin of the pool of
Rab7/V-ATPase/PI(3,5) Po-positive vesicles that
fuse with phagosomes. Our previous work shows
the primary compartment marked by SnxA in Dic-
tyostelium and mammalian cells are macropino-
2022) (Figure 3.4E) and
this overlaps with the accumulation of Rab7
(Figure 3.3 A). Others have also shown that mac-
ropinosomes can undergo homotypic fusion (Dolat
& Spiliotis, 2016; Hamasaki et al., 2004; Neuhaus
et al., 2002; Tu et al., 2022) and using sequen-

somes (Vines et al.,

tial pulses of different coloured dextrans, we were
also able to observe macropinosomes fusing with
one another from relatively early stages of matura-
tion (Figure 3.S2 B). Therefore, we hypothesized
that Rab7/V-ATPase/PI(3,5) P2 macropinosomes
fuse with phagosomes in a PIKfyve-dependent man-

ner.

To test this, we labelled macropinosomes by in-
cubating cells with a 5-minute pulse of 70kDa dex-
tran, before washing and addition of yeast. In this
way, we were able to follow interactions between
a defined population of dextran-filled macropino-
somes and nascent phagosomes. Using cells co-
expressing 2xFYVE-RFP and SnxA-GFP, we ob-
served that the SnxA-positive vesicles clustered
around the nascent phagosome contained dextran
and were also positive for RFP-2xFYVE (white ar-
rows Figure 3.5 A and Video 3.7). We previ-
ously showed that both lipids are only present on
macropinosomes between 3-8 minutes of matura-
tion (Vines et al., 2022; King & Kay, 2019). This
matches the timings of our pulse-chase experiment
and indicates macropinosomes cluster phagosomes

at a defined point in their maturation.

In addition to SnxA macropinosomes, we also
identified additional populations of SnxA-GFP neg-
ative macropinosomes, which clustered earlier. To
determine the identities of these macropinosomes
and how they changed over time, we imaged
macropinosome clustering in cells expressing dif-
ferent GFP-fusion reporters. At 2-minute inter-
vals post-phagocytosis, all dextran-labelled mac-
ropinosomes within 1 pm of the phagosomal mem-
brane were scored for the presence of each reporter
(Figure 3.5 B-C). In each experiment, the num-
ber of phagosome-proximal macropinosomes started
low (initially ~2 per phagosome) but increased to
~6 per phagosome by 2-minutes. There is, there-
fore, temporal regulation of the interaction between
the two compartments.

Consistent with our timelapses of SnxA-GFP
delivery, only 33% of proximal macropinosomes
were positive for SnxA-GFP at initial timepoints.
This likely indicates the background false-positive
rate for this method caused by macropinosomes
that are near phagosomes by chance. In contrast,
~80% of macropinosomes clustered around pha-
gosomes at 6-8 minutes were clearly marked by
SnxA-GFP. At all timepoints, 80% of proximal mac-
ropinosomes were positive for GFP-Rab7A. There-
fore the increased population of macropinosomes
that actively cluster around phagosomes around 5-
minutes is defined by PI(3,5) Py, rather than Rab?7.

3.3.5 PIKfyve is required for fusion
of macropinosomes with pha-

gosomes

As the clustering of macropinosomes correlates with
the presence of PI(3,5) Py, we tested whether this
For this,
we repeated the dextran and yeast pulse chase
described above in both wildtype and APIKfyve

@

was perturbed by PIKfyve disruption.
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Figure 3.5: Clustering Rab7/PI(3)P/PI(3,5)P2 positive compartments are macropinosomes.
(A) Timelapse of cells co-expressing 2xFYVE-RFP (magenta) and SnxA-GFP (green) during phago-
cytosis of Alexad05-yeast (blue) in wildtype cells. Schematic shows experimental procedure: Cells were
pre-incubated for 5 minutes with a 70kDa Txred-dextran (red) to load macropinosomes before dextran
washout and addition of yeast. White arrow indicates a 2xFYVE and SnxA positive macropinosome
which docks and fuses with the phagosome during acquisition of SnxA to the phagosomal membrane.
(B-D) Images and quantification of clustering macropinosome identity. Wildtype cells expressing GFP-
Rab7A, GFP-2xFYVE or SnxA-GFP were treated with a dextran pulse-chase before phagocytosis of
yeast. Macropinosomes within 1 pm of the phagosome were identified at each timepoint and both total
number (red bars) and proportion colocalizing with the respective GFP-reporter (green bars and num-
bers) were scored manually. Frames were binned into 2- minute groups, data shown are the mean +SEM
of three independent experiments. Note increased clustering from 2 minutes, with high Rab7 colocaliza-
tion, followed by an increase in SnxA-GFP positive macropinosomes after 4 mins. All scale bars = 2 pm.
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cells. As before, in wildtype cells, macropinosomes
began clustering around phagosomes from within
30-seconds of engulfment (Figure 3.6 A). This was
completely lost in APIKfyve cells, where the en-
larged macropinosomes were never clearly observed
interacting with the phagosome (Figure 3.6 B).
We quantified this by measuring the average dex-
tran signal within 0.5 pm of the yeast, showing
that this failure to cluster was persistent through-

out maturation (Figure 3.6 C).

To determine whether macropinosomes were
just clustering around phagosomes or fusing with
them, we also examined delivery of dextran to
Using GFP-2xFYVE to
highlight the bounding phagosomal membrane, it

the phagosomal lumen.

was occasionally possible to observe dextran ac-
cumulation in small pockets that appeared to be
within the phagosomal envelope (Figure 3.6 D).
This was difficult to reliably quantify, but we no-
ticed that when budding yeast were used, dextran
accumulated prominently within the bud neck re-
gion of the phagosome due to its negative curvature
(Figure 3.6 E). Using budded yeast therefore en-
abled us to reproducibly observe and quantify dex-
tran delivery within the phagosome. This demon-
strated fusion of early macropinosomes to phago-
somes in wild-type cells, and was again completely
lost in APIKfyve cells (Figure 3.6 F'). Therefore,
PIKfyve is required for both clustering and delivery
of macropinosomes to early phagosomes.

As both PI(3)P and PI(3,5) P2 are only present
on macropinosomes for the first 7-8 minutes of mat-
uration (Vines et al., 2022), we asked if macropino-
somes were only fusion-competent over this period.
To test this, cells were again exposed to a 5-minute
pulse of dextran, but were then incubated for 10-
minutes for these macropinosomes to mature to
a later stage before addition and phagocytosis of

yeast. This delay significantly decreased accumula-

tion of dextran at the yeast neck, although not as
much as observed in APIKfyve cells with ~20% of
the dextran delivery remaining (Figure 3.6 G).

As macropinosomes also fuse with each other
(Figure 3.S2B), this residual macropinosome-
phagosome fusion can potentially be attributed to
older macropinosomes fusing to newer macropino-
somes which are then able to fuse with the nascent
phagosome. Macropinosomes are therefore only
competent to fuse with phagosomes at a specific
early stage (2-8 minutes old), when they possess
both PI(3)P and PI(3,5) Ps.

Our data demonstrate a specific role for PIKfyve
in the delivery of macropinosomes to newly formed
phagosomes. As these macropinosomes are enriched
in V-ATPase, Rab7 and lysosomal enzymes, this
provides a mechanism for their rapid delivery to
early phagosomes, which is physiologically import-
ant for effective bacterial killing and protection from

pathogens (Buckley et al., 2016).

3.4 Discussion

In this study we expand our understanding of the
complex dynamics of Rab and phosphoinositide sig-
nalling that underpin the processing of phagosomes
and macropinosomes. We describe a complex path-
way in which distinct pools of endosomes are se-
quentially delivered to maturing phagosomes over
the first few minutes of maturation.
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