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The endocytic pathways of Dictyostelium discoideum
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ABSTRACT The formation and processing of vesicles from the cell surface serves many important
cellular functions ranging from nutrient acquisition to regulating the turnover of membrane com-
ponents and signalling. In this article, we summarise the endocytic pathways of the social amoeba
Dictyostelium from the clathrin-dependent and independent internalisation of surface components
to the engulfment of bacteria or fluid by phagocytosis and macropinocytosis respectively. Due to
similarities with the professional phagocytes of the mammalian immune system Dictyostelium has
been extensively used to investigate the complex remodelling and trafficking events that occur as
phagosomes and macropinosomes transit through the cell. Here we discuss what is known about
this maturation process in order to kill any potential pathogens and obtain nutrients for growth.
Finally, we aim to put these studies in evolutionary context and highlight some of the many ques-
tions that remain in our understanding of these complex and important pathways.
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The different types and roles of endocytosis

Endocytosisis a collective term, which refers to several different
mechanisms of internalisation but can be divided into two main
sub-categories based on the size of the vesicles formed: micro-and
macro-endocytosis (Fig. 1). The best understood microendocytic
pathway is that mediated by the protein clathrin, known as clathrin-
mediated endocytosis (CME). Clathrin is a structural protein, which
self-assembles to form a lattice shell around vesicles as they in-
vaginate from the cell surface. This clathrin coat binds to adaptor
proteins which recruit specific cargo proteins such as activated
receptors, allowing them to be selectively internalised. More re-
cently, clathrin-independent microendocytic pathways have also
been identified, such as caveolin-associated endocytosis, which
has additional functions in regulating membrane tension (Sinha
et al., 2011). Microendocytic pathways therefore primarily act as
mechanisms to regulate the cell surface and regulate responses
to extracellular signals.

In contrast, the main purpose of macroendocytic pathways is
to internalise extracellular components, such as the surrounding
fluid or particulate matter like microbes, dead cells or debris. The
engulfmentof both fluid and particlesis achieved by mechanistically-
related pathways known as macropinocytosis and phagocytosis
respectively. In contrast to clathrin-mediated endosomes, which
form by invagination of the plasma membrane, macropinosomes
and most types of phagosomes are formed by specialised actin-
based protrusions (Fig. 1). Whilst non-phagocytic cells are still

able to take up fluid, this is mainly through the functionally-distinct
(CLIC)/ GEEC pathway (CLathrin-Independent Carriers /Glycosy-
lophosphatidylinositol-anchored protein Enriched Compartment)
mediated by elongated tubular invaginations of the plasma mem-
brane (Mayor et al., 2014). Macropinocytosis and phagocytosis
play important but specialised roles in diverse processes including
nutrient acquisition, immune surveillance, defence against patho-
gens and the developmental clearance of dead cells (Bloomfield
and Kay, 2016; Lim et al., 2017). Therefore, whilst CME is ubiqui-
tous, macroendocytosis is normally performed by specific cells in
metazoa, such as those of the immune system.

The different functions of micro- and macro-endocytosis are
apparent from the relative size of the vesicles formed. Clathrin-
mediated endosomes are small and uniform, averaging 100 nmin
diameter. This ensures a high surface area:volume ratio and there-
fore efficient membrane internalisation, whilst taking up relatively
little fluid. Macropinosomes are larger and more heterogeneous in
size, (between 200 and 2,000 nm diameter) and therefore take up
substantially more fluid whilst minimising turnover of the plasma
membrane. Additionally, whilst CME is selective, macropinosomes
and phagosomes have no coats or adaptor proteins and therefore
largely internalise surface constituents non-specifically. CME is

Abbreviations used in this paper: CLIC, clathrin-independent carriers; CME, clathrin
mediated endocytosis; GEEC glycosylophosphatidylinositol-anchored protein
enriched compartment; PIP, phosphatidyl inositol phosphate; SNARE, snap
receptor; WASH, WASP and SCAR homologue.
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the endocytic pathways of the social amoeba
Dictyostelium discoideum, which has been exten-

sively used as a model to study many aspects of
cell biology, and made a significant contribution
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to our understanding of intracellular trafficking.

Dictyostelium as a model organism

Dictyostelium discoideum is an amoeba that
lives in soil and leaf-litter. When nutrients are
plentiful, Dictyostelium grow as single cells by
binary fission, preying on environmental bac-
teria for food (Fig. 2). During this life cycle the
amoebae are professional phagocytes and, in
comparison to mammalian cells, are most similar
to the phagocytes of the innate immune system,
such as macrophages and neutrophils. Whilst
the densely packed, static tissues in multicellular
organisms means most cells are not phagocytic,
the engulfment machinery and mechanisms used
by specialists to kill and digest captured microbes
are highly conserved across evolution (Boulais et
al., 2010). Phagocytosis therefore first evolved
to feed our distant phagotrophic single-celled
ancestors such as Dictyostelium, before being
selectively suppressed in metazoan tissues.

Many studies have therefore taken advantage
of the experimental benefits of Dictyostelium to
model immune cell functions such as bacterial
engulfment and killing (Bozzaro and Eichinger,
2011; Dunn et al., 2017).

When food is scarce however, Dictyostelium

Fig. 1.The endocytic pathways in Dictyostelium. From left to right: (1) In clathrin mediated
endocytosis, selected membrane components to be internalized bind to adaptor proteins, which
in turn bind intracellular clathrin. This creates an intracellular coat of clathrin and invagination
of the plasma membrane, resulting in the formation of a small intracellular vesicle known as
a clathrin coated endosome. (2) clathrin-independent endocytosis, whereby membrane com-
ponents are taken up in the absence of clathrin and independently from macroendocytosis.
The mechanism by which this is achieved is unknown (3) In macropinocytosis, extracellular
fluid is taken up in large cup formed from spontaneous actin-based protrusions at the cell
surface. This forms a large intracellular vesicle. (4) In phagocytosis, an extracellular particle
(i.e. bacteria, yeast or latex bead) is taken up upon binding and activation of cell surface re-
ceptors, which stimulates actin polymerisation in a similar manner to a macropinocytic cup.

initiate a multicellular developmental cycle (Fig.
2). This involves communication between large
numbers of amoebae to form aggregates of
over 100,000 cells. These then differentiate into
multiple different cell types to initially form a slug,
which migrates towards heat and light to reach
the soil surface. Remarkably, whilst phagocytosis
is suppressed in most cells within the slug, a few
hundred retain this capacity and appear to play
the role of patrolling immune cells (Chen et al.,

This forms a large intracellular endosome known as a phagosome.

therefore optimised for specific uptake of membrane components,
whereas macropinocytosis is better adapted to take up extracellular
material using the least possible membrane.

Theimportance of endocytosis and intracellular vesicle trafficking
is highlighted by the prominence of mutations in these pathways
associated with human diseases (Aridor and Hannan, 2002; Howell
et al., 2006; Mellman and Yarden, 2013; Wang et al., 2014). Over
many years of research a broad range of experimental systems
have been used to dissect various aspects of endocytosis, most
notably the identification of many important trafficking proteins
discovered by genetic screens performed in yeast (reviewed in
(Weinberg and Drubin, 2012)). However, despite enormous prog-
ress, many questions remain. Each model organism has its own
particular nuances, and it is essential that studies are interpreted
within a broader evolutionary context. In this article we focus on

2007; Zhang et al., 2016). These cells, known

as sentinel cells, are even able to eject extracel-
lular DNA traps to capture and kill pathogens, highly reminiscent
of the Neutrophil Extracellular Traps (NET’s) important for innate
immunity in mammals (Papayannopoulos, 2018).

After the slug stage, the cells differentiate further to generate
a fruiting body consisting of a sporehead, which is held aloft by a
rigid stem of stalk cells. This structure aids dispersal, whereby the
dormant spores can be scattered to find new sources of food whilst
the stalk cells are sacrificed for the greater good (Strassmann et
al., 2000). This is a complex process, dependent on both inter- and
intra-cellular signalling and has thus been the subject of intense
research for over 70 years (Loomis, 2014).

The varied life of Dictyostelium has made it an attractive organ-
ism to investigate many cellular processes. This is aided by a small
haploid genome, making it amenable to genetic manipulation and
often lacking the redundancy that can be problematic in higher
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macropinocytosis, as highlight by the green background. Upon starvation, macroendocytosis is
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clathrin heavy chain (chcA), which is essential
for lattice formation are only reduced in their
membrane turnover by 25% (Aguado-Velasco
and Bretscher, 1999; O’Halloran and Anderson,
1992; Ruscetti et al., 1994). This is not due to
upregulated macropinocytosis as chcA- cells
also have significantly reduced fluid uptake, and
clathrin-independent membrane internalisation
is not aggravated by actin-depolymerising drugs
(Neuhaus etal., 2002; O’Halloran and Anderson,
1992). Microendocytosis can therefore occur by
a clathrin independent mechanism in Dictyo-
stelium. How this is achieved is unknown and
whilst the caveolin proteins are able to drive
endosome formation in mammalian cells, they
only evolved in metazoa and so are not present
Dmdmg in Dictyostelium(Kirkham et al., 2008).

Cells Whilst disruption of clathrin is not lethal, wild-
type Dictyostelium cells have several hundred
dynamic clathrin-coated pits ontheir surface atany
onetime, indicating that high levels of CME occur
constitutively (Veltman et al., 2011). Clathrin mu-
tants are also perturbed in a wide range of cellular
processes including cytokinesis, cell migration,
lysosomal sorting, secretion and osmoregulation
(O’Halloran and Anderson, 1992; Ruscetti et al.,
1994; Wessels et al., 2000). Clathrin mutants also
have severe defects in development (O’Halloran
and Anderson, 1992). Many of these defects can

is to aid the distribution of spores to a more nutrient rich environment. Both chemotaxis and D€ explained by defective trafficking of cell surface

development are dependent on clathrin-mediated endocytosis.

eukaryotes (Eichinger et al., 2005). Although the amoebozoa
diverged from the animal lineage before fungi and after plants,
the Dictyostelium genome appears to have retained much of the
ancestral eukaryotic genome. Dictyostelium therefore possesses
a number of genes that have been subsequently lost in other lin-
eages, most notably in the contracted genome of Saccharomyces
cerevisiae (Hirst et al., 2014; King, 2012; O’Malley et al., 2016;
Roelofs and Van Haastert, 2001).

Simple genetic manipulation coupled with the ability to grow
large numbers of isogenic cells for biochemical studies and ame-
nability for fluorescence microscopy, has made Dictyostelium a
useful system for many trafficking studies. Below, we discuss what
is known about the different forms of endocytosis performed by
Dictyostelium, with a focus on phagocytosis and macropinocytosis,
which have been the most extensively investigated.

The endocytic pathways of Dictyostelium

Microendocytosis: clathrin dependent and independent
Although the majority of studies have focused on the large-
scale endocytic pathways, Dictyostelium, like all eukaryotes, also
use microendocytosis to internalise the plasma membrane and its
constituents. Dictyosteliumturnover their entire plasma membrane
by microendocytosis every ~10 minutes (Aguado-Velasco and
Bretscher, 1999), whereas the contribution from macropinocytosis
is estimated to be 10-fold less (Aguado-Velasco and Bretscher,
1999; Buckley et al., 2016). Surprisingly, mutants lacking the

receptors and consequent disruption of signal

transduction. However, clathrin also plays a role
in sorting events within the cell, such as sorting and budding from
intracellular compartments like the trans-Golgi network. Therefore
phenotypes such as defects in the biogenesis of lysosomes and
the specialised contractile vacuole osmoregulatory network found
in protists may be due to disruption of intracellular sorting rather
than endocytosis per se (Lefkir et al., 2003; Poupon et al., 2008;
Ruscetti et al., 1994).

Phagocytosis

During vegetative growth, Dictyostelium are extremely efficient
phagocytes and are able to feed on a broad range of both Gram-
positive and Gram-negative bacteria. Phagocytosis is driven by
the activation of cell surface receptors by binding to bacterial
surface components. This can be mediated by a range of different
receptors such as the Dictyosteliumorthologues of the mammalian
B-integrins (Similar to Integrin Beta, SibA and SibC) (Cornillon et
al., 2006) or the scavenger receptor LmpB (lysosomal membrane
glycoprotein B) (Sattler et al., 2018). Recently it was also shown
that the same G-protein coupled receptor that drives chemotaxis to
bacterially-secreted folate can also initiate phagocytosis by binding
to lipopolysaccharides on the bacterial surface (Pan et al., 2018).

After engulfment, phagosomes rapidly mature to generate an
internal antimicrobial environment and kill the captured bacteria.
This is achieved by multiple, parallel killing mechanisms involving
acidification, digestion, metal ions and oxidative attack and is es-
sential to prevent infection from potential pathogens (described in
more detail later). After killing, bacteria are digested and nutrients
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extracted to support growth of the amoebae, whilst any indigestible
material is subsequently expelled.

As phagosome trafficking is often manipulated by pathogens
to facilitate their intracellular survival, Dictyostelium have proven
to be a useful model host to study a wide range of pathogenic
bacteria including Mycobacterium marinum (a model for Tubercu-
losis), Legionellapneumophila, Klebsiellapneumoniae, Francisella
noatunensis and Listeria monocytogenes (Reviewed in (Bozzaro
and Eichinger, 2011; Dunn et al., 2017)). Although environmental
isolates of Dictyosteliumare strictly bacterivorous and cannotgener-
ate phagocytic cups large enough to engulf fungi, axenic laboratory
strains caningest larger organisms (Bloomfield etal., 2015). These
strains have therefore also been used to study fungal infections
(Hillmann et al., 2015; Koller et al., 2016; Watkins et al., 2018).
As many pathogens also have an environmental niche, avoiding
predation by amoebae such as Dictyostelium or the more common
water amoeba Acanthamoeba castellaniihas been proposed to be
an important evolutionary driver of virulence traits - further validat-
ing the use of these organisms to study host-pathogen interactions
(Casadevall et al., 2019; Molmeret et al., 2005).

Macropinocytosis

Consistent with a shared evolutionary origin for phagocytosis
and macropinocytosis, Dictyostelium also constitutively take up
fluid from their environment and can use it for food (Kay et al.,
2019; King and Kay, 2019). Whilst both macropinocytosis and
phagocytosis can be used to feed, they were recently shown to
be inversely regulated, with macropinocytosis suppressed in the
presence of bacteria and upregulated when bacteria were removed
(Williams and Kay, 2018). Dictyostelium therefore adapt to the
nutrient source available, although they prefer bacteria — a richer
source of nutrients — over a liquid diet.

Feeding by macropinocytosis is important because like most
protists and unlike most metazoan cells, Dictyostelium do not
directly transport nutrients across the plasma membrane into the
cytosol. This is most likely because living free in the environment
inevitably exposes amoebae to the huge diversity of chemicals
generated by the soil microbiota, including many potentially harmful
molecules. This problem is circumvented by centralised nutrient
extraction and detoxification in metazoa, but organisms such as
Dictyostelium must attempt to control the absorption of extracel-
lular molecules by first confining them within vesicles. Recently
it has become clear that this original role for macropinocytosis in
acquiring nutrients still occurs in mammals, and is used by cancer
cells to enable the use of extracellular proteins as an additional
food source to support their rapid growth (Commisso et al., 2013).

Whilst Dictyostelium can use macropinocytosis to feed, the
amount of fluid taken up by wild-type environmental isolates is
insufficient to support growth in liquid media unless heavily supple-
mented with protein (i.e. 10% fetal calf serum (FCS)(Bloomfield et
al., 2015)). However, after prolonged incubation or mutagenesis,
mutants can be selected that form much larger cups and engulf
enough nutrients to grow (Sussman and Sussman, 1967; Watts
and Ashworth, 1970). The ability to grow pure cultures of cells
in the absence of bacteria has advantages for both genetic and
biochemical studies. Therefore axenic mutant strains (known as
Ax2-4) were widely adopted by the Dictyostelium community since
their isolation (Watts and Ashworth, 1970). Surprisingly, the key
mutation that enables axenic growth was only recently identified

as loss of function of the Dictyostelium orthologue of neurofibromin
(NF1) (Bloomfield et al., 2015). NF1 is a GTPase Activating Protein
(GAP) that deactivates the small GTPase known as Ras. Ras is
a key regulator of macropinosome formation in both Dictyoste-
lium and mammals (Bar-Sagi and Feramisco, 1986). Disruption
of Dictyostelium NF1 causes hyperactivation of Ras, increasing
the size of the cup-shaped protrusions that generate macropino-
somes and therefore the volume of fluid engulfed (Bloomfield et
al., 2015). Importantly, this regulatory role in macropinocytosis
and therefore inflammatory signalling was also recently confirmed
in mouse macrophages (Ghoshal et al., 2019). Mutations in NF1
also cause the genetic condition Neurofibratomatosis type 1 in
humans, resulting in tumours in the nervous system (Xu et al.,
1990). Whether these two observations are causally linked remains
to be determined, but the conserved role of NF1 emphasises how
the mechanisms underlying macropinosome formation have been
preserved across evolution.

The prominence of phagocytosis and macropinocytosis in Dic-
tyostelium, combined with obvious parallels in the cell biology of
amoebae and phagocytic cells of the immune system has meant
that this is where the majority of endocytic studies have been
focused in Dictyostelium. Indeed, the technical challenges faced
in studies using mammalian macrophages and neutrophils have
made Dictyostelium a valuable alternative experimental system to
explore the basic mechanisms of engulfment, killing and diges-
tion (Bozzaro and Eichinger, 2011). Engulfment is driven by the
generation of actin-rich protrusions, sharing much of the same
machinery used to drive cell migration. Macropinosome formation
is particularly interesting, as the cups are able to spontaneously
self-organise in the absence of any spatial or physical signals from
aparticulate template. Thisis described elsewhere, includingin this
issue (Buckley and King, 2017; Kay et al., 2019; Williams et al.,
2019). The focus of this review will instead be on the maturation
pathway of these compartments in Dictyosteliumfrom the moment
the phagosomes and macropinosomes have formed, until their
eventual resolution.

The trafficking of macropinosomes and phagosomes

Phagocytosis and macropinocytosis co-evolved as feeding
mechanisms in early eukaryotes (King and Kay, 2019). Therefore
the mechanisms used to process and extract nutrients from the
internalised fluid or bacteria are very similar. Whether the activation
of membrane receptors during phagocytosis affects subsequent
maturation is unclear. However, as Dictyostelium are clearly able
to discriminate between different bacteria (Nasser et al., 2013) itis
possible that phagosomes generate a more antimicrobial environ-
ment than macropinosomes.

Broadly, maturation can be divided into four distinct stages: (1)
nascent recycling events, (2) early maturation (3) late maturation
and (4) expulsion of indigestible waste (Figs. 3,4). Within each
stage a variety of fusion and fission events occur, principally regu-
lated through inositol phospholipids within the vesicle membrane,
and Rab-family small GTPases present on the vesicle surface.
Both of these act to mark different endocytic compartments and
recruit specific effectors as they progress through the maturation
pathway. As progression occurs, the luminal contents of both
macropinosomes and phagosomes become acidified and digested
to liberate nutrients before the final stage where any indigestible
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fragments are expelled from the cell. In D. discoi-
deum this complete process takes around an hour.
This pathway is highly conserved with mammalian
leukocytes, with the exception of the final expulsion
stage as both macrophages and neutrophils can
retain engulfed material indefinitely, presumably to
prevent aninflammatory response (Bai et al., 2015).

The nascent macropinosome/ phagosome

Nascent macropinosomes and phagosomes are
those which have just formed and separated from
the plasma membrane. How the point of scission
is detected is unknown, but the vesicles formed
will be large, with a pH equal to that of their extra-
cellular environment and a membrane consisting
primarily of proteins and lipids found in the plasma
membrane. Initially they are surrounded by actin
filaments, which are required for the cup formation
and sealing process (Rupper et al., 2001). These
filaments dissociate within 30-60 seconds follow-
ing cup closure (Clarke et al., 2010; Rupper et al.,
2001) along with actin associated proteins, such as
coronin (Lu and Clarke, 2005; Maniak et al., 1995).
This process coincides with the movement of the
nascentmacropinosome/phagosome away fromthe
plasma membrane and the initiation of subsequent
membrane rearrangement events.

The inositol phospholipid (PIP) content of the
membrane also changes during this time-period.
PIPs are a family of lipids whereby the inositol sugar
head-group can be phosphorylated at any of three

Fig. 3. Macropinosome and phagosome maturation
in Dictyostelium. The cartoon shows the progress of
macroendosomes as they mature. Upon engulfment, the
PI(3,4)P2 positive nascent vesicle is surrounded by actin
which is rapidly removed. In an early recycling phase,
plasmamembrane proteins are rapidly recycled back to the
plasma membrane by the WASH and retromer complexes.
During this process, the compartment accumulates PI(3)
R and an early delivery phase also begins as the V-ATPase
is delivered on small acidic vesicles. \FATPase activity
causes acidification of the vesicle lumen (represents by
red colouring), and over time PI(3)P is converted to PI(3,5)
P2 by the activity of PIKfyve. In a later delivery phase,
when the lumen is acidified, hydrolases such as CatD
and CP-p34 are sequentially delivered over an extended,
digestive period. At this time, nutrients are presumably
removed from the lumen via an unknown mechanism.
Finally, after digestion is complete, the macroendosome
is prepared for exocytosis in a late recycling phase. Here,
WASH-stimulated actin re-forms around the compartment
toretrieve the \-ATPase and form a neutral post-lysosome.
The retromer complex is also present and potentially plays
a role in hydrolase retrieval. Other important proteins
such as vacuolin and mucolipin also accumulate on this
late compartment, although are most probably retrieved
before exocytosis, unlike p80 which is present during
exocytosis and can be seen in high concentrations at the
plasma membrane immediately after.
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positions. The different phosphorylation states can be interconverted
by a family of PIP kinases and phosphatases to generate seven
different forms of the lipid. Each PIP is able to recruit different
target proteins, resulting in an elegant system to identify different
membranes and regulate endocytic trafficking (Bohdanowicz and
Grinstein, 2013). Both macropinosome and phagosome membranes
initially contain high levels of PI(3,4)P,. PI(3,4)P, is generated by
the rapid de-phosphorylation of PI(3,4,5)P,by the PI-5 phosphatase
called Oculocerebrorenal syndrome of Lowe (OCRL), during and
immediately following cup closure (Dormann et al., 2004; Li et al.,
2018; Loovers et al., 2007; Luscher et al., 2019). On phagosomal
membranes PI(3,4)P, content peaks immediately following cup
closure and is gradually lost over time (Dormann et al., 2004).

60 courses with dashed lines indicate

an even greater level of uncertainty.

There are however conflicting reports of how long PI(3,4)P, is
retained. Studies following phagocytosed yeast show that PI(3,4)
P, is only transiently present on the phagosome, between 60 and
120 seconds post-engulfment (Dormann et al., 2004; Giorgione
and Clarke, 2008). In contrast, latex-bead containing phagosomes
maintain P1(3,4)P,much longer - upwards of 360 seconds suggest-
ing that the pathways regulating phagosomal maturation may be
cargo-dependent (Giorgione and Clarke, 2008).

Early recycling events

One of the first key events in maturation is the recycling of
plasma membrane components back to the cell surface. Several



studies have shown that cell surface proteins are non-specifically
internalised on both phagosomes and macropinosomes, but rapidly
removed following engulfment (Buckley et al., 2016; Gotthardt et
al., 2002b; Ravanel et al., 2001). This appears to occur over 2
phases, with an early myoB-independent phase followed by slower
myoB-dependent recycling (Neuhaus and Soldati, 2000).Although
the majority of proteins appear to be internalised non-specifically,
there is also evidence that a subset can be specifically excluded
from cups, although how this might be achieved is not known
(Mercanti et al., 2006).

As the contents of macroendosomes are destined for degrada-
tion the rescue of cell surface components before their digestion
is important for continued cell function. This is achieved by the
combined action of sorting and recycling complexes. One such
complexis the WASP and SCAR Homolog (WASH) complex, which
is recruited to nascent macropinosomes and phagosomes in both
D. discoideumand mammalian macrophages immediately following
cup closure (Buckley et al., 2016). The WASH complex is able to
generate patches of polymerised actin on the surface of vesicles
via activation of the Arp2/3 complex (Derivery et al., 2009; Gomez
and Billadeau, 2009). WASH enables the formation of actin-rich
subdomains, which can both sequester specific proteins, as well
as aid the formation of tubules and removal of the membrane. This
is assisted by a direct interaction between the FAM21 subunit of
the WASH complex and the vacuolar protein sorting-35 (VPS35)
subunit of the retromer sorting complex (RSC), known to promote
recycling (Jia et al., 2012). This is a general mechanism, and in
recent years, studies in mammalian cells have shown WASH and
the RSC mediate sorting from several different endosomal com-
partments (Seaman, 2012).

In D. discoideum, the WASH and retromer complexes co-localise
on nascent phagosomes and macropinosomes, and disruption of
WASH causes defects in the retrieval of surface proteins (Buckley
etal., 2016). In the absence of this step, levels of surface proteins
such as the Sib integrin-like receptors important for both substrate
adhesion and phagocytosis are severely depleted (Buckley et al.,
2016). Consequently, the phagocytosis efficiency of WASH-null
cells is significantly reduced, demonstrating the importance of
early surface protein retrieval in maintaining cellular functions.

Class | non-muscle myosins have also been shown to be im-
portant for early recycling events. Myosin IB heavy chain (MyoB)
has also been identified as localising to nascent phagosomes, and
disruption of both myosin | isoforms known as myosin IA heavy
chain (MyoA) and MyoB or treatment with the myosin | inhibitor,
butanedione monoxime, results in abuild-up of cell surface proteins
on intracellular compartments (Neuhaus and Soldati, 2000). How
myosin | contributes to recycling mechanistically, orinteracts with the
WASH/Retromer complexes is yet to be determined. An additional
class | myosin, myoK is also involved during early maturation, but
plays a distinct role in regulating the association and delivery of ER
components to the phagosome, although the functional significance
of ER delivery is unclear (Dieckmann et al., 2012).

Another element important in early recycling from phagosomes
and macropinosomes is the machinery to mediate the final stages
of membrane scission as vesicles pinch off from endosomes (Go-
paldass et al., 2012). The most well understood of these is the
large GTPase dynamin, necessary for pinching off clathrin-coated
vesicles from the plasma membrane and scission of vesicles
from elongated endosomal tubules in mammalian cells and yeast
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(Ferguson and De Camilli, 2012). Disruption of the Dictyostelium
dynamin orthologue DymA disrupts multiple membrane scission
events making it problematic to differentiate between direct and
indirectroles (Wienke et al., 1999). Nonetheless, DymAlocalises to
phagosomes during the early recycling phase and DymA mutants
have very slow acidification and reduced proteolysis rates in later
stages of maturation (Gopaldass et al., 2012).

Recently it was also shown that the Dictyostelium orthologue of
EHD (Eps15 homology domain containing protein) is also recruited
very early to phagosomes (Gueho et al., 2016). EHD proteins are
structurally and functionally related to dynamin. Dictyostelium EHD
and DymAphysically interact and are recruited to the nascent phago-
some simultaneously, but independently (Gueho et al., 2016). In
mammals, EHD1 has been shown to regulate retromer-mediated
trafficking (Zhang et al., 2012). Whilst disruption of DymA or EHD
both result in hyper-tubulation of endosomal compartments, they
appearto play functionally independentrolesin phagosome matura-
tion as in contrast to DymA mutants, EHD knockout phagosomes
acidify more rapidly (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 (Buckley et al.,
2016; Gueho et al., 2016).

Early delivery events

Following internalisation, and somewhat overlapping with
early recycling, macroendosomes then undergo various fusions
to deliver the digestive, acidification and killing machinery. This
is often referred to as early maturation and occurs within the first
10 minutes post-engulfment. During this period phagosomes and
macropinosomes are marked by the lipid PI(3)P (Buckley et al.,
2019; Clarke et al., 2010). Although it has not been confirmed in
Dictyostelium, in mammalian cells this is generated by activation
of the class Il PI-3 kinase by Rab5 (Christoforidis et al., 1999b;
Vieira et al., 2001).

PI(3)P is not identifiable on the nascent phagosomes/macropi-
nosome while it is still surrounded by actin, but appears almost
immediately after internalisation (Clarke et al., 2010). PI(3)P is lost
gradually from early phagosomes containing bacteria over the next
six minutes (Clarke et al., 2010) and similar dynamics are also
observed in macropinosomes (Clarke et al., 2010; King and Kay,
2019). In contrast, engulfed yeast retain PI1(3)P much longer, again
indicating cargo-dependent signalling dynamics (our unpublished
observations and (Clarke et al., 2010)).

In mammalian cells, the best known Rab5/PI(3)P effector is
EEA1 (Early Endosomal Autoantigen 1), which can lead to endo-
somal docking and fusion in collaboration with SNARE (Soluble
NSF attachment Protein Receptor) membrane fusion complexes
(Christoforidis et al., 1999a; Simonsen et al., 1998). Whilst Dic-
tyostelium Rab5 has not been studied in detail, and there is no
obvious EEA1 orthologue the presence of PI(3)P coincides with
the fusion of several different compartments with phagosomes and
macropinosomes. The role for PI(3)P in the fusion of endosomal
compartments and delivery of maturation components is therefore



468 James H. Vines and Jason S. King

likely to be conserved.

SNAREs are membrane bound proteins present in all eukaryotic
cells, which function to fuse intracellular compartments. Fusion
occurs when one vesicle-SNARE forms a complex with two or
three specific target-SNAREs to form an alpha helix coiled-coil
bundle (reviewed in (Hong, 2005)). The first target-SNARE found
in Dictyostelium was the orthologue of syntaxin 7, required for
endosome-endosome fusion (Bogdanovic etal., 2002). In complex
with its co-target SNARES, syntaxin 8 and Vti1, syntaxin 7 is able
tobindto asingle vesicle-SNARE called VAMP7. Binding facilitates
the fusion of the two respective compartments. VAMP7-GFP labels
all D. discoideum early endocytic compartments, suggesting that
these SNAREs mediate most early fusion events (Bennett et al.,
2008). However, the precise fusions in which these SNAREs are
used are not well characterised.

One ofthe best characterised complexes delivered to the phago-
some and macropinosome within its early stages is the vacuolar
ATPase (V-ATPase) (Clarke et al., 2002; Gotthardt et al., 2002b).
The V-ATPase is responsible for the translocation of protons across
membranes and consequently it is the key component leading to
lumen acidification. The V-ATPase complex is formed of multiple
subunits, including the large 100 kDa transmembrane subunit VatM.
Studies following the trafficking of GFP-tagged VatM showed that
it is delivered to early phagosomes and macropinosomes over the
first 1 to 2 minutes after engulfment (Clarke et al., 2002; Clarke
et al., 2010). Delivery occurs via small GFP-VatM-positive acidic
vesicles, which cluster around the early phagosome before fus-
ing (Clarke et al., 2002). These pre-existing, acidic compartments
stem from the endosomal system as they can be labelled with the
endosomal dye TRITC-dextran, which becomes visible in the lumen
of the phagosome within 3 to 4 minutes post engulfment (Clarke
et al., 2002; Clarke et al., 2010).

V-ATPase delivery coincides with the rapid acidification of mac-
roendosomes, which begins around 60 seconds after engulfment.
VatM concentrations increase until a peak around 4 minutes after
cup closure, coinciding with the end of the WASH/retromer recy-
cling phase (Buckley et al., 2016). Luminal pH continues to drop
to a low of pH 3.5 over about 10 minutes, where it is maintained
for a further 30 minutes to allow for digestion (Gopaldass et al.,
2012). Whilst VatM is essential for cell viability, knock-down of
the protein shows slow cell growth, reduced phagocytosis, and a
mis-localisation of other V-ATPase subunits, including the catalytic
subunit, VatA (Liu et al., 2002).

More recent studies have implicated PIKfyve, a PI-5 kinase, in
the efficient delivery of V-ATPase (Buckley et al., 2019). PIKfyve
catalyses the conversion of PI(3)P to PI(3,5)P,, and knockouts of
PIKfyve have slower V-ATPase delivery to early phagosomes, and
consequently are defective in acidification (Buckley et al., 2019).
PIKfyve is also important for hydrolase delivery and proteolysis
(see below). Cells lacking PIKfyve are therefore poor at killing
engulfed bacteria and are thus highly susceptible to pathogens,
such as Legionella pneumphila (Buckley et al., 2019). Despite this
importance, the role of PI(3,5,)P, is poorly characterised, with a
paucity of known effector proteins.

Delivery of lysosomal enzymes

As maturation progresses, the lysosomal enzymes important for
digestion are delivered to the phagosome/macropinosome. Acid

hydrolyses are some of the best characterised proteins known to
be delivered during this stage and depend on the low pH gener-
ated by the V-ATPase for activity. Contrary to a model whereby a
lysosome containing the entire gamut of digestive enzymes and
the V-ATPase deliver them to phagosomes all at once, imaging
of lysosomal enzymes with different sugar modifications and pro-
teomics of purified phagosomes both indicate multiple phases of
delivery and retrieval throughout the 45 minute digestive period
(Gotthardt et al., 2002b; Souza et al., 1997). For example, the
cysteine protease CP-p34 is amongst the firsthydrolases delivered,
coinciding with delivery of the two Lysosomal Membrane Proteins
LmpA and LmpC (Gotthardt et al., 2002b). This is subsequently
followed by CP-p34 retrieval and delivery of cathepsin D (CatD),
a second hydrolase, which is retained until just before exocytosis,
along with LmpA and LmpC (Gotthardt et al., 2002b). How specific
luminal enzymes are selectively trafficked is not known, and the
reason for sequential delivery and retrieval is not entirely clear.
However, it may be possible that digestion is more efficient if early
hydrolases partially digest the luminal contents for later ones with
different cleavage specificity.

The post-lysosomal transition and exocytosis

The final stage of maturation ends in the expulsion of indigestible
luminal contents into the extracellular space. However, before this
can happen, various proteins must be retrieved from the compart-
ment, which at this stage is referred to as the post-lysosome. The
transition from a digestive compartment to a post-lysosome is pre-
cipitated by retrieval of the V-ATPase and subsequent neutralisation.
Over a three minute period, the V-ATPase is sequestered from the
membrane into small vesicles and recycled (Clarke et al., 2010).
The mammalian V-ATPase directly binds actin (Holliday et al., 2000;
Vitavska et al., 2003), and although this interaction has not been
confirmed in Dictyostelium, V-ATPase retrieval is dependenton actin
polymerisation (Clarke et al., 2010). Surprisingly, this is mediated
by a second, independent phase of WASH complex activity, which
occurs 40-50 minutes after engulfment (Carnell et al., 2011). In
the absence of WASH, phagosomes and macropinosomes never
neutralise and cells have a complete block in exocytosis (Carnell
et al., 2011). In WASH null cells, hydrolases also accumulate in
this late compartment, blocking their recycling and delivery to
nascent endosomes (King et al., 2013). Exocytosis, neutralisation
and hydrolase retention are also all defective in cells expressing
dominant-negative Rab7 (Buczynski et al., 1997). It is therefore
likely that an additional mechanism to retrieve hydrolases before
they are lost by exocytosis exists, potentially via the activity of the
retromer, which is also present at this time (Buckley et al., 2016).

As the V-ATPase is removed the luminal pH neutralises and
additional components are gained such as the putative copper
transporter p80, which is commonly used to identify the post-
lysosomal compartment (Ravanel et al., 2001). The metal ion
composition of post-lysosomes appears to be highly regulated as
mucolipin-1, acalciumion channel, is also specifically found on this
compartment (Lima et al., 2012). Disruption of mucolipin results
in decreased calcium within the post-lysosome and increased
exocytosis, although how this is mediated by calcium is unclear
(Lima et al., 2012). Another important late protein seems to be IlvsB
(Large Volume Sphere), a Dictyostelium homologue of the LYST/
Beige (Lysosomal Trafficking Regulator) protein which is important



in endosomal fusion in mammals and mutated in Chediak-Higashi
syndrome (Charette et al., 2007). In IlvsB mutants the lysosome/
post-lysosomal transition is defective, resulting in decreased post-
lysosomal numbers and exocytosis (Charette et al., 2007).

Post-lysosomes also likely have unique lipid properties as they
specifically accumulate the Dictyostelium orthologues of flotillin
(known as the vacuolins) which partly reside in detergent-resistant
lipid microdomains known as lipid rafts (Bosmani et al., 2019;
Jenne et al., 1998; Rauchenberger et al., 1997). In mammalian
cells, these microdomains are found on both the plasma membrane
and endosomal compartment, where they function as platforms for
signalling and recycling of specific cargoes (Stuermer and Plattner,
2015). Despite their predominantly post-lysosomal localisation,
disruption of the vacuolin causes defects throughout the endocytic
cycle, including faster maturation, defective recycling of membrane
proteins and strong defects in phagocytosis (Bosmani et al., 2019).
It is therefore likely that lipid-microdomain mediated sorting and
recycling has pleiotropic functions throughout the Dictyostelium
endocytic pathway.

Conclusions and perspectives

The studies described above demonstrate complex remodelling
of endosomes throughout their transit through the cell. Multiple
mechanisms are employed to retrieve and deliver both soluble
and transmembrane components at specific points to achieve the
orderly capture of extracellular nutrients whilst protecting the cell
from environmental toxins, potential pathogens, or the accidental
degradation of surface components. Much of this machinery is
conserved throughout evolution and Dictyostelium has proven a
useful model for the phagocytic cells of the human immune system.

Many questions still remain. For example, scission from the
plasma membrane instigates the immediate start of maturation, but
the events surrounding cup closure and the transition from formation
to maturation are very poorly understood. Whilst macroendocytic
transit follows a consistent maturation programme with defined
transitions, how this is timed and translated into abrupt changes
in vesicle identity is not known. There are also many mechanistic
questions about how specific components are delivered and re-
trieved that will only be elucidated by future studies.

Importantly, Dictyostelium provides a highly accessible system
to manipulate and dissect these pathways using both in vivo and
biochemical techniques. As many recent studies have demon-
strated, the ability to extend such investigations to interactions
with potential pathogens has uncovered many fascinating aspects
of the constant competition between phagocytes and their prey.
Whilst new techniques such as CRISPR-Cas9 gene editing have
opened up new possibilities to manipulate mammalian cells, the
relative simplicity, reduced functional redundancy and ease of use
mean there is still much we can learn from these humble amoebae.
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