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Abstract

Abstract:

Apicomplexan parasites residing in a parasitophorous vacuole are separated from their host
environment but can take up nutrients from the host cell via endocytosis. Part of this
endocytic process occurs in a structure called the micropore. The micropore has been shown
to form a ring inside the inner membrane complex (IMC) of the parasite. It is composed of
numerous proteins, including a kelch-domain protein, K13, which is central to malarial drug
resistance. In the absence of K13, the micropore collapses, leading to plasma membrane
accumulation on the surface of the parasite, suggesting that the micropore plays a critical role

in plasma membrane homeostasis.

In this thesis, | characterized the plasma membrane dynamics and the recycling during parasite
replication. It was proved that the plasma membrane of the mother tachyzoite is inherited by
the daughter cells, and that the delivery of newly generated surface antigen 1 (SAG1) to the
PM occurs during this process. Furthermore, during this inheritance, the plasma membrane
undergoes a cycle of endocytosis and exocytosis. The endocytic vesicles follow a distinct
pathway from the de novo vesicles and appear to depend on the small GTPase Rab5b, with
which significant colocalisation has been demonstrated. Myosin F (MyoF) was also
investigated as a potential molecular motor involved in uptake. In parallel, the function of the
P4ATPase FLP2 was studied. Knockdown experiments revealed a phenotype in transmission
electronic microscope (TEM) similar to that of micropore-depleted parasites. Analysis of the
effects of FLP2 depletion on vesicle formation and transportation highlights its influence on

Golgi fragmentation and vesicle accumulation at the plasma membrane.

Additionally, a new membranous structure was identified and described: the establishment of
an extracellular plasma membrane reservoir (PMR) during parasite replication. This PMR
forms prior to the generation and budding of daughter cells and is reabsorbed at the end of
replication. Upon deletion of K13, parasites are unable to reabsorb the PMR, leading to
membrane accumulation and the complete disruption of membrane homoeostasis and the

death of the parasites.
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Zusammenfassung

Zusammenfassung:

Apikomplexan Parasiten, die in einer parasitophoren Vakuole leben, sind von ihrer
Wirtsumgebung getrennt, kdnnen aber Nahrstoffe aus der Wirtszelle durch Endozytose
aufnehmen. Ein Teil dieser endozytotischen Prozesse findet an der Mikropore statt. Es wurde
gezeigt, dass die Mikropore einen Ring innerhalb des inneren Membrankomplexes (IMC) des
Parasiten bildet. Sie besteht aus zahlreichen Proteinen, darunter insbesondere einem Kelch-
Domaénen-Protein, K13, das eine zentrale Rolle bei der Resistenz gegen Malaria-Medikamente
spielt. In Abwesenheit von K13 kollabiert die Mikropore, was zu einer Akkumulation der
Plasmamembran an der Oberfliche des Parasiten fiihrt, das deutet darauf hin, dass die

Mikropore eine entscheidende Rolle in der Homdostase der Plasmamembran spielt.

In dieser Arbeit wurden die Dynamik und das Recycling der Plasmamembran wahrend der
Parasitenreplikation charakterisiert. Es wurde gezeigt, dass die Plasmamembran des Mutter-
Tachyzoiten von den Tochterzellen geerbt wird, und dass neu gebildetes Oberflaichen antigen
1 (SAG1) wahrend dieses Prozesses in die Plasmamembrane integriert wird. Darliber hinaus
durchlauft die Plasmamembran wahrend dieser Vererbung einen Zyklus aus Endozytose und
Exozytose. Dabei kann beobachtet werden, dass die endozytotischen Vesikel einem anderen
Weg folgen, als die de-novo-Vesikel. Diese endozytotischen Vesikel kolokalisieren signifikant
mit Rab5b, welches fiir ihren Transport wichtig zu sein scheint. Myosin F (MyoF) wurde
ebenfalls als potentieller molekularer Motor fiir die Endozytose und den Transport der Vesikel

untersucht.

Parallel dazu wurde die Funktion der P4ATPase FLP2 untersucht. Knockdown-Experimente
zeigten einen Phanotyp der in der Transmissionselektronenmikroskopie (TEM), dhnlich dem
des Mikropore Nullmutanten-Parasiten war. Die Analyse der Auswirkungen der FLP2 Abbaus
auf die Vesikelbildung und deren Transport hebt ihren Einfluss auf die Fragmentierung des

Golgi-Apparates und die Vesikel Ansammlung an der Plasmamembran hervor.

Zusatzlich wurde eine neue membrandse Struktur beschrieben: die Bildung eines
extrazelluldren Plasmamembranreservoirs (PMR) wdhrend der Replikation des Parasiten.
Dieses PMR entsteht vor der Bildung und der vollstandigen Ausbildung der Tochterzellen und

wird am Ende der Replikation wieder resorbiert. Bei einer Deletion von K13 sind die Parasiten

Xiv



Zusammenfassung

nicht in der Lage, das PMR wieder aufzunehmen, was zu einer Akkumulation der Membran
und letztlich zur vollstandigen Storung der Membranhomoostase und zum Sterben der

Parasiten fuhrt.
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Introduction

1 Introduction

1.1 Apicomplexan

Apicomplexan parasites are protozoans with unique life cycles and specialised organelles. They
represent the only phylum composed predominantly of parasitic species, though some exist
symbiotically with corals (1). Apicomplexans are known to cause various human and veterinary
diseases (2). Together with dinoflagellates, they form the group Alveolates (3,4). The name
Apicomplexa is derived from their characteristic apical organelle complex, which includes the
conoid (a structure composed of spiral microtubules), the apicoplast, rhoptries, and
micronemes (5,6). These organelles are critical for host-parasite interactions and tissue

invasion (5,7).

b coccidia
Adelina

Hepatozoon Eimeria

hemogregarines Isospora
hematozoa (nvertebrates) monoxenic coccidia

(vertebrates)

cryptosporidia
Cryptosporidium spp (1]
monoxenic I ad %) Toxoplasma gondil
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Sarcocyslis
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55
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compiete spical complen
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Figure 1: Apicomplexa can be divided into four subgroups based on phylogenetic analyses (8). These subgroups are
gregarines, cryptosporidia, haematozoa, and cyst-forming coccidia. All apicomplexan subgroups include parasites of
veterinary and human medical relevance. Unlike their ancestors, apicomplexans have lost the ability to photosynthesise. Their
closest known relatives that retain photosynthetic capabilities are the chromerids and colpodellids. Image from Votypka et al.

2017.

Apicomplexans are divided into four groups based on phenotypic characteristics: gregarines,

cryptosporidia, haematozoa, and coccidia. These groups include important human pathogens
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such as Plasmodium, the causative agent of malaria, and Toxoplasma gondii (9—13). The
Cryptosporidia family consists of only one genus, Cryptosporidium spp., which can cause
severe gastrointestinal disorders (14,15). All apicomplexans successfully occupy specific
ecological niches and pose a significant threat to humans, farm animals, and wildlife (16,17).
Despite some differences, these groups share substantial similarities, including a calcium-
dependent gliding motility powered by an actin-myosin motor and the secretion of
microneme proteins (MIC), which bind to host cell ligands on the membrane (5,6,18). All
apicomplexans are obligate intracellular parasites, requiring one or more hosts to complete
their sexual and asexual reproduction (18). Their complex life cycle alternates between
asexual schizogony, sexual gametogony, and asexual sporogony (19). Following ingestion, the
oocyst of Coccidia parasite releases sporozoites, the first invasive stage, which invade nearby
host cells mostly the intestinal villi (20). Inside the host cell, sporozoites transform into
trophozoites, the replicative stage (19). During asexual reproduction, a process known as
schizogony produces schizonts, which develop into merozoites (21). These merozoites possess
a single mitochondrion and an apical organelle (22). Merozoites can subsequently undergo
gametocytogenesis, differentiating into female macrogametes and male microgametes
(22,23). The fusion of gametes forms a zygote, which undergoes mitosis to produce a sporont.

The sporont develops into a sporoblast, which ultimately gives rise to sporozoites (6,19).
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Despite shared life cycle features and sexual stage transitions, apicomplexans exhibit
significant differences. Their life cycles often involve alternating between different host
species, commonly referred to as primary and secondary hosts. Many apicomplexans pose a
considerable threat to humans and livestock (5,22). The ability to infect multiple hosts
complicates both treatment and eradication of these pathogens, highlighting the need for

extensive research to better understand their biology and life cycles (16).

1.1.1 Toxoplasma gondii

Toxoplasma is a protozoan parasite belonging to the phylum Apicomplexa and the group of
cyst-forming coccidia (23). It possesses the unique ability to invade any nucleated cell of warm-
blooded animals, exhibiting no specificity for a particular species as a secondary or
intermediate host. The global infection rate of Toxoplasma is estimated to range between 30%
and 60% of the human population (25,26). In immunocompetent individuals, infection is
typically asymptomatic and self-limiting due to a functional immune system. However, recent

findings suggest that ocular diseases associated with Toxoplasma infection are more common



Introduction

than previously recognised (26-29). The most vulnerable populations include
immunocompromised individuals, such as those with HIV infection or patients who have
undergone organ transplantation (28). In these cases, Toxoplasma infection can lead to severe
health consequences, including encephalitis, which may be fatal (9,30,31). Additionally,
congenital transmission of the parasite during pregnancy can result in miscarriages, severe
health complications, or malformations in the unborn child, making pregnant women

particularly vulnerable to infection (10).

1.1.2 Life Cycle

Toxoplasma possesses the typical alternation of asexual and sexual stages, a hallmark of the
apicomplexan life cycle. Sexual replication occurs exclusively in the definitive hosts, which
belong to the family Felidae (32). Mice are considered the most significant intermediate hosts,
as asexual replication takes place in them. This is supported by findings that certain strains of
Toxoplasma gondii exhibit adaptations to specific mouse populations (33). As part of these
adaption Mice produce a specific family of immunity-related GTPases (IRGs), which are
interferon-y (IFNy)-inducible proteins that accumulate at the parasitophorous vacuole
membrane (PVM) following infection. These proteins disrupt the PVM and kill the parasite
(34). Furthermore, mice are both abundant and accessible prey for cats, making them a critical
reservoir for sustaining the infection cycle (35,36). However, all other warm-blooded mammals

can act as intermediate hosts where the parasite replicates asexually (22).

In cats, infection primarily occurs through the ingestion of sporozoite-containing oocysts or
bradyzoite-containing tissue cysts from infected prey. The tissue cysts formed in intermediate
hosts are approximately 300 um in size. Once ingested, these cysts rupture, releasing the
parasites, which infect intestinal cells in the gut. Here, they multiply asexually through
schizogony, producing four generations of schizonts. In the final generation, merozoites
differentiate into macrogametocytes (female) or microgametocytes (male) (22,33).
Microgametocytes produce microgametes, which fuse with macrogametes to form oocysts.
These oocysts are shed in the faeces (22,30,37). Toxoplasma oocysts are approximately 12.5
um x 11 um in size and contain a 350 nm micropyle (38,39). Mature oocysts house two

sporocysts, each containing four sporozoites (21,22,36).
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the formation of oocysts that are shed in faeces. Ingestion of these oocysts through contaminated food or water results in the
infection of humans and other animals, which act as intermediate hosts and can develop severe diseases (12).Image from

Hunter and Sibley 2012.

Oocysts and tissue cysts can both be ingested by intermediate hosts. Within the small
intestine, proteolytic enzymes and bile salts trigger the release of sporozoites from oocysts
and the excystation of bradyzoites from tissue cysts (40). The parasite then infects the lamina
propria, either by passing between or through epithelial cells in the intestine (41). After
invading host cells, the parasites undergo asexual multiplication through endodyogeny, a
process of rapid replication that produces tachyzoites. Tachyzoites are crescent-shaped and
measure approximately 6 um x 2 um (37). These stages quickly lyse host cells, releasing free
tachyzoites that invade neighbouring cells, including immune cells. Tachyzoites can also spread
via the bloodstream, facilitating vertical transmission (42—44). However, after a few days, the
host immune system limits replication, and tachyzoites differentiate into bradyzoites, forming
dormant tissue cysts. These cysts can persist for many years, particularly in brain and muscle

cells, where they remain quiescent (22,26,29,37).
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1.1.3 Toxoplasma gondii: Cellular Organisation

T. gondii possess the typical cellular composition found in all apicomplexan parasites.

Plasmodium falciparum
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Figure 4: Toxoplasma gondii tachyzoites and Plasmodium merozoites. Showing similarities in cell organelles and inner

structures (45) .Image from Baum et al. 2006.

In general, tachyzoites of Toxoplasma gondii exhibit the characteristic organelle organisation
of apicomplexan parasites. At their apical end, tachyzoites possess the conoid, a tubular
structure composed of spirally arranged microtubules organised in a helical configuration (46).
The extension at the apical end is actin-myosin-based (47). The conoid resides between the
two apical polar rings (ARP1 and ARP2) (48). ARP1 defines the margin of the inner membrane
complex (IMC), while ARP2 functions as a microtubule organising centre (MTOC), which is
essential for host cell invasion (27,49-52). Directly below the conoid are the unique secretory
organelles, the micronemes and rhoptries. These organelles play a crucial role in host cell
invasion and are secreted during or immediately after the invasion process. In addition, dense
granules secrete GRA proteins that are involved in modifying the parasitophorous vacuole
(53). While micronemes are secreted at the conoid with the assistance of the apical polar ring
protein TERNG2 (54), rhoptry proteins are discharged through the rhoptry secretory apparatus
(RSA), a specialised structure unique to apicomplexans (55). Once the parasite has fully
invaded the host cell, dense granule proteins (GRAs) are secreted at the apical annuli, which

form small pore-like structures at the parasite’s apical end (53,55-57). Another distinctive
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feature of apicomplexans is the apicoplast, a four-membrane-bound organelle thought to
have originated either from a green alga or a red alga during secondary endosymbiosis (58).

The apicoplast is essential for specific lipid synthesis and other metabolic functions (58).

Toxoplasma gondii also possesses a plant-like vacuole (PLV), which has functions analogous to
the plant vacuole. In Toxoplasma, the PLV is associated with roles similar to those of the
lysosome in eukaryotic cells, including endocytotic and exocytotic trafficking, protein
maturation, and calcium and salt homeostasis (59). Unlike most eukaryotic cells, Toxoplasma
possesses an inner membrane complex (IMC) directly underlying the plasma membrane. This
IMC serves as a barrier between the plasma membrane and the intracellular environment (60).
The recently characterised micropore is a structure embedded in the IMC that connects the
plasma membrane to the cytoplasm (61,62). The micropore consists of a K13 ring integrated
into the IMC, through which runs a funnel of adaptor proteins (AP-2u, AP-1, AP-2a). At the
base of the funnel, dynamin (DrpC), a protein known for its role in vesicle cleavage, is localised
(61,63,64). This structure is involved in membrane endocytosis in Toxoplasma gondii

parasites.

Plasma membran
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Figure 5: Micropores form a pore through the IMC, facilitating membrane uptake from the plasma membrane. The
micropore has a unique composition consisting of a ring made of K13 and Eps15L proteins, along with a funnel containing

adaptor proteins (AP) and Dynamin (DrpC) for vesicle cleavage (61). Image adapted from Koreny et al. 2023a.

As in all eukaryotic cells, Toxoplasma contains a mitochondrion. However, unlike most
eukaryotes, it has only one mitochondrion, which is enclosed by a double membrane. The
mitochondrion originated from an ancient endosymbiotic event and is essential for ATP energy
generation (5). The parasite's nucleus is surrounded by both a rough and smooth endoplasmic

reticulum (ER), similar to other eukaryotic cells. The secretory system includes a Golgi

apparatus, which is typically divided into cis and trans-Golgi for protein modifications and the
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generation and transport of vesicles. These processes are crucial for the function of the

endosomal-like compartments (ELCs) (65—70).

1.1.4 Lytic Cycle

In cell culture, the most studied stage of Toxoplasma gondii is the fast-replicating tachyzoite
stage. For invasion, Toxoplasma tachyzoites detect host cell surfaces, likely by interacting with
common cell surface receptors, such as lectins present on the host membrane (23,71). After
attachment, the parasites initiate the invasion process (51,72—74). Gliding motility and host
cell invasion are complex processes involving the release of micronemal proteins at the apical
end, triggered by Ca?* signalling (75). Micronemal transmembrane proteins (MICs) attach to
host cell receptors at the plasma membrane, while their cytosolic domains interact with the
parasite’s actomyosin system (76). The apical-to-basal translocation of actin filaments,
powered by the myosin motor, transports MICs to the basal pole of the parasite, resulting in

forward gliding and host cell invasion (50,51,77-82).

Motility Attachment Invasion

Replication

Figure 6: Schematic representation of the lytic cycle of T. gondii. Following host cell lysis, tachyzoites are released (egress)
and become motile, enabling them to search for and invade new host cells. This is followed by attachment, invasion, and a
new round of replication (51). Image from Jamie A. Whitelaw et al. 2017.

During invasion, the coordinated action of micronemal and rhoptry proteins leads to the

formation of the moving junction (MJ), a ring-like structure integrated into the host cell
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membrane through which the parasite invades (83). This process involves the invagination of
the host cell membrane, forming the parasitophorous vacuole membrane (PVM) (84) around
the parasite. Within the PVM, the parasite begins asexual replication (19,85,86). After
completing replication, parasite egress is triggered by multiple stimuli originating from the
PVM, initiating a new lytic cycle. This cycle involves host cell lysis, tachyzoite egress, and

subsequent invasion of new host cells, perpetuating the infection.

1.2 Eucaryotic Phospholipid Membranes

Like all eukaryotic cells, Toxoplasma gondii possesses a cell membrane, which is fundamental
to the evolution of life in complex environments. Among the most significant cellular
components to evolve were semipermeable membranes, which protect the delicate cellular
interior while enabling the formation of membrane-enclosed compartments, each capable of
carrying out specialised functions (87). Semipermeable membranes act as both barriers and
gatekeepers, segregating distinct cellular compartments and maintaining critical pH and
electron gradients within and around the cell (88). These gradients are essential for processes
such as the controlled breakdown of nutrients, waste management, and cellular repair (89).
The development of internal membrane systems, such as the endoplasmic reticulum,
mitochondria, and Golgi apparatus, enabled further functional specialisation within cells
(90,91). These organelles are enclosed by membranes that separate their specific functions
from the cytosol: the endoplasmic reticulum supports protein and lipid synthesis,
mitochondria generate ATP, and the Golgi apparatus modifies and sorts proteins for transport
(90,91). Additionally, the nuclear membrane plays a crucial role in protecting the DNA from

external stresses while enabling regulated communication with the cytoplasm (88,92).

1.2.1 Functions of Eucaryotic Membranes

Biological membranes are phospholipid bilayers that separate intracellular compartments
from the external environment. These membranes are composed of lipids, membrane
proteins, and channels, which collectively ensure specialised functions (88,93). Essential tasks
such as immune recognition, cell communication, molecular uptake. And movement depend,

on the composition and integrity of these membranes. The lipid composition of the outer and
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inner leaflets of the bilayer is asymmetrical, generating functional gradients (94,95). The outer
leaflet is primarily responsible for cell-environment interactions, while the inner leaflet
regulates intracellular signalling pathways. The dynamic nature of membranes facilitates cell
signalling, mediated by transmembrane proteins and receptors, which enable communication
with neighbouring cells, the immune system, and pathogens (96). Additionally, specialised
structures like tight junctions play a critical role in sensing the cellular environment within

clusters and contribute to intercellular communication and ion channel regulation (97).

1.2.2 Composition of Membrane, Lipids Proteins and More

This project aims, among other objectives, to characterise FLP2, a flippase suggested to be
involved in Toxoplasma gondii endocytosis. As membrane lipid regulators, flippases are
essential for membrane fluidity and endocytosis. Therefore, the following sections provide an

overview of lipid and protein composition in eukaryotic membranes.

Eukaryotic membranes consist of lipids and proteins embedded within the bilayer, while their
composition varying depending on the organism, the membrane's function, its location within
the cell, and the temperature at which the cell resides. Different membranes contain varying
ratios of lipids and proteins, with considerable diversity in lipid headgroups and aliphatic
chains. This variation results in the presence of more than 1,000 different lipids in the cell
membrane of eukaryotic cells (94). Membrane proteins can be categorised into three main

types: transmembrane proteins, GPl-anchored proteins, and channels.

1.2.2.1 Lipids

Lipids are the fundamental components of cellular membranes, primarily in the form of
glycerophospholipids. These consist of a glycerol backbone, a phosphate group, and fatty acid
chains (94). The cylindrical shape of glycerophospholipids allows them to align side by side,
forming sheets held together by non-covalent forces. This unique composition enables lipids
to spontaneously form bilayers in an aqueous environment without energy input. In these
bilayers, the hydrophilic head groups orient towards the surrounding aqueous environment,

while the hydrophobic tails face inwards, creating a stable, water-impermeable core (94,95).

10
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Figure 7: Overview of lipid types and their general structure. Showing the different subclasses of lipids and zoom in on the
structure. A) Aggregation of lipids in a bilayer. B) Schematic of a glycerolipid structure, highlighting the significant head groups
and their associated tails. C) Detailed diagram showing the distinct regions of a glycerophospholipid. D) Atomic structure

illustrating the molecular composition of lipids (87,98). Image adapted from Science at Scitable, Nature and Lipids 2021.

Biological membranes are composed of three major lipid classes: phospholipids, cholesterol,
and glycolipids, which together form the lipid bilayer (99). Structural lipids in mammalian cell
membranes include glycerophospholipids, sphingolipids, and cholesterol. Lipids remain fluid
at room temperature but solidify at lower temperatures due to the properties of their fatty
acyl chains. The distinct lipid compositions of the bilayer’s outer and inner leaflets contribute
to the membrane’s unique geometrical structure (93,94,100). Lipids, particularly cholesterol,
are primarily synthesised in the endoplasmic reticulum (ER) and subsequently transported to
other organelles (90,101). Additional lipid synthesis, particularly of sphingolipids, occurs in the
Golgi apparatus, after which these lipids are exported to the plasma membrane (102). The
proper distribution of these lipids across the bilayer ensures membrane fluidity, signal
transduction, and immune regulation (103—-105). For membranes to function effectively, lipids
must be able to translocate between the bilayer’s leaflets in a process known as flip-flop
motion. This asymmetrical distribution of lipids is critical for processes such as signal
transduction and membrane bending (106). However, while cholesterol can move between
layers freely, most other lipids cannot spontaneously cross the membrane due to their charge,

head group size, and hydrophobicity.

The movement of lipids across the bilayer is facilitated by specific phospholipid translocators:

e Flippases: Transport lipids from the outer leaflet to the inner leaflet (107).
e Floppases: Move lipids from the inner leaflet to the outer leaflet (100).

e Scramblases: Facilitate bidirectional lipid movement between the two leaflets (108).

11
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These proteins, particularly flippases from the P4 subfamily of P-type ATPases, play a crucial
role in regulating membrane fluidity and enabling the rapid transfer of lipids across the bilayer
(107-109). Each of these phospholipid translocators serves a distinct function to maintain
membrane homeostasis and support cellular processes such as vesicle formation and

membrane repair (107,108).

1.2.2.2 Membrane Proteins

Transmembrane proteins are amphipathic, with their hydrophobic regions spanning the lipid
bilayer and interacting with the membrane lipids. These proteins have a unique orientation
based on their function, which differs between the cytoplasmic and non-cytoplasmic sides of
the membrane (103,110). Transmembrane proteins can be categorised into single-pass and
multi-pass proteins. These proteins serve various roles, including forming pores (e.g., porins),
acting as enzymes, or assembling into multicomponent complexes embedded within the

membrane.

Lipids and proteins exhibit two types of movement within the membrane:

1. Rotational diffusion: Rotation around their axis.

2. Lateral diffusion: Movement across the bilayer plane (108,111,112).

These lateral diffusion rates can be measured by fluorescence recovery after photobleaching
(FRAP) (113) and complementary fluorescence loss in photobleaching (FLIP) (114), allowing
the calculation of the diffusion coefficient for individual proteins. The cell membrane also
contains specialised protein pores that facilitate the transport of small molecules, such as
sodium and calcium ions. These pores function as pumps, utilising ATP to transfer molecules
against their concentration gradients (115). Maintaining ion balance across membranes is vital
for processes such as cellular signalling, particularly in neurons (116). For example, the Na*/K*
pump regulates ionic concentrations, enabling depolarisation and rapid signal transduction in

neurons through the controlled opening and closing of ion channels (94,116).

12
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1.2.3 Cargo Vesicle

Cargo vesicles are membrane-bound transporters that play a crucial role in intracellular
trafficking. These vesicles transport proteins, lipids, and other cargo between cellular

compartments, ensuring proper distribution within the cell.

Cargo vesicles are composed of a lipid bilayer membrane with two functionally distinct layers:

1. Inner layer: Responsible for cargo selection through specific adaptor proteins, such as
AP complexes and nexins, which ensure cargo specificity (117,118).

2. Outer layer: Involved in coat selection, where coat proteins such as COPII (ER to Golgi),
COPI (Golgi to ER), and clathrin (plasma membrane, Golgi, and endosomes) assemble

into a coat that directs the vesicle to its destination (119-121).

The formation of cargo vesicles is highly organised at the membrane of origin. Coat proteins
are recruited, initiating membrane budding. Cargo proteins contain sorting signals, such as
KDEL sequences, which are recognised by adaptor proteins to ensure proper cargo loading
(122). The vesicle undergoes scission, facilitated by GTPases, and begins its journey to the
target organelle. For short distances, vesicles move along actin filaments, while for longer
distances, they utilise microtubules (69,123,124). At the target membrane, vesicles must dock
before fusion occurs. This process relies on surface markers expressed on the vesicle and

target membrane. Two key protein classes mediate this process:

1. Rab GTPases: Monomeric GTPases that direct vesicles to specific spots on the target
membrane (125-127). Each Rab protein is associated with specific organelles, ensuring
accurate vesicle targeting (128).

2. SNARE proteins: Mediate membrane fusion. V-SNAREs (vesicle-associated) and t-
SNAREs (target membrane-associated) bind together to form a trans-SNARE complex,
which overcomes the energetic barrier to lipid mixing and mediates membrane fusion

(129,130).

Lipid flow between the vesicle and target membrane is energetically unfavourable and requires

fusion proteins to bring the two membranes within 1.5 nm for bidirectional lipid flow to occur.

13
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1.2.4 Vesicle Transport from the Endomembrane System and Back

The endomembrane system regulates both secretory and endocytic pathways and includes
the endoplasmic reticulum (ER), Golgi apparatus, lysosomes, endosomes, and the plasma
membrane (101,125). Within this system, nutrients, receptors, and molecules are transported

between organelles in vesicles, ensuring proper intracellular trafficking.

The fate of a vesicle depends on its cargo, origin, destination, and site of production (125).
Molecular markers, such as Rab GTPases, enable vesicles to distinguish between organelles
and ensure delivery to the correct location (102,131). Most cargo vesicles originate from
specific regions of membranes and share two key characteristics. First, the inner vesicle layer
selectively concentrates membrane proteins that recognise and bind the transported
molecules. Second, the outer coat layer assembles into a curved, basket-like lattice structure,

which shapes and stabilises the vesicle during its formation (121).

l ENDOPLASMIC RETICULUM ] e °° o) CYTOSOL ~ . EXTRACELLULAR
CYTOSOL I ’E B/ S \SPACE
| GOLGI \ late endocytic } plasma
| - endosome  vesicle — . membrane
nuclear envelope (O
SECRETORY 4

LATE ENDOSOME |

) — —
-~ e S
" early
endosome "

"

VESICLES "‘. endoplasmic reticulum J/

LYSOSOME e
¥ ) Sy recycling
) endosome ¥ b
EARLY ENDOSOME | o™@ | & . & r” |
| RECYCLING [ B 9 @ a kG > —
ENDOSOME | plasma | TPl @ //’//
membrane : [ N | / 3 L é _:.///////: |
k A [ ) cisternae : sec.retor;“\ (2
EXTRACELLULAR SPACE // Golgi apparatus vaticla y

Figure 8: Schematics of vesicle transport through various organelles highlighting the dynamic and different routes vesicles
can follow in the cell (121). Image from Alberts et al. 2002a.

Three vesicle classes exist within the transport pathways: clathrin-coated vesicles, COPI
vesicles, and COPII vesicles (132,133). These vesicle types differ not only in their coat proteins
but also in their trafficking routes. Clathrin-coated vesicles mediate transport between the
Golgi apparatus and the plasma membrane, whereas COPI and COPII vesicles facilitate

transport between the ER and the Golgi cisternae (134,135).
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depending on the uptake vesicle (136). Image adapted from Textbook of Medical Physiology: 14t Edition.

Clathrin-coated vesicles are specialised transport vesicles covered with a clathrin coat. Clathrin
subunits consist of three large and three small polypeptide chains that form a triskelion
structure (120). These triskelion’s assemble into basket-like lattices of hexagons and
pentagons, forming the vesicle coat. Adaptor proteins (AP) localised between the clathrin cage

and the membrane selectively trap transmembrane receptors with their cargo (137-139).

Newly synthesised proteins at the ER must enter the secretory pathway for modification and
delivery to their target destination (90). This strictly regulated process ensures that proteins
are transported from the ER to the Golgi apparatus for carbohydrate synthesis, post-
translational modification, and vesicle sorting (102). Proteins destined for transport are
packaged into COPII vesicles. In contrast, COPI vesicles mediate retrograde transport, returning
misdirected vesicles or resident ER proteins back to the ER (101). Upon arrival at the Golgi,
COPII vesicles pass through the cisternae, a series of stacked compartments (4—6 per Golgi
apparatus) (91). While passing through the stacks, proteins are covalently modified depending
on their function. Each Golgi cisternae has two distinct faces called the interconnected tubular
and cisternal structures consisting of the cis-Golgi network (CGN) and the trans-Golgi network
(TGN) (91). At the CGN, vesicles either move on in the Golgi or return to the ER. Vesicles
reaching the TGN move to their next destination, which can be endosomes, secretory vesicles,

or directly to the cell surface, some of which are sent back to an earlier department. The TGN
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forms a steady stream of secretory vesicles on the cell surface, where the vesicles fuse to the
plasma membrane during exocytosis. However, before the proteins leave the TGN, they must
be sorted again into three classes: destined for lysosomes, destined for secretory vesicles, and
for immediate delivery to the plasma membrane (102,125). Destined for lysosomes means
that the proteins/vesicles will be destroyed, and their building blocks will be reused. Secretory
vesicles are stored near the plasma membrane and wait for the signal to release their cargo,
which is especially important for depolarisation in neuronal cells (102). Furthermore, these
vesicles patch fissions in the membrane, which can occur during mechanical stress. Here,
homotypic vesicle-vesicle fusion and exocytosis work together to patch the cell. Secretory
membrane vesicles also play an essential role in cellularisation during daughter cell formation

(140,141).

1.2.4.1 The Cytoskeletal Network in Vesicle Transport

To ensure vesicles reach their correct organelles, vesicle trafficking is tightly regulated and
supported by the cytoskeletal network, which provides tracks and mechanical forces for
transport. The cytoskeletal network comprises of actin filaments and microtubules, which

work alongside motor proteins to facilitate vesicle movement.

Actin filaments perform a wide range of functions, with their dynamic behaviour primarily
occurring in the cell cortex (142). Actin subunits, also known as G-actin, polymerise in a head-
to-tail fashion to form flexible, polar filaments, which assemble into a right-handed helical
structure called filamentous actin (F-actin) (143). F-actin exhibits polarity, with structurally
distinct ends: a slow-growing minus-end and a fast-growing plus-end (143,144). Actin
filaments perform unique functions in both cell motility and vesicle transport. Essential are
actin filaments for the short-range transport of vesicles especially near the plasma membrane
participating in endo and exocytosis (142). Especially in endocytosis actin provides the force
for membrane budding and vesicle scission. In intracellular sorting actin is used for direct

movement in dense cellular regions (145,146).

Myosin motor proteins interact with actin filaments to facilitate vesicle movement. Myosin
consists of two heavy chains and two light chains, with a globular head domain that binds and
hydrolyses ATP, enabling movement along actin filaments (123,147). Cargo vesicles are

attached to myosin and transported as the protein “walks” along actin filaments carrying
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behind cargo vesicles bound to the myosin (123). In endo and exocytosis, this carrier
mechanism helps to bring and fuse vesicles with the plasma membrane and stabilise the
fusion, especially important here is myosinVI (MyoVI) which moves the cargo from the minus-
end of actin filaments. Other sub classes of myosin’s are important for different transports
(123). Myol is especially associated with short-range membrane trafficking and endocytosis

while MyoV is important for Golgi-plasma membrane transportation (123,148).

Microtubules are another key component of the cytoskeletal network. They are hollow
cylindrical filaments composed of a- and B-tubulin dimers. Like actin filaments, microtubules
are polarised: the plus-end is the growing end, while the minus-end is anchored at the MTOC
(69,149). Especially important are microtubules for long range vesicle transport (150).
Microtubules have distinct molecular motors then actin they work together with kinesin which
moves vesicle towards the plus-end and dynein’s which work the other way around.
Microtubules are specifically used for long-range transport like ER to Golgi or for bidirectional

movement (69).

The actin and microtubule networks interact to ensure efficient vesicle transport. Transition
zones enable vesicles to switch between actin and microtubule tracks, ensuring uninterrupted
movement to the plasma membrane (144). Cross-linking proteins such as cortactin (151) and
spectraplaktin (152) play a critical role in linking actin filaments and microtubules, facilitating
vesicle handover between the two networks. These specialised interactions are particularly
crucial for endocytosis and exocytosis at the plasma membrane, where precise vesicle

movement and fusion are required.

1.3 Endocytosis

The primary mechanism for the uptake of membrane proteins and nutrients is endocytosis,
which can be classified into passive diffusion, active uptake, and diffusion-mediated
mechanisms (153). Diffusion occurs only for small molecules capable of passively crossing the
cell membrane without energy expenditure. In contrast, active endocytosis is highly specific
and can be further divided into distinct uptake mechanisms (153). These mechanisms are
categorised based on factors such as: helper or adaptor proteins involved in plasma membrane
(PM) uptake, the proteins to be internalized, the processing route, and the goal of uptake (e.g.,

nutrition, receptor internalization, etc.) (154,155).
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Figure 10: The endocytosis schematic shows the uptake and transport in endocytosed vesicles, especially clathrin-coated

vesicles, and other endocytosis mechanisms in the cell (156). Image from Pedrioli and Paganetti 2021.

Endocytic sites at the plasma membrane are marked by specific phosphoinositides, including
Ptdins(4,5)P,, PtdIns3P, Ptdins(3,5)P,, and PtdIins4P (96,157). Proteins involved in vesicle
trafficking and membrane homeostasis are recruited to these sites. Here, the membrane can
be invaginated into vesicles, which are cleaved and trafficked to their specific target point in

the cell. These endosomes can either fuse with lysosomes to be destroyed, transported to the

Golgi or re-secreted back to the membrane (158).

1.3.1 Clathrin Depending Endocytosis

Clathrin-mediated endocytosis is one of the best-studied endocytic pathways. The vesicles
generated in this process are generally small (60-120 nm) and primarily transport
transmembrane proteins and extracellular ligands that are essential for nutrient uptake, cell
signalling, cell adhesion, and the regulation of development (159). It is considered the
canonical pathway for cargo internalisation and plays key roles in nutrient uptake, receptor
downregulation, membrane recycling, and signal transduction. Clathrin-mediated endocytosis
results in the formation of clathrin-coated vesicles (CCVs) at the plasma membrane, which
deliver cargo to early endosomes (120). The process is initiated by the recruitment of adaptor

proteins, such as AP2, to pre-selected clathrin-coated pit (CCP) hotspots marked by specific
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lipids (160). One of the most critical lipids is phosphatidylinositol 4,5-bisphosphate [P1(4,5)P,],

which serves as a binding site for adaptor proteins (160).

Two main hypotheses describe how the clathrin coat forms:

1. Constant Curvature Model: The clathrin coat polymerises directly into a curved
membrane, increasing the curvature as the pit enlarges.
2. Constant Area Model: Clathrin initially assembles on a flat membrane until a critical

protein density is reached, at which point the membrane begins to curve (161).

Both membrane tension and rigidity regulate the assembly and curvature of the coat
(159,161,162). Clathrin forms a triskelion-shaped structure composed of three heavy chains
and three light chains. These triskelia polymerise into a polyhedral lattice, which forms the
coat. The process begins with the recruitment of clathrin adaptors, primarily to membrane
regions enriched in P1(4,5)P, (160). The recruitment of FCHo1l and FCHo2, proteins containing
BIN-amphiphysin-Rvs (BAR) domains, generates membrane curvature. BAR domains can be

classified based on their curvature (163):

e F-BAR domains: Facilitate shallow curvature.

¢ N-BAR domains: Support high curvature.

These proteins provide a platform for AP2 adaptor proteins to bind (63,163,164). AP2
recognises sorting signals on cargo, such as tyrosine-based motifs and di-leucine motifs (165).
Clathrin then interacts with adaptor proteins, linking to the cytoplasmic tails of
transmembrane cargo. As the critical density of adaptor proteins is reached, the coated region
begins to invaginate, forming CCPs. The assembly process is further regulated by BAR domain-
containing proteins, which stabilise the curvature. Myosin-based contraction can also recruit
BAR proteins and influence membrane tension. After membrane curvature is initiated, clathrin
triskelia bind to the adaptor proteins and form a cage-like structure. This process recruits
EPS15 and EPS15R, which interact with the coat proteins (160,166—169). During the late phase
of endocytosis, actin polymerisation begins. Actin preferentially polymerises in regions
surrounding the clathrin coat and at the base of the membrane invagination, resulting in the
formation of a stabilising actin network at the rim of the clathrin cage (146). This process is

regulated by BAR domain-containing proteins, such as amphiphysin, FBP17, sorting nexin, and
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others (169). The formation and stabilisation of the actin network are mediated by WASP
family proteins, including Panl and End2, which are essential for actin filament
recruitment(166). These proteins recruit the ARP2/3 complex, which nucleates actin filaments
and promotes actin polymerisation (170). Membrane fission and vesicle release are powered
by GTPase dynamin, which assembles into a helical collar at the neck of the clathrin-coated
pit. Dynamin is recruited to the CCP neck, where it oligomerises and drives vesicle scission
through GTP hydrolysis (162,171). Actin filaments provide additional mechanical force to assist
in the membrane fission process. Once vesicle scission occurs, the clathrin-coated vesicle is
rapidly uncoated to allow further intracellular transport. The uncoating process is facilitated
by auxilin, which recruits Hsc70. Hsc70 uses ATP hydrolysis to disassemble the clathrin coat
(172). The resulting uncoated vesicles fuse with early endosomes, where cargo sorting takes

place (173).

1.3.2 Clathrin-Independent Endocytosis (CIE)

In contrast to clathrin-mediated endocytosis, clathrin-independent pathways exhibit a high
capacity for membrane turnover in response to rapid mechanical changes at the plasma
membrane (174,175). These processes are independent of clathrin but can further be
distinguished by their reliance (or lack thereof) on dynamin. Importantly, these pathways
depend on lipid microdomains, such as caveolae and lipid rafts, and are primarily involved in
the uptake of GPl-anchored proteins, lipid-bound cargo, and specific receptors. To better
understand clathrin-independent mechanisms, the following major pathways will be

discussed.
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1. Caveolae and lipid raft endocytosis

The caveolae-mediated pathway is characterised by flask-shaped invaginations of the plasma
membrane. Caveolae are specialised lipid raft domains enriched in cholesterol and
sphingolipids, which form stable regions in the plasma membrane (177,178). Caveolae are
stabilised by caveolins (integral membrane proteins) that interact with cholesterol and lipid
domains, creating a scaffold for the caveolar structure (179). On the cytoplasmic side, cavin
proteins bind to caveolins, forming a large complex that stabilises membrane curvature
Caveolae play critical roles in mechanotransduction, membrane repair, and transcellular
transport (178,180). Under mechanical stress, caveolae can disassemble, increasing the

available membrane surface area.

The first step in caveolar endocytosis involves cargo selection, mediated by lipid interactions
and protein binding. Caveolin-1 facilitates membrane curvature, while dynamin mediates
vesicle scission. The resulting caveolar vesicles undergo transcytosis or are recycled back to

the plasma membrane (177,178).

A similar pathway is flotillin-dependent endocytosis, which originates in lipid rafts and relies
on Flotillin-1 and Flotillin-2 (181). Flotillins are lipid-raft-associated proteins anchored to the
cytoplasmic leaflet of the plasma membrane via their prohibitin homology (PHB) domain,

which interacts with membrane lipids (181,182). Flotillins oligomerise at lipid rafts, and their

21



Introduction

stability depends on the cholesterol content of the membrane. Unlike caveolar endocytosis,
flotillin-mediated endocytosis is dynamin-independent but driven by actin polymerisation,
which generates mechanical force for vesicle budding and scission. This pathway is particularly

important for the uptake of GPl-anchored proteins.

Arf6 (ADP-ribosylation factor 6)-dependent endocytosis is crucial for plasma membrane
remodelling and specific receptor internalisation (183). Arf6 targets specific receptors and
regulates the actin cytoskeleton by activating Racl and Cdc42. Actin polarisation drives
membrane curvature and vesicle budding. Arf6-positive vesicles can fuse with early
endosomes or be recycled back to the plasma membrane through Rab11-dependent pathways

(183-185).

2. CLIC/GEEC Pathway (Clathrin-Independent Carriers and GPI-Enriched Early Endocytic

Compartments)

The CLIC/GEEC pathway (Clathrin-Independent Carriers and GPI-Enriched Early Endocytic
Compartments) is a bulk endocytosis pathway involved in the uptake of GPl-anchored proteins
and fluid-phase cargo (176,186). Like Arf6-dependent endocytosis, this pathway originates at
cholesterol-rich lipid rafts. The plasma membrane invaginates to form tubulovesicular
structures known as CLICs. This process is actin-driven and regulated by Cdc42, a Rho family
GTPase, which remodels the actin cytoskeleton (187,188). The ARP2/3 complex facilitates the
branching and nucleation of actin filaments. Phosphoinositides provide docking sites for

effector proteins at the membrane.

After vesicle scission, CLICs fuse to form GPI-Enriched Early Endocytic Compartments (GEECs).
Cargo within these compartments is sorted for either recycling to the plasma membrane via

Rabl1a or trafficking to endosomal compartment (176,186).

3. Trans endocytosis

Trans-endocytosis is a specialised mechanism in which membrane components are
internalised into an adjacent cell, making it essential for intercellular communication and
signalling. Direct cell-to-cell contact is required, usually via receptor-ligand interactions or
adhesion molecules. Examples include clathrins, immunoreceptors, or Notch-Delta pairs

(189). Receptors on the donor cell are recognised by the recipient cell, triggering endocytotic
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machinery that internalises the ligand-receptor complex. During vesicle scission, parts of the
donor plasma membrane and the receptor-ligand complex are internalised into the recipient
cell. The cargo-containing vesicle follows standard endocytotic routes, fusing with early

endosomes for sorting or recycling endosomes for further transport (184,190-192).

4. Macropinocytosis

All eukaryotic cells ingest portions of their plasma membranes via pinocytosis. While the
process varies among cell types, the rate of ingestion is relatively high. Importantly, the cell
surface area and membrane volume remain unchanged during pinocytosis, as endocytosis and
exocytosis are balanced. Pinocytic vesicles form through invagination of the plasma
membrane, which mediates membrane bending and subsequent vesicle formation (174,175).
Pinocytosis is an actin-driven bulk endocytosis process that internalises large amounts of
extracellular fluid, solutes, and particles. Unlike other endocytic pathways, pinocytosis does
not rely on coat proteins. Instead, it requires the activity of Rho family GTPases, PI3K, and
actin polymerisation for membrane remodelling. The resulting vesicles are termed

macropinosomes (193).

5. Phagocytosis

Phagocytosis is a specialised form of endocytosis that evolved to engulf large particles, such
as cell debris, foreign substances, and microorganisms. It is primarily carried out by immune
cells known as phagocytes (194). In contrast to other forms of endocytosis, phagocytosis
begins with the recognition of specific surface receptors or signals on the target organism
(194). These signals include opsonin’s, which coat the particle, or pathogen-associated
molecular patterns (PAMPs) on microorganisms. To recognise these foreign signals, cells have
evolved specialised receptors, such as the Fc receptor or complement receptors, among
others (195). Once the receptors bind to the target, the actin cytoskeleton begins to
reorganise, forming pseudopodia that engulf the particle, thereby generating a phagosome.
The phagosome undergoes maturation by fusing with early endosomes for sorting, followed
by fusion with late endosomes, where degradative enzymes are delivered. Finally, fusion with
lysosomes leads to the destruction of the engulfed particle by hydrolytic enzymes.
Phagocytosis plays a critical role in tissue homeostasis, nutrient recycling, and the immune

response by facilitating the clearance of debris and defence against pathogens (196).
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1.4 Endocytosis in Protozoan Parasites

In both intra- and extracellular parasites, endocytic mechanisms are essential for cellular
homeostasis and immune evasion. In Trypanosoma parasites, endocytic events play a key role
in maintaining the fluidity of GPl-anchored variant surface glycoproteins (VSGs). These
parasites must display a wide variety of VSGs on their surface; thus, bulk flow and efficient
transport of these proteins to the surface are essential (197). This mechanism has been well-
investigated in Trypanosoma. Endocytosis and exocytosis in these parasites occur exclusively
at the flagellar pocket, where CCPs rapidly form and invaginate (197,198). At this site,
Trypanosoma recruits specific adaptor proteins, such as TbEpsinR, ToCALM, and TbHs70, but
notably lacks AP-2, which is typically involved in mammalian endocytosis (197). Additionally,
the actin cytoskeleton and TbMyol are known to play roles in vesicle endocytosis and
translocation through the parasite (197,198). In contrast to the well-characterised endocytic
pathways in other eukaryotes and Trypanosoma species, endocytosis in apicomplexan
parasites remains poorly understood. Most available data come from studies on trophozoites
of Plasmodium parasites, describing the uptake of haemoglobin from erythrocytes as a
nutrient source. This process occurs at the cytostome, a specialised structure involving various
proteins, including AP2 adaptor proteins and Kelch13 (K13) (199-203). In the blood stages of
P. falciparum, host cytosol uptake is the only thoroughly investigated endocytic process in
apicomplexans. At this stage, the parasite exclusively internalises haemoglobin (199,204). This
bulk uptake process is unrestricted, with the ingested material being transported to and
digested within the digestive vacuole (DV). However, the mechanistic details of this process
remain unclear. Haemoglobin uptake begins with the invagination of the membrane at the
periphery of the parasite's cytostome, which features a small neck (205,206). Two main
hypotheses describe this process: the cytostome may detach from the membrane to form
vesicles, or it may serve as a hub for further endocytotic events. While the full protein
repertoire mediating uptake at the cytostome is unknown, actin, PI(3)P kinases, and SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor) proteins are believed
to be involved (200,201,207,208). One key protein, VPS45, has been identified as essential for
vesicle transport, as its inactivation causes an accumulation of haemoglobin-containing
cytostome (HCC)-filled vesicles in the parasite (202). The involvement of Rab proteins, such as
Rab5b and Rab7, in this process remains unclear. Other proteins, including AP2y, Eps15, KIC7,

Kelch13, and UBP1, are also implicated in Plasmodium endocytosis (204). Inhibition of these
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proteins, referred to as Kelch13 interaction candidates, disrupts the delivery of HCC,
highlighting the significance of the endocytosis-initiation complex (209). Interestingly, Kelch13
also plays a key role in artemisinin (ART) resistance. Mutations in Kelch13 reduce haemoglobin
uptake, leading to decreased haem production and, consequently, reduced activation of ART
(209). In contrast to Plasmodium, endocytic processes in other apicomplexan parasites are
poorly understood. It remains unclear whether similar mechanisms operate or if these

parasites utilise distinct endocytic pathways.

1.4.1 Endocytosis in T. gondii

Early studies demonstrated the ability of Toxoplasma gondii extracellular tachyzoites to take
up FITC-labelled heparin (HF). Additionally, it was shown that mCherry expressed in the host
cell cytoplasm could be internalised by parasites (67). Gras et al. showed the presence of a
flow similar to the retrograde membrane flow and further revealed a flow mechanism similar
to retrograde membrane flow through the uptake of lipids and antibodies targeting SAG1 at
the parasite’s plasma membrane (210).The fountain flow model, or retrograde membrane
flow, relies on the uptake of the plasma membrane at the basal pole and its exocytosis at the
apical pole of the cell. This dynamic process generates pseudopodia and facilitates parasite
movement (211). Notably, this model depends exclusively on the endocytosis and exocytosis
of the plasma membrane itself. However, it remains unclear whether the endocytosed SAG1
vesicles participate in retrograde membrane flow or serve the alternative purpose of protein
and molecule uptake from parasitophorous vacuoles (PVs) or the host cell. Studies
investigating this process were limited because SAG1 antibodies interfered with parasite
invasion, preventing the examination of endocytosis during replication (73). Furthermore, the
endocytosis of antibody-bound proteins may disrupt their natural trafficking pathways. To
overcome these limitations, a new endocytic assay was developed, suitable for both
extracellular and replicating intracellular parasites. This assay involved integrating an
exogenous Halo tag (212) into the SAG1 gene, upstream of the GPI anchor, enabling the

labelling of SAG1 both extracellularly and intracellularly using Halo ligands (61).

Recently, K13 micropores were discovered by two independent research groups. These

micropores are composed of a K13 ring, which spans the inner membrane complex (IMC1) and
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connects to the plasma membrane via a funnel of adaptor proteins. These micropores have
been implicated in the uptake of the plasma membrane, and their absence results in the

inhibition of endocytosis and subsequent parasite death (62,213).

1.4.1.1 Flippases in T. gondii

Flippases are enzymes known for translocating membrane lipids and proteins from one side
of the bilayer to the other (214). Inhibition of flippases can significantly impair or even block
endocytosis in eukaryotic cells. Flippases are primarily members of the P4-ATPase family, a
group of ATP-dependent phospholipid translocases. These enzymes are responsible for
maintaining membrane asymmetry by transporting specific phospholipids, such as
phosphatidylserine (PS), from the outer to the inner leaflet of the lipid bilayer (108). This
process is critical for membrane integrity, vesicle formation, and intracellular trafficking. In
Toxoplasma gondii, flippases are believed to play pivotal roles in the parasite’s life cycle,
particularly in endocytosis, exocytosis, and the maintenance of organelle membranes. Recent
studies have identified a heterocomplex of CDC50.4 and ATP2B/ATP2A, which act as PS
flippases at the plasma membrane and are involved in microneme exocytosis (215). ATP2 is a
highly conserved protein across the Apicomplexa phylum (215). and has been shown to flip

phosphatidylethanolamine (PE) and phosphatidylserine (PS) in Plasmodium chabaudi.

These lipids are synthesised at the cytosolic leaflet of the endoplasmic reticulum (ER), with
the membrane asymmetry maintained at the Golgi apparatus and plasma membrane. This
asymmetry is particularly important for exocytotic vesicle sorting (216). Changes in PS
concentration may alter plasma membrane tension and curvature, which can, in turn, affect
signalling components and membrane dynamics. Disruption of these flippase complexes can
impair membrane trafficking, resulting in defective secretion of invasion-associated proteins
and significantly reduced virulence (217). Despite these insights, the role of P4-ATPases in
apicomplexan parasites remains under investigation. This thesis will focus on FLP2, a specific

P4-ATPase, and its role in endocytosis in T. gondii.
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1.4.2 The Model System Toxoplasma

The Toxoplasma gondii genome has been sequenced and is approximately 65 Mb in size,
organised into 14 chromosomes coding for around 9,000 genes (218). The availability of the
T. gondii genome has enabled significant advances in the genetic manipulation of parasites. In
particular, the introduction of the CRISPR/Cas9 system in T. gondii has facilitated rapid and
precise genetic alterations (219,220). The CRISPR/Cas9 system relies on the Cas9
endonuclease, which recognises specific RNA sequences. Guided by a single-guide RNA
(sgRNA), Cas9 targets specific sites in the genome. These sgRNA sequences include a
protospacer adjacent motif (PAM), which is essential for Cas9 activity. Once Cas9 binds to the
target sequence, it induces a double-strand break (221,222). Using a AKu80 parasite strain,
which lacks the ability to repair double strand breaks via non-homologous end joining (NHEJ),
repair occurs exclusively through homologous recombination using a supplied repair donor
DNA template. This enables the expression of modified proteins or proteins tagged with
specific fluorescence tags. Such modifications make it possible to localise proteins and track
the movement of soluble and secreted proteins in live-imaging assays. While the
straightforward generation of null mutants is efficient with this approach, the analysis of

essential genes requires the use of conditional gene expression systems.

Several conditional systems have been established in T. gondii, allowing the regulation of gene

expression at the transcriptional, translational, or protein levels (219).

Within this thesis, two technologies were employed: DiCre and mAID. For the generation of
conditional null mutants, the DiCre system has the advantage of allowing the complete and
conditional deletion of the gene of interest. This leads to mutants with no background
expression, which can otherwise obscure phenotypes, particularly in the case of weakly
expressed genes. This system employs Cre recombinase, which is split into two subunits: one
fused to an FKBP domain and the other to an FRB domain. Cre recombinase recognises short
DNA sequences called LoxP sites, enabling site-specific DNA recombination. When LoxP sites
are integrated at a gene's N- and C-termini, the region between them can be excised in the
presence of rapamycin, resulting in a stable knockout (KO) (223). While these KOs are useful
for studying gene function, they are irreversible. Another limitation of the DiCre system is its

slow kinetics, with phenotypes often becoming apparent 48—72 hours post-induction. To

27



Introduction

address the limitations of the DiCre system, fast and reversible knockdown systems have been
developed. The auxin-inducible degron (mAID) system (224) requires a parasite strain that
expresses the plant-derived Tirl (Transport Inhibitor Response 1) protein from Arabidopsis
thaliana (225). Proteins tagged with an auxin-inducible degron (AID) sequence can be
selectively degraded upon exposure to the plant hormone auxin, which activates Tirl. By
introducing the mAID tag into the protein of interest, usually as a C-terminal tag, researchers

can rapidly degrade the protein, facilitating phenotype interpretation.

However, a major disadvantage of this system is that knockdown efficiency may be insufficient
to obtain a phenotype. Additionally, the mAID tag can interfere with the protein's natural

function (224,225).
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1.5 Aims of the study

Recent studies on K13, a key component of the micropore have highlighted its critical role in
membrane endocytosis and parasite survival (61,62). Knockdown of K13 has been shown to
impair plasma membrane endocytosis during parasite replication, characterised by a
reduction in both the number of vacuoles where endocytosis occurs and the average number
of endocytic SAG1 vesicles per vacuole. In addition to the inhibition of endocytosis, depletion
of K13 leads to membrane accumulation and, ultimately, a complete disruption of membrane
homeostasis, resulting in parasite death. These findings underscore the essential role of

plasma membrane homeostasis in parasite survival.

This study aimed to characterise plasma membrane dynamics during parasite replication and
to investigate the mechanisms involved in endocytic vesicle trafficking. To address these
objectives, the potential of SAG1-Halo as a proxy for tracking plasma membrane dynamics was
explored and validated. Plasma membrane behaviour in replicating parasites was
subsequently analysed, focusing on distinct membrane subpopulations, including the
membrane at the surface of the parasites, the internal stock of plasma membrane either

inherited or generated de novo, and the trafficking pathways involving motor proteins.

The impact of membrane composition on endocytosis and endocytic vesicles was further
examined by analysing the role of FLP2, a P4-ATPase responsible for switching phospholipids
critical for membrane curvature. Finally, a novel membranous structure, termed the plasma

membrane reservoir (PMR), was characterised, appearing exclusively in replicating parasites.
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2 Results

2.1 Studying Membrane Dynamics in Intercellular Parasites Based on

the Major Surface Antigen 1 (SAG1)

The plasma membrane (PM) of apicomplexan parasites is essential for efficient gliding motility
and host-cell invasion (37,49,51,82). Despite its importance, membrane dynamics remain poorly
understood, specifically during intracellular development. Previous studies on extracellular
parasites demonstrated the presence of membrane flow using antibodies targeting the surface
antigen SRS49/SAG1 and fluorescent beads (210). These studies revealed dynamic changes
upon transferring parasites from 4 °C to 37 °C, including the translocation of membrane-bound
beads to various positions on the parasite surface and the uptake of antibody-bound SAG1
(210). However, antibody-based assays have certain limitations and can inhibit host cell invasion
depending on their concentration (226). New endocytic assays are therefore needed to

investigate membrane dynamics during intracellular parasite development.

Live-cell imaging techniques employing yellow fluorescent protein (YFP) (227), mCherry (228),
SNAP-Tag (229)and HaloTag (230) enable detailed analysis of fluorescently tagged proteins in
eukaryotic cells in real time. Based on these fluorescent tags, novel labelling techniques have
been developed that permit live-cell imaging without interfering with critical cellular
processes, such as cell division or, in the case of Toxoplasma gondii, host-cell invasion and
intracellular replication (61,212). In T. gondii, fluorescent tagging has facilitated organelle-
specific visualisation, which is particularly advantageous for specific labelling of membrane
proteins. In contrast, lipid dyes such as Nile Red have been shown to diffuse across all
membranes in T. gondii and even into host-cell membranes, thereby limiting their utility for
specific membrane labelling (231). By implementing the HaloTag method, defined tracking of
membranes and micronemes can be achieved in the parasite (61,212). The HaloTag is a
modified version of the bacterial Haloalkane Dehalogenase that has been mutated to lose its
catalytic activity while retaining the ability to bind covalently to chloroalkane ligands (230,232).
These ligands can be conjugated to fluorophores, biotin, or affinity tags, depending on the
desired application. Ligand binding results in a stable, irreversible covalent bond, making this

method highly specific and efficient.
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Figure 12: Labelling schematic of HaloTag integration. This illustration visualises the integration of the HaloTag after the GPI
anchor, enabling the use of both membrane-permeable (MP) and membrane-non-permeable (MNP) Halo dyes on the same
parasite. Enabling differentiation of the Halo tagged protein localised at the parasite surface and on intracellular vesicles

during replication (MNP: Alexa660, MP:Oregon Green). Created using BioRender. Scale bar: 1 um.

Figure 12 shows the adaptation of the HaloTag to label the major surface antigen 1 (SAG1), a
GPl-anchored protein localised on the parasite membrane. The HaloTag was inserted before
the GPI anchor (61) but after the SRS domains of SAG1, ensuring the extracellular localisation
of the tag on the parasite surface. Using this technique, it was possible to demonstrate

different SAG1 population and to differentiate between SAG1 localisation on the surface and

within the vesicles (61,210).

2.1.1 Fluidity and Dynamics of SAG1-Halo in Intracellular Parasites Showing the

Ability of SAG1 as a Proxy

To analyse the dynamics of the parasite PM within a PV, the suitability of SAG1-Halo as a

membrane proxy was investigated by FRAP (fluorescence recovery after photobleaching)
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(113,233). FRAP involves selectively bleaching a pre-set area for a given duration to deplete
the fluorescent signal in the chosen region. After bleaching, the fluorescence recovery of the
protein is measured, providing insights into the lateral diffusion of the protein on the
membrane. Rapid recovery typically occurs in eukaryotic cells for cytosolic proteins or
membrane-anchored lipids that can move freely within the membrane (233). Conversely, if
the protein is part of a bound complex, stationary, or not rapidly diffusing, the recovery will

be slow or negligible (113,233).

In this study, SAG1-Halo parasites were intracellularly labelled with Oregon Green (0G), a
membrane-permeable (MP) dye, and subjected to FRAP to analyse SAG1-Halo signal recovery.
Initially, FRAP was performed on a single parasite targeting a small area of the PM (Figure 13A).
The signal intensity at the PM was recorded at two positions: the bleached region (A1),
representing the region of interest, and the opposite unbleached region (A2), serving as a

reference to monitor PM changes.
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Figure 13: Single-Parasite FRAP. A) Schematic of the FRAP setup, showing the bleached FRAP area (A1) and the opposite non-
bleached area (A2) as a control. B) Live parasite images illustrating the FRAP time course in single parasites. C) FRAP and
control curves display fluorescence intensity of SAG1-Halo in the FRAP region (A1) over 60 seconds and the unaffected control
area (A2), respectively. D) Schematic representation of a large-area FRAP in a single parasite. E) FRAP images showing the
parasite before bleaching, immediately after bleaching, and up to 45 seconds post-bleaching. F) FRAP analysis revealed slower
recovery over 50 seconds for the large-area FRAP compared to the small-area FRAP, while the control area remained

unaffected. Created with BioRender. Scale bar: 5 um.
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To normalise the data, the PM signal intensity of another parasite in the field of view (not
bleached) was recorded. For FRAP, signal intensity was measured briefly before bleaching and
during recovery over 50 seconds. Three experiments were analysed, and all bleached parasites
were normalised to the control parasite to account for photobleaching effects during

recording.

Bleaching of the small area resulted in a significant decrease in PM signal intensity, dropping
to ~30% of the initial fluorescence. Recovery was rapid, with the signal returning to ~80% of
the initial intensity within 20 seconds. Interestingly, the signal intensity at the opposite side of
the parasite (A2) also decreased, reaching ~80% of the initial intensity, consistent with the
bleached region. The FRAP curve indicated an even distribution of fluorescence across the

membrane, demonstrating that SAG1-Halo is dynamic and diffuse freely within the PM.

To validate the rapid recovery observed in small-area FRAP and investigate whether diffusion
across the entire PM influences recovery dynamics, a large-area FRAP was performed (Figure
13D). After bleaching a large area, the fluorescence recovery was significantly slower than in
the small-area FRAP (Figuer13C and F). During the observed 50 seconds, recovery reached
~44% of the initial fluorescence intensity. Notably, the unbleached side of the parasite
exhibited a decrease of ~43% to 57%, which was a larger reduction in total membrane
fluorescence compared to the decrease to~80% observed in small-area FRAP. As expected,
bleaching a larger region eradicated more SAG1 fluorescence signal, resulting in broader
diffusion of the remaining SAG1 and slower recovery. This is reflected in the reduced
fluorescence in both sides of the parasite (Figure 13F) and prolonged recovery time,
underscoring the dynamic behaviour of SAG1 in the membrane and its ability to diffuse across

the entire membrane surface.

These findings highlight the potential to use SAG1 as a membrane proxy for analysing plasma
membrane dynamics. However, the data also indicate limitations in recovery rates when

larger membrane regions are bleached (234).
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2.1.2 SAG1 Diffuses Between Connected Daughter Parasites Within the

Parasitophorous Vacuole

To determine whether connections to daughter cells and the size of the FRAP area influence
membrane flow between parasites within a PV, FRAP experiments were conducted using on
intracellular parasites in the 2-cell stage. Parasites in a PV are connected via the residual body
(235—-237). Previous studies demonstrated that cytosolic GFP can diffuse between parasites in
the same vacuole through connections at the basal body (238,239). This connection can be
observed using electron microscopy (Figure 14A) and fluorescence microscopy (Figure14B and
C). Figure 14 demonstrate that parasites are connected via a PM bridge containing F-actin
filaments, which colocalise with SAG1-Halo in 93% of cases. This connection over the residual

body is maintained during replication.

Cb-SNAP  a-GAP-45 Merge

80

Z-Slice

40 -

20 +

Co-localisation between
Cb and SAG1-Halo
(% of vacuoles observed)

SAG1-Halo Cb-Emerald

Figure 14: Connections in replicating parasites. A) Electron microscopy image showing parasites in a PV connected via the
PM. B) Immunofluorescence images showing SAG1-Halo, actin (CB-SNAP), and the Inner Membrane Complex (anti-GAP-45).
GAP45 is shown to be absent in the residual body. C) SAG1 Halo and Cb-Emerald highlight colocalisation of the PM and actin
filaments at the residual body D) SAG1-Halo and CB-Emerald colocalises in all parasites (100% colocalisation). Scale bars :1
um.

To explore SAG1 membrane dynamics, FRAP was performed on one of two connected

parasites, targeting either a small or large area of the plasma membrane. The second parasite

served as a control for fluorescence intensity (Figure 15A).
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Figure 15: Double-stage parasite FRAP. A) Schematic of a double vacuole showing the small FRAP area (D1) and control region
(D2). B) Live-cell images of parasites before FRAP, at the FRAP point, and during recovery over 20 seconds .C) FRAP curves
showing 80% recovery of fluorescence, as observed for single parasites in 20 seconds. D) Schematic of a large FRAP area (F1)
with a control region (F2). E) Live-cell images of large-area FRAP showing recovery over 40 seconds. F) FRAP curves showing
slower recovery of the large-area FRAP (to ~60%) while the control region remained unaffected. Recovery time shows to be

elongated until the observed 40 seconds. Created with BioRender Scale bar :5 um.

In small-area FRAP, fluorescence recovery reached ~80% within 15-20 seconds, consistent
with results from single parasites. The second parasite exhibited no significant decrease in
fluorescence intensity. However, the small FRAP area may have been insufficient to impact

the second parasite, as unbleached SAG1 could balance the fluorescence signal.

To further assess the effects of larger membrane bleach, a large-area FRAP was performed,
targeting half of the parasite’s membrane (Figure 15D). Recovery in the bleached parasite
occurred more slowly, requiring ~40 seconds to reach ~60% of the initial fluorescence
intensity. The control parasite remained unaffected, indicating restricted membrane flow

between the two parasites.

To examine whether membrane diffusion time increases with parasite number and

connection complexity, FRAP combined with FLIP was performed on parasites within 8-stage
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vacuoles and 4-stage vacuole. Using a confocal microscope, half of the vacuole was
continuously bleached following an initial FRAP, while the remaining parasites were left
untouched (Figure 16A). This illustrates membrane flow between individual parasites

interconnected by membrane bridges (Figure 14) and basal body connections.
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Figure 16: Confocal FRAP/FLIP Approach. A) Eight-stage vacuole before bleaching half of the vacuole. Recovery was recorded
immediately after bleaching and monitored over 10 minutes. B) Quantification of FRAP curves for the bleached and control
regions in 8-stage vacuoles, showing the recovery of the FRAP area and diminishing fluorescence intensity in the control area

over 10 minutes. Scale bar:2 um. (Single experiment; data not statistically significant. Images were taken every 5 seconds).

In 8-stage vacuoles, fluorescence recovery in bleached parasites was significantly slower,
requiring over 10 minutes to reach measurable levels. Simultaneously, fluorescence in the
unbleached regions decreased gradually, suggesting limited diffusion of SAG1 across the
vacuole (Figure 16A-B). This observation indicates that as more parasites become connected,
membrane flow is increasingly constrained, likely due to elongation and increased resistance
within the basal body connections. Further aberrant connections (Figure 17) showed no

recovery and distinct FRAP curves then parasites with an organised connection.
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Figure 17 : Disorganised FRAP in 4-stage and 2-stage vacuoles. A) FRAP of a 4-stage vacuole shows minimal recovery over
three minutes. B) The control decreases to 60%, with recovery reaching 40% within three minutes. C) FRAP of a 2-stage vacuole
shows slow recovery over 2.5 minutes. D) Pre-FRAP statistics show no significant recovery, and the unbleached parasites are
similar effected by the FRAP as the bleached on. Showing an equalisation of membrane fluorescents over time. Scale bars: 1

umand 2 um.

These findings underscore the dynamic yet regulated nature of plasma membrane flow in
Toxoplasma gondii within organised vacuoles. While SAG1 can diffuse rapidly across individual
parasite membranes, its movement between connected parasites is significantly slower,

particularly as the structural complexity of the vacuole increases.

2.1.3 Analysis of Plasma Membrane Dynamics During Replication

Following the demonstration that SAG1 is a reliable membrane proxy and that parasites
remain connected via the plasma membrane after replication, the next objective was to

investigate how the plasma membrane changes during this process.

The HaloTag system enables precise tracking of SAG1 during replication by utilising dyes with
distinct physical properties: membrane-non-permeable (MNP) and membrane-permeable
(MP) dyes. These dyes are applied sequentially to distinguish between membrane-bound and

internal SAG1 populations (Figure 18). The MNP dye cannot cross the plasma membrane and
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therefore labels only the surface-exposed SAG1. In contrast, the MP dye can diffuse across the

membrane, enabling visualisation of both surface and internal SAG1.

This ligand-binding system ensures that the first dye fully saturates the available tagged
protein, so the second dye binds exclusively to newly synthesised, previously unlabelled SAG1
(233). This approach allows detailed analysis of plasma membrane inheritance and dynamics

during replication.

Classification of SAG1-Halo Sub-Populations

To dissect the plasma membrane distribution, five distinct SAG1-Halo sub-populations were

defined (Figure 18):

1. PM-SAG1: SAG1-Halo localised to the parasite surface, representing the plasma
membrane exposed to the extracellular environment.

2. Int-SAG1: Internal SAG1 within vesicles, representing membrane not yet delivered to
the PM.

3. M-SAG1: Maternal plasma membrane, including regions inherited from the mother
cell prior to replication.

4. n-SAG1: Newly synthesised plasma membrane generated de novo during replication.

5. Endo-SAG1: Internalised (endocytosed) plasma membrane existing as vesicles within

the parasite cytoplasm.
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Figure 18: Staining strategy to investigate different SAG1 populations in extracellular and replicating parasites SA¢i1-Halo
is labelled using three distinct strategies: MNP Labelling: The membrane-non-permeable (MNP) dye labels the plasma
membrane before replication. After replication, internalised SAG1 vesicles are highlighted as Endo-SAG1 (endocytosed SAG1).
MP labelling for M and n-SAG1: The MP dye labels the plasma membrane and intracellular SAG1 from the M-SAG1. A second
MP dye applied after replication labels the n-SAG1. Sequential MNP and MP labelling: The MNP dye initially labels the PM-
SAG1. Following thorough washing, the second MP dye labels Int-SAG1. After replication, this strategy distinguishes between
Endo-SAG1 and Int-SAG1.

Labelling Strategies for Plasma Membrane Dynamics

1. PM-SAG1 and Endo-SAG1 (Membrane Inheritance and Endocytosis)

To study plasma membrane inheritance and endocytosis, parasites were labelled with an MNP
dye for 1 hour, which exclusively marked the surface PM-SAG1. After washing and initiating
replication, membrane distribution was monitored. Portions of the plasma membrane were

observed to internalise into vesicles, classified as Endo-SAG1, representing endocytosed PM.

2. M-SAG1 and n-SAG1 (Maternal and Newly Synthesised Plasma Membrane)

To label newly synthesised SAG1, parasites were first incubated with an MP dye for 1 hour to
label the M-SAG1. After replication, a second round of MP dye labelling was applied to mark
n-SAG1. This approach enabled clear distinction between inherited maternal membrane and

de novo synthesised plasma membrane during replication.

3. Int-SAG1 (Internal Plasma Membrane Reservoirs)
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To identify internal plasma membrane reservoirs, a double-labelling strategy was used. The
mother parasite’s plasma membrane was initially labelled and saturated with an MNP dye for
1 hour, followed by three washes to remove excess dye. A second labelling step was then
performed using the MP dye, which marked the internal SAG1 population, including

endocytosed vesicles and other Int-SAG1.

2.1.3.1 Maternal PM SAG1 Inheritance by the Daughters

The fate of the maternal PM during replication was first investigated by quantifying the

fluorescence intensity of PM-SAG1 at different replication stages.
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Figure 19: PM replication during parasite division. A) Schematic representation of maternal ( endo)-SAG1 during replication.
B) Live-cell image showing the PM signal in replicating parasites labelled with the MNP dye, demonstrating a diminution of
fluorescence during replication. C) Quantification of PM-SAG1 fluorescence intensity reveals a reduction to ~20% in eight-

stage vacuoles. Created via BioRender Scale bar: 1 um. ***p<0.001, **p<0.01.

The relative fluorescence intensity of PM-SAG1 decreased progressively with each replication
step (Figure 19B). In freshly invaded single-stage parasites, the fluorescence intensity was
defined as 100%. This intensity dropped to approximately 50% in two-stage parasites, 25% in

four-stage parasites, and 20% in eight-stage parasites (Figure 19C). Following a ~twofold
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decrease with each round of daughter formation. These results suggest that daughter cells

inherit the maternal PM in its entirety during each replication step.

2.1.3.2 De Novo SAG1 Complements PM Inheritance During Replication

In addition to PM inheritance, de novo of SAG1 will be integrated in the PM and is required to
meet the increasing membrane demands during replication. To distinguish between maternal
SAG1 (M-SAG1) and new SAG1 (n-SAG1), two sequential membranes permeable (MP) dye

labelling steps were applied.
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Figure 20: De novo SAG1 integration into the PM during replication. A) Schematic representation of sequential MP labelling
to differentiate M-SAG1 and n-SAG1. B) Live-cell images showing the M-SAG1 signal and n- SAG1. Revealing the reduced
fluorescent signal in M-SAG1 while the fluorescents of n-SAG1 increases. C) Quantification of fluorescence intensity shows a
slower decrease in M-SAG1 compared to PM-SAG1, while n-SAG1 signal increases and saturates at ~90% in four-stage

vacuoles. Created with BioRender Scale bar: 1 um. ***p<0.001, **p<0.01, *p<0.05, ns: non-significant.

The fluorescence intensity of M-SAG1 followed a similar trend to PM-SAG1, decreasing from
100% in single-stage parasites to 70% in two-stage parasites, 40% in four-stage parasites, and

24% in eight-stage vacuoles (Figure 20C).

In contrast, n-SAG1 production began prior to replication. In single-stage parasites, n-SAG1
fluorescence intensity reached 40% and increased to 60% in two-stage parasites, eventually

saturating at ~¥90% in four-stage vacuoles. Beyond this point, the signal remained stable,
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reaching 91% in four-stage vacuoles and 88% in eight-stage vacuoles. These observations
suggest that the plasma membrane of daughter cells is derived from the mother cell and

formed de novo from internal SAG1 during replication.

2.1.3.3 Internal PM Reservoirs (Int-SAG1) Are Secreted During Replication

The M-SAG1 is composed of both PM-SAG1 and Int-SAG1. To investigate the role of Int-SAG1
during replication, the maternal plasma membrane and internal vesicles were labelled using

a sequential MNP and MP dye strategy.
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Figure 21: Internal PM reservoirs (Int-SAG1) during replication. A) Schematic representation of internal SAG1 labelling. B)
Live-cell images showing the reduction of PM-SAG1 and Int-SAG1 fluorescence during replication. C) Quantification of Int-
SAG1 fluorescence shows a slower reduction compared to PM-SAG1, suggesting delivery to the plasma membrane. Created

with BioRender. Scale bar: 1 um. ***p<0.001, **p<0.01, *p<0.05.

As previously observed, the surface PM-SAG1 intensity decreased with each replication step,
confirming that the use of additional dyes did not interfere with the measurements (Figure
21B). Both Int-SAG1 and PM-SAG1 fluorescence intensities were reduced after each replication
step. Int-SAG1 was detected both intracellularly and incorporated into the plasma membrane.
A distinct difference in the inheritance patterns of PM-SAG1 and Int-SAG1 was also noted. Both
Int-SAG1 and PM-SAG1 fluorescence decreased with each replication step. However, Int-SAG1

demonstrated a slower reduction. In two-stage vacuoles, ~60% of the Int-SAG1 fluorescence
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signal was already detected at the plasma membrane. In four-stage vacuoles, the signal
remained stable at ~55%, suggesting that internal SAG1 vesicles contribute to the plasma
membrane SAG1 intensity even before replication begins. The progressive decline in
fluorescence intensity of Int-SAG1 vesicles, from 100% in single-stage parasites to 58%, 32%,
and finally 18% in eight-stage vacuoles, further supports the integration of internal membrane

stocks to the plasma membrane.

These findings indicate that internal SAG1 reservoirs are delivered to the daughter cells and
are subsequently integrated to the SAG1 stock at plasma membrane, contributing to its

stability and slowing the decrease in fluorescence.

In summary, the fluidity and dynamics of the SAG1 were evaluated by FRAP experiments and
confirmed that SAG1 is a good proxy for the analysis of membrane dynamics. In general the
observed SAG1 fluidity at the membrane is consistent with measurements performed on other
eukaryotic cells (233,240). In higher-stage vacuoles, SAG1 flow between parasites can vary,
which could be due to the residual body acting as a bottleneck for diffusion of SAG1 proteins.
Additionally, the complete inheritance of the old-SAG1 to daughter cells was visualised
through the observed decrease in relative fluorescence signal with each doubling of parasites.
Finally, the secretion and production of newly generated SAG1 were tracked, beginning in
single-stage parasites and continuing throughout replication, until reaching a plateau of 90%
relative fluorescence, satisfying the increased membrane requirements of the maturing

daughter cells.

2.1.4 The Endo-Exocytosis Cycle and Secretion of Endocytosed

Vesicles.

Following the demonstration that n-SAG1 and Int-SAG1 are secreted during replication, the
next objective was to investigate whether an endo-exocytosis cycle exists in Toxoplasma
gondii and whether endocytosed SAG1 (Endo-SAG1) is recycled and delivered back to the PM.
Investigating the secretion of PM-SAG1 directly is challenging, as PM-SAG1 remains highly
abundant at the plasma membrane, unlike Int-SAG1, which is predominantly vesicular

following parasite invasion. Previous studies have shown that Int-SAG1 can be secreted and
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deposited as trails behind extracellular parasites (210). To determine if secretion of endocytic
material could also be detected in extracellular parasites, a trypsinisation assay was
established to remove the PM-SAG1 signal selectively. Using this assay, parasites labelled with

Endo-SAG1 vesicles were analysed for re-secretion (Figure 22).
Two parasite strains were used as controls:

1. SAG1-Halo extracellular parasites, freshly labelled with an MNP dye, served as a
positive control for trypsin cleavage of extracellular PM-SAG1.

2. IMC1-YFP-labelled parasites, which express the inner membrane complex (IMC1)
protein, served as a negative control. As IMC1 lies beneath the plasma membrane, it
is expected to remain unaffected by trypsin treatment (241).

3. Endo-SAG1, labelled with MNP pre replication. Scratched and syringed before

trypsinisation. Showed the presence of endocytosed vesicles after replication.

Prior T: Omin T: 30min Trypsin
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Figure 22: Schematic representation of the trypsinisation assay. A) Schematic of trypsin treatment showing the labelling and
measurement process before and after trypsinisation. Indicating the three different parasites used as well as the time course
of the experiment. Pictures were taken prior trypsin and at 3 recovery timepoints until 30minuts when parasites were re-

trypsinated.

Trypsin treatment effectively cleaves extracellular plasma membrane proteins, including the

external SAG1-HaloTag (241).
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Figure 23: Trypsinisation assay A) Schematic of trypsin treatment and recovery analysis. B) Percentage of parasites retaining
PM signal before treatment. Showing no difference between Endo- and PM-SAG1 (100% on the surface of the parasites while
internal SAG1 populations remain unaffected). C) Average fluorescence intensity of recovering parasites. Established for PM
and Vesicles ~500 Arbitrary units D) Recovery of fluorescence in Endo-SAG1-labelled parasites, with no recovery in PM-SAG1-
labelled parasites. Showing recover of 10% post trypsin PM intensity in End-Parasites E) IMC1-YFP control parasites showing

no effect from trypsin treatment and remains at 100% of fluorescents intensity. Scale bar = 1 um. ***p<0.001.

Endocytosed vesicles, which are intracellular, remained unaffected by trypsin. Three
differently labelled parasite groups were investigated using the trypsin assay (Figure 23).

Fluorescence intensity measurements were recorded prior to treatment to establish baseline
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values. Trypsin cleaved the extracellular SAG1-Halo tail, causing the fluorescence signal to
vanish. As expected, IMC1-YFP-labelled parasites were unaffected by trypsin treatment and
retained 100% of their fluorescence intensity (Figure 23E), since the IMC lies beneath the PM.
PM SAG1 labelled parasites, showed no SAG1 signal following trypsinisation demonstrating
the complete removal of surface-bound SAG1 (Figure 23D). To evaluate signal recovery, the
average fluorescence intensity of the plasma membrane and vesicles was measured over a 30-
minute recovery period. While PM-SAG1-labelled parasites showed no significant recovery
during this time, Endo-SAG1-labelled parasites exhibited a 15% recovery of fluorescence
intensity above the established threshold (Figure 23D). Re-trypsinisation after the recovery
period resulted in the loss of the regained signal, confirming that the recovered fluorescence

originated from the re-secretion of internalised SAG1-Halo vesicles to the plasma membrane.

Taken together these findings showed the re-recycling of endocytosed vesicle to the
membrane in extracellular parasites. This provides further evidence for the presence of an

endo-exocytotic cycle in Toxoplasma gondii, consistent with previous studies (210).

2.2 Trafficking of Plasma Membrane Vesicles

Investigation of membrane dynamics revealed a highly dynamic recycling and inheritance
process during replication. This process enabled the visualisation of three distinct vesicle
populations: PM/Endo-SAG1, Int-SAG1, and n-SAG1. Following the identification of these
populations, the next step was to determine whether all three followed the same trafficking

pathway within the parasite or utilised separate routes.

2.2.1 Intersection Between de novo and Recycling Pathways of SAG1

The trafficking routes and interconnection of the three distinct SAG1 populations were
investigated, along with the role of the trans-Golgi network (TGN) and the plant-like vacuole
compartment (PLVAC) in the endocytosis of SAG1 (242) were analysed next. Specifically, Int-
SAG1 may represent a mixture of Endo-SAG1 and n-SAGL1. It was hypothesised that if SAG1
recycling occurs, colocalisation would be observed between endocytosed SAG1 at the PM and

Int-SAG1. In contrast, n-SAG1 would be expected to traffic independently.
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To investigate whether endocytosed vesicles and newly generated vesicles share similar
trafficking pathways, a triple-staining approach was developed. This method, based on

sequential MNP and MP dye labelling, enabled the differentiation of:

. Endocytosed PM-SAGL1 vesicles (labelled with MNP dye),
. Old Int-SAG1 vesicles (labelled with MP dye), and
. Newly generated n-SAG1 vesicles (labelled with MP dye).

Extracellular
Replication Int-SAG1

15t MNP + 274 MP 3 MP

' n-SAG1

Int-SAG1 Endo-SAG1

PM-SAG1

MNP : Membrane non-permeable
MP : Membrane permeable

Figure 24: Schematic representation of the triple-labelling experiment Step 1: The plasma membrane was labelled with MNP
dye to identify endocytosed SAG1 (Endo-SAG1). Step2: Internalised Int-SAG1 vesicles were labelled with MP dye. Step3:

Following replication, newly synthesised SAG1 (n-SAG1) was labelled with another MP dye.

This triple-labelling strategy allowed the individual analysis of the three vesicle populations

and their relationships.
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Figure 25: Triple-staining analysis of SAG1 populations: A) Live-cell images showing individually labelled SAG1 populations:
Endo-SAG1, Int-SAG1, n-SAG1, and their merged signals. B) Quantitative analysis of vesicle colocalisation. A total of 225 Endo-
SAG1, 722 Int-SAG1 and 337 n-SAG1 were observed. Analysed were the different co-localisations of the Endo-SAG1 vesicles:
single signal (Endo only), double signal (Endo-Int or Endo-n) and triple signal (Endo-Int-n), which amount to the totality of the
Endo-SAG1 vesicles Triple staining revealed an overlap of ~15% for all three populations, with no significant colocalisation

observed between Endo-SAG1 and n-SAG1 vesicles. Scale bar:1 um.

Quantitative analysis revealed the following levels of colocalization. The Endo-SAG1 and Int-
SAG1 exhibited ~44% colocalisation, suggesting some overlap between endocytosed SAG1 and
internal SAG1 reservoirs, whereas Endo-SAG1 and n-SAG1 did not display significant
colocalization (Figure 25B), indicating that de novo synthesised SAG1 follows an independent
trafficking route. Triple staining revealed ~20% overall colocalisation, suggesting that the three
populations may intersect during trafficking to the plasma membrane. Alternatively, it is

possible that a subset of n-SAG1 could be recycled and re-secreted.

The observed lack of significant overlap between Endo-SAG1 and n-SAG1 populations supports
the hypothesis that endocytosed SAG1 and de novo synthesised SAG1 are at least initially
trafficked independently and later merge to use the same pathway for delivery to the PM. In
contrast, the partial overlap between Endo-SAG1 and Int-SAG1 suggests that these

populations share a degree of connectivity, potentially reflecting a recycling mechanism.

The analysis of SAG1 trafficking pathways highlights the complexity of vesicle dynamics in
Toxoplasma gondii. While Endo-SAG1 and Int-SAG1 partially colocalise at certain instances to
be recycled back to the plasma membrane (PM), n-SAG1 appears to traffic independently,

supporting the presence of distinct pathways for recycling and secretion. Endocytosed
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material from the plasma membrane might be delivered to the trans-Golgi network, where
interaction with n-SAG1 could occur. Here at the TGN, the different SAG1 populations could
follow the same routes to the plasma membrane, as highlighted by the partial overlap
observed in the triple labelling assay. To further analyse these hypotheses, colocalisation with
marker proteins for the TGN and different known routes were examined in the following

sections.

2.2.2 Investigation of SAG1 Vesicle Trafficking Pathway

To explore the trafficking routes of SAG1 vesicles and identify potential proteins or structures
involved in SAG1 endocytosis, colocalisation assays were performed using selected marker
proteins known for their roles in trafficking or association with proposed entry and exit points

of endocytic pathways.

2.2.2.1 Marker Proteins

The marker proteins were chosen based on their known roles in vesicle trafficking,
localisation, and involvement in endocytosis and exocytosis pathways. Rab5a and Rab5b are
small GTPases involved in early endosomal vesicle trafficking in eukaryotic cells, and their
homologues have been characterised in Plasmodium parasites. These proteins were chosen
as potential candidates for vesicle trafficking in Toxoplasma gondii (68,203,243,244).
Specifically, Rab5b, a cytosolic protein, has been shown in P. falciparum to regulate
endocytosis and haemoglobin uptake at the cytostome, a structure specialised for nutrient
uptake (68,203). The dense granule protein GRA2 was selected as a marker for the dense
granules, unique secretory organelles found in apicomplexan parasites. Dense granule
proteins are trafficked through the Golgi apparatus to the apical region of the parasite prior
to secretion, where thy play a role in PV organisation and structure (53,245,246). TgTEP, a
trans-Golgi network (TGN) protein, was used to highlight the Golgi trafficking pathway in T.
gondii (247). ISAP1 and DrpC were chosen as markers associated with the micropore, a
structure thought to mediate endocytosis in apicomplexan parasites. These proteins were
considered as potential markers for endocytic entry points, given their localisation to the

micropore in previous studies (62,248). Previous work by Koreny et al. demonstrated that

49



Results

knockdown of K13 inhibited the endocytosis of SAG1, suggesting that the K13 micropore might
facilitate PM internalisation. AAP3, a protein localised to the apical annuli, was selected as a
marker for vesicle exit points. The apical annuli are recognised sites of exocytosis in T. gondii,
known for mediating GRA protein export during host cell invasion and PV formation

(53,56,249).

All marker proteins were YFP-tagged in a SAG1-Halo background, and integration was validated

through fluorescence microscopy and integration PCR.

Rablla IMC1 SAG1-Halo

Figure 26: Genotyping of YFP-tagged parasites. From left to right: Rab5b, Rab5a, ISAP1, GRA2, AAP3, DrpC, Rablla, IMCI,
and SAG1 Halo in the MyoF mAID strain. A significant YFP band of ~800 bp is observed. For SAG1 Halo primers were designed
further apart, resulting in a YFP band of ~2 kb, and without YFP, a band of ~1 kb.
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2.2.3 Co-localisation with Marker Proteins and Pathways

For colocalisation assays, SAG1-Halo parasites were labelled with a membrane-non-permeable

(MNP) dye and allowed to replicate for 24 hours.
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Figure 27: Colocalisation analysis of SAG1 vesicles with marker proteins A) Live-cell images showing colocalisation of
endocytosed PM-SAG1 (labelled with MNP) and YFP-tagged marker proteins. Zoomed in on colocalization of SAG1 Halo and
the YFP marker signal. B) Quantitative analysis of colocalisation highlights the highest overlap between SAG1 vesicles and

Rab5b and absence of colocalisation with other proteins. Scale bar: 1 um.

Colocalisation analysis with the selected markers revealed distinct levels of overlap with SAG1
vesicles (Figure 27A). ISAP1 and DrpC showed minimal colocalisation of ~2%, indicating limited
interaction with SAG1 vesicles and suggesting that entry at the micropore is a fast and
transient mechanism. AAP3 demonstrated ~5% colocalisation, suggesting a distinct trafficking

of the SAG1 vesicles which is in agreement with the colocalisation found with the GRA2
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vesicles here. GRA2 exhibited ~8% colocalisation, further pointing to a distinct trafficking of
SAG1 independent of the dense granule secretion pathway. This suggests minimal overlap
between SAG1 vesicle transport and the parasite’s constitutive secretory system. TgTEP, the
trans-Golgi marker showed ~9% colocalisation, indicating that the Golgi-ELC (early-late
compartments) trafficking route does not significantly intersect with the SAG1 pathway.
Rab5a and Rab11a: Both proteins showed minimal colocalisation (~¥8% for Rab5a and ~3% for
Rabl1la), indicating limited involvement in SAG1 vesicle trafficking. Rab5b exhibited the
highest colocalisation (~33%) with SAG1 vesicles, suggesting a prominent role in SAG1 vesicle

transport shown in Figure 27B.

Among the investigated candidates, Rab5b showed the highest degree of colocalisation with
SAG1 vesicles, highlighting its potential role as a key trafficking factor for vesicle recycling in

Toxoplasma gondii

2.3 Investigation Endocytosis: The Unigue Role of Myosins

Following the investigation of SAG1 vesicle trafficking routes, it was necessary to identify
motor proteins involved in the movement of endocytosed vesicles. Myosin F (MyoF) was
chosen for analysis due to its conservation in apicomplexans (250) and its critical role in several
trafficking pathways (245,251). A previously characterized MyoF-mAID strain, which allows
knockdown of MyoF in an auxin-dependent manner, was endogenously tagged with SAG1-
Halo and used in this study. To analyse endocytosis in the absence of MyoF, parasites were pre-
treated with auxin to deplete MyoF. The induction time was selected based on Carmeille et al.
(251). After labelling the parasites with MNP Alexa 488, the replication under auxin treatment

was allowed to proceed 15 hours before analysis.
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Figure 28: Vesicle movement in the absence of MyoF A) Live-cell images of 4-stage vacuoles (control and auxin-induced),
showing a reduced vesicle count in the absence of MyoF .B) Statistical analysis showed the presence of endocytotic vesicles
in all vacuoles analysed, both uninduced and induced. C) The average number of vesicles per vacuole indicates a reduction in
endocytosed vesicles in the absence of MyoF. D) Vesicle tracking using ImagelJ highlights increased stationary and twirling
behaviour in auxin-induced parasites. A schematic illustrates vesicle movement within a 2-stage vacuole. E) Statistical analysis

confirms an increase in stationary vesicles. Scale bar: 1 um. ***p < 0.001, **p < 0.01.

A comparison between MyoF knockdown and uninduced parasites revealed no absence of
endocytosed vesicles (Figure 28B). However, vesicles accumulated in the residual body,
indicating that while endocytosis events still occurred, the vesicles were mis-trafficked. In
control parasites, an average of ~18 vesicles per vacuole was observed, whereas in MyoF
knockdown parasites, the number was reduced to ~10 vesicles per vacuole, suggesting a

reduction in vesicle uptake in the absence of MyoF (Figure 28C).

To determine the role of MyoF in vesicle movement, MyoF knockdown (KD) parasites were
compared to control parasites. In the absence of MyoF stationary vesicles increased from 6%
in controls to 25% in induced parasites. Twirling behaviour was observed in ~55% of vesicles
in induced parasites compared to ~51% in controls, showing a minor but measurable increase
(Figure 28E). Free-moving vesicles decreased significantly from 47% in controls to 18% in

induced parasites
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These findings demonstrate the critical role of MyoF in endocytic vesicle movement, as its

absence leads to vesicle mis-trafficking and reduced dynamics.
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Figure 29: Membrane inheritance in the absence of MyoF. A) Live-cell images showing membrane fluorescence (Alexa 488)
across replication stages 1-8 for control and auxin-induced parasites. Note: Fewer vacuoles reached the 8-stage analysis due
to slower or halted replication in MyoF knockdown parasites. Example of a ROl (region of interest) is indicated by the square
in the single stage parasites. Measurements were always acquired on the membrane in all following replication steps with the
same ROI B) Statistical analysis of fluorescence intensity during replication on the membrane reveals no significant difference

between control and auxin-induced parasites. Scale bar :1 um.

Despite the observed defects in vesicle trafficking, MyoF depletion did not affect PM
inheritance by daughter cells during replication (Figure 29A). The fluorescence signal in SAG1-
Halo parasites followed the previously observed pattern of a two-fold reduction during each
division step, in both control and auxin-induced parasites (Figure 29B). After confirming that
MyoF impacts the movement of endocytosed vesicles but does not influence PM inheritance,
a triple-labelling analysis was conducted to assess whether MyoF depletion alters the

trafficking of distinct SAG1 sub-populations.
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Figure 30:Triple labelling analysis of MyoF knockdown parasites A) Live-cell images showing triple-labelling of Endo-SAG1,
Int-SAG1, and n-SAG1 populations in control and auxin-induced parasites. B) Quantitative analysis reveals reduced
colocalisation between Endo-SAG1 and Int-SAG1 vesicles in induced parasites, accompanied by increased triple colocalization.

Scale bar: 1 um. ***p<0.001, **p<0.01.

The results showed a reduction in colocalisation between Endo-SAG1 and Int-SAG1 vesicles,
decreasing from 40% in controls to 20% in MyoF knockdown parasites. Conversely, an increase
in triple-labelled vesicles (Endo-SAG1, Int-SAG1, and n-SAG1) was observed, rising from ~40%
in controls to ~60% in MyoF knockdown parasites (Figure 30). These findings suggest that
MyoF depletion causes vesicle accumulation, resulting in increased overlap between n-SAG1,

Endo-SAG1 and Int-SAG1.

Notably, the background strain (Tirl) used for the MyoF-mAID strain exhibited slower growth
compared to the A80 DiCre SAG1-Halo strain. This reduced growth rate appeared to further
influence vesicle movement and numbers, contributing to decreased vesicle dynamics and

increased colocalisation due to slower vesicle trafficking.

The analysis of SAG1 vesicle trafficking demonstrated that MyoF plays a critical role in
endocytosed vesicle movement. While endocytosis events still occurred, vesicles were mis-
trafficked. MyoF depletion resulted in a significant reduction in free-moving vesicles and an
increase in stationary vesicles. Interestingly, MyoF depletion did not impact plasma
membrane inheritance during replication, as observed in both control and auxin-induced
parasites. Triple-labelling analysis further revealed that MyoF knockdown alters the trafficking
dynamics of SAG1 sub-populations, leading to increased colocalisation between newly

synthesised and recycled vesicles.
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These results highlight that the previously shown influence of MyoF on dense granule
movement and microneme secretion, is now also demonstrated to play a key role vesicle

trafficking of SAG1, establishing MyoF as a central motor protein for diverse trafficking events.

2.4 TgFLP2 and its Role in Vesicle Trafficking and Golgi Organisation

After investigating the molecular motors involved in endocytic vesicle trafficking, potential
differences in membrane phospholipid composition were examined in collaboration with the
Botté Laboratory. P4-ATPases are primarily responsible for mediating the translocation of
phospholipids across membranes, a process essential for inducing membrane curvature and
facilitating the trafficking of substances between organelles (252,253). In this study, the focus
was placed on the P4-ATPase F2, the only essential P4-ATPase located at the Golgi apparatus
(252). Its role in endocytosis and vesicle trafficking was specifically investigated to determine

its involvement in these critical processes.

2.4.1 Impact of FLP2 on the trans-Golgi network (TGN)

As indicated above, FLP2 has previously been shown to localise to the Golgi apparatus in
Toxoplasma gondii (109,254). In this study, a FLP2-mAID strain, generated in the Botté
laboratory, was endogenously tagged with SortLR-Halo, a marker for the trans-Golgi network

(TGN).
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Figure 31: FLP2 localisation and Golgi organisation upon depletion A) Colocalisation of FLP2-HA with SortLR-Halo in fixed
images under induced (auxin-treated) and uninduced conditions. B) Fluorescence signal intensity of SortLR-Halo is significantly
reduced in FLP2-depleted parasites. C) Golgi disorganisation is significantly increased in FLP2-depleted parasites compared to

controls. Scale bar: 1 um. ***p<0.001, *p<0.05.

Colocalisation of FLP2-mAID with SortLR confirmed its localisation at the TGN. Depletion of
FLP2 resulted in a significant reduction in SortLR fluorescence intensity, decreasing to 35% of
the signal observed in uninduced parasites. Furthermore, FLP2 knockdown led to Golgi
fragmentation, with disorganisation increasing to 36% in induced parasites compared to

controls. These results demonstrate that FLP2 and therefore phospholipid composition is

critical for maintaining Golgi organisation in T. gondii.

2.4.2 General Plasma Membrane Trafficking is Impacted by FLP2 Depletion.

After demonstrating the impact of FLP2 on the TGN, it was necessary to determine whether
FLP2 also affects PM trafficking during parasite replication. To investigate this, SAG1-Halo was

endogenously tagged in the FLP2-mAID strain, enabling the analysis of M-SAG1 and n-SAG1.
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Figure 32: Impact of FLP2 depletion on M-SAG1 and n-SAG1 vesicles. A) Representative images of M-SAG1 and n-SAG1
vesicles labelled with two MP dyes (Janelia 539 and 647) in control and FLP2 knockdown parasites. B) Statistical analysis shows
increased colocalisation of SAG1 vesicles in FLP2 KD vacuoles (~95%) compared to controls (~80%).C) Increased colocalisation

of M-SAG1 and n-SAG1 vesicles in FLP2-depleted parasites. Scale bar: 2 um. ***p<0.001.

As shown in Figure 32, depletion of FLP2 caused n-SAG1 and M-SAG1 vesicles to accumulate
toward the parasite’s tip, with a notable increase in vesicle size. Colocalisation of vesicles
increased from 78% in controls to 95% in FLP2 knockdown vacuoles. At the individual vesicle
level, colocalisation increased from ~40% in controls to ~70% in FLP2 KD parasites. These
observations indicate that FLP2 depletion impairs the trafficking of both maternal and newly
synthesised SAG1 vesicle populations. Observing the accumulation at the tip of the parasites
raises the question of whether the arrested vesicles are near or even colocalise with the apical

annuli. Unfortunately, this question remained unanswered by the conclusion of this thesis.
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2.4.3 FLP2 and Its Importance for SAG1 Vesicle Formation

To further investigate the role of FLP2 in vesicle formation, FLP2-mAID-HA/SAG1-Halo parasites

were analysed.
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Figure 33: Effect of FLP2 depletion on SAG1 vesicle formation. A) Live-cell images of SAG1-Halo in control and auxin-induced
FLP2 knockdown parasites (15-hour induction). B) Quantification of vacuoles with endocytosed vesicles showed no significant
difference. C) Statistical analysis reveals enlarged vesicle accumulation in FLP2 KD parasites (~8000 nm?) compared to controls
(~3000 nm?). D) Vesicle localisation analysis shows increased accumulation at the plasma membrane in FLP2 KD parasites.

Scale bar:1 um. ****p<0.00001, **p<0.001.

Depletion of FLP2 resulted in a significant increase in vesicle size and accumulation during
replication. The proportion of enlarged vesicles increased from ~3% in controls to 32% in FLP2
KD parasites, with an average vesicle size increasing from 2500 nm? to 5240 nm?. Depletion of

FLP2 led to the enlargement and accumulation of endocytic vesicles during replication, as
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previously observed for M-SAG1 and n-SAG1. The proportion of enlarged vesicles significantly

increased from ~3% in uninduced parasites to 32% in FLP2 KD parasites (Figure 33D).

In addition, endocytic vesicles were observed to accumulate in proximity to the PM (Figure
33E). In control parasites, 80% of vesicles were localised to the cytoplasm, while 20% were
associated with the plasma membrane. In contrast, FLP2 KD parasites exhibited an inverted

pattern, with 30% of vesicles localised to the cytoplasm and 70% to the plasma membrane.

2.4.4 Endocytic Vesicles Are Not Stuck at the Micropore

To determine if endocytic vesicles were stuck at the micropore, the micropore markers ISAP1-

YFP and DrpC-YFP were endogenously tagged into the FLP2-mAID/SAG1-Halo strain.
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Figure 34: Investigation of micropore localisation of endocytic vesicles. A) Representative live-cell images showing SAG1-
Halo with ISAP1-YFP in control and FLP2-induced parasites. B) Live-cell images showing SAG1-Halo with DrpC-YFP in control
and FLP2-induced parasites. C) Quantification reveals no significant colocalisation of ISAP1-YFP with SAG1 vesicles (~7% in
both control and KD parasites). D) Statistical analysis shows increased proximity and interaction between DrpC-YFP and SAG1-
Halo vesicles in FLP2 KD parasites. E) Elevated DrpC signal intensity observed in FLP2-depleted parasites. Scale bar: 1 um.
**¥p<0.001.
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Despite the increased membrane localisation of endocytic vesicles, colocalisation with ISAP1
remained minimal, at approximately 7% in both control and FLP2 KD parasites (Figure 34C).
This indicates that endocytic vesicles are not stalled at the micropore. Interestingly, a notable
increase in colocalisation with DrpC was observed. In control parasites, 30% of vesicles
colocalised with DrpC, whereas FLP2 KD parasites exhibited an increased colocalisation of 60%
(Figure 34D). Additionally, the average number of DrpC signals per tachyzoite increased by
0.90 signals in KD parasites (Figure 34E), indicating elevated production of DrpC. This suggests
an increased requirement for vesicle cleavage, possibly as the parasite attempts to process
more rigid vesicles. DrpC, known for its role in vesicle cleavage in eukaryotic cells (64) may be
recruited in greater numbers to compensate for changes in vesicle composition or rigidity

caused by FLP2 knockdown.

These findings indicate that FLP2 is not essential for the formation of endocytic vesicles but is
critical for their proper processing and trafficking. In the absence of FLP2, vesicles accumulate
at the PM and exhibit increased size, highlighting defects in vesicle formation and processing.
Furthermore, FLP2 KD parasites displayed vesicle accumulation near or at the membrane,
rather than in the cytoplasm. This shift suggests that changes in lipid composition, resulting

from FLP2 knockdown, affect vesicle trafficking and processing.

Finally, the aberrant translocation of phosphatidylserine (PS) caused by FLP2 depletion
appears to disrupt Golgi organisation, which consequently impacts the entire endolysosomal

compartment (ELC) system.

2.5 Discovery of the Plasma Membrane Reservoir (PMR)

The analysis of various replication assays revealed that single parasites formed an additional
membranous structure on top of the PM. To determine whether this structure represents a
biologically relevant feature, comparisons were made to a similar but more pronounced
structure observed in the K13 KD phenotype, as described by Koreny et al (248). Yet, since this
structure was also noticeable in control parasites, which typically replicate without

abnormalities, it raises the question of whether this membrane structure represents a
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purposeful generation of extra membrane required during replication or an artefact resulting

from the SAG1-HaloTag.

In this thesis, these observed membrane structures will be referred to as "membrane

reservoirs" or plasma membrane reservoirs (PMR).

2.5.1 Generation of the Membrane Reservoir for the Budding of Daughter Cells

To investigate the formation of this membranous structure, live-cell imaging of parasites
expressing SAG1-Halo was performed during replication. The PMR was observed in 95% of
parasites during replication, specifically during the transition from stage 1 to stage 2 (Figure
35A). The PMR appeared after parasite invasion and disappeared upon the completion of
replication, suggesting a role as a membrane reservoir to facilitate parasite replication. To
better understand the formation of these extra-membranous structures, detailed live-cell

images of SAG1-Halo parasites during replication were analysed.
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Figure 35: Membrane reservoir formation during parasite replication. A) Live-cell video of parasites undergoing replication
and forming membrane reservoirs. Time points range from 0—4 hours; at 0:40 min, the formation of the membrane reservoir
can be observed until replication is complete. B) Statistical analysis of parasites during replication reveals that over 90% of
parasites form a membrane reservoir (PMR). C) Time-lapse images of parasites expressing SAG1-Halo and IMC1-YFP show
PMR generation, highlighting its distinction from daughter cell formation. D) Membrane reservoirs visualised at different
replication stages (stages 1-8) in fixed parasites. E) ~13% of total vacuoles showed the PMR when unsynchronised. F) Double
labelling of M-SAG1 and n-SAG1 populations at the PMR. The PMR is formed with both M-SAG1 and n- SAG1 populations, as
shown through double membrane-permeable (MP) dye labelling. The first row shows SAG1-Halo-labelled PMRs. Scale bar: 1

um.

To highlight the appearance of the PMR, its formation was monitored relative to daughter cell
IMC formation and in live cell videos (Figure 35). PMR formation was observed prior to the
initiation of IMC development and therefore daughter cell formation (Figure 35), indicating
that the reservoir forms during the early stages of replication in both live and fixed parasites

(Figures 35C and D). Live-cell imaging established a time frame during which excess SAG1
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accumulated on the membrane. The PMR became visible after parasite invasion and persisted
during the internal formation of daughter cells (Figure 35A and Figure 37). Notably, as
daughter cells began to bud, the mother parasite exhibited visible swelling, and the reservoir
was subsequently reabsorbed into the plasma membrane. Figure 35E showed that in
unsynchronised parasites, the PMR could be observed in approximately 12% of the vacuoles.
To determine whether the PMR comprises M-SAG1, n-SAG1, or both populations, double
labelling was performed (Figure 35F). The analysis revealed that the reservoir includes both
M-SAG1 and n-SAG1 populations, supporting the hypothesis that the PMR functions as a
storage system for plasma membrane components during parasite replication and facilitates

the budding of daughter cells.

To confirm that the PMR is not an artefact caused by phototoxicity or the Halo dye in live-cell
imaging, the IMC1-YFP tagged SAG1 Halo line was used (Figure 35) for fixed replication assays.
Using this line, the presence of the PMR was validated in fixed and as shown before in live
videos (Figure 35C-D). To further exclude the possibility that the PMR is a HaloTag artefact,
experiments using transmission electron microscopy (TEM) and expansion microscopy (EX)
were conducted. Both techniques confirmed the formation of the PMR in wild-type (WT)

parasites.
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Figure 36: PMR validation using electron and expansion microscopy A) TEM images of wild-type parasites showing the
presence of the PMR. B) Expansion microscopy (EX) images, recorded in collaboration with the Soldati Lab, showing PMR

formation in different parasites independent of the Halo tag. Scale bars: TEM: 5 um; EX: 5 um and 1 um.

The PMR was observed independently of the HaloTag and across multiple microscopic
approaches. These findings demonstrate that the PMR is generated in every parasite and is

unrelated to the presence of the HaloTag.

Live-cell videos show the formation of the PMR in invaded single parasites and its
translocation along the parasite (Figure 37 0:00h-9:00h). During replication, the PMR moves
along the parasite PM towards the residual body. After the establishment of daughter cells,
the PMR is reabsorbed to facilitate daughter cell formation during the next round of
replication (Figure 37 2:30-6:00h). Additionally, the PMR can form at any location on the

parasite plasma membrane, including regions between replicating parasites (Figure 36 9:00h).

65



Results

Figure 37: Dynamics of PMR generation during parasite replication. Live-cell video showing the trafficking and dynamics of

PMR formation around the parasite in hours Scale bar: 1 um.

Hypothetically, the PMR may play a dual role during parasite replication: 1) Facilitating
daughter cell formation and budding and 2) Preventing membrane breakage during the

swelling phase prior to the separation of daughter cells from the mother.

2.5.2 Micropores Control the Reabsorption of the Membrane Reservoirs.

Previous studies have suggested that the K13 micropore plays a role in membrane homeostasis
(62,213). To investigate whether the micropore is related to the PMR, the colocalisation of K13
and the PMR was examined. Further the influence of MyoF was investigated regarding PMR

formation.
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Figure 38: PMR formation in MyoF knockdown parasites. A) SAG1-Halo-labelled control parasites and MyoF KD parasites
showing an increase in visible PMR per vacuole in the absence of MyoF. B) Statistical analysis reveals a significant increase in
PMR on the plasma membrane in MyoF KD parasites. C) PMR formation in K13 knockdown parasites. Live-cell images of K13-
eGFP and SAG1-Halo-labelled parasites. The first row shows the appearance of an extra-membranous vesicle on the side
opposite to K13-eGFP. The second row shows rare colocalisation between the PMR and K13. D) Statistical evaluation reveals
that only 6% of K13 micropores colocalise with the SAG1-Halo PMR (n=100 micropores). E) Live-cell images of replicating
parasites. The first row shows wild-type (WT) replication, while the second row shows replication in K13 KD parasites induced
with anhydrotetracycline (ATc). An increase in PMR formation is visible around the parasite during stages 1-8. F) Statistical
analysis reveals a significant increase in extra-membranous structures in K13 KD parasites compared to WT. Scale bar: 1 um.

***¥p<0.001. Scale bar = 1 um. ***p<0.0001.

MyoF KD analysis of PMR formation revealed a significant increase in vacuoles with visible

reservoir when MyoF was depleted, suggesting slowed or disrupted endocytosis in the
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absence of MyoF. However, despite this disruption, the PMR was still formed and eventually
reabsorbed, albeit with delays (Figure 38A-B). This disruption was less severe compared to

K13 KD parasites.

Colocalisation assays confirmed that K13 and the PMR do not significantly colocalise (Figure
38C/D). The SAG1 reservoir can form at various locations on the parasite membrane. Due to
the dynamic fluidity of the reservoir and its progressive growth during replication, a transient
interaction between the micropore and PMR cannot be excluded. While the K13 micropore
may act as a potential starting point for reservoir generation during daughter cell replication,
the PMR appears to dynamically move along the parasite membrane as replication proceeds.
This suggests the involvement of additional mechanisms in membrane uptake, with K13

potentially serving as a regulator of membrane homeostasis during reservoir formation.

To further explore this, K13 KD parasites were analysed to assess their impact on PMR
formation. Results in K13 KD parasites showed a significantly increased presence of PMR on
the membrane surface. PMR formation was enhanced in 90% of K13 KD parasites compared
to 20% in control parasites. Additionally, the uptake of the PMR was severely restricted in the
absence of K13. The loss of K13 disrupts the uptake process, resulting in excessive membrane

accumulation on the parasite surface (Figure 38 E, F).

These findings suggest that the K13 micropore is not only involved in endocytosis but also

plays a critical role in maintaining membrane homeostasis during PMR formation.
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3. Discussion

3.1. SAG1 and the Fluidity of the Membrane

FLIP (Fluorescence Loss in Photobleaching) and FRAP (Fluorescence Recovery After
Photobleaching) are valuable techniques for investigating the dynamics of fluorescently
labelled proteins over time. In this thesis, the fluidity of the Toxoplasma gondii plasma
membrane was assessed using the glycosylphosphatidylinositol (GPI)-anchored SAG1 protein
as a proxy. This observation aligns with findings from eukaryotic membranes protein
behaviour, particularly for GPl-anchored proteins (113,114,233,255). GPl-anchored proteins
are known to exhibit lateral mobility typically 2-5 times faster than that of transmembrane
proteins, approaching the diffusion coefficients of membrane lipids (256). Small,
photobleached areas in single and double membranes recovered fluorescence within 20
seconds, indicating the lateral diffusion capability of GPl-anchored proteins (Figure 13-14A—
C). However, when the bleached area was enlarged, fluorescence recovery in T. gondii was
significantly prolonged, which deviates from typical FRAP patterns in most eukaryotic cells
(114) (Figure 14D—F and Figure 16). Interestingly, similarly extended recovery times (up to
three minutes) have been reported in Plasmodium FRAP experiments (257), suggesting that
factors unique to apicomplexan parasites such as altered membrane/protein properties
during replication(258) or the presence of inter-parasite connections in the parasitophorous

vacuole (PV) like the basal body may influence membrane dynamics in the parasite.

Within the PV, parasites are interconnected via their basal body, which extend through the
plasma membrane and interact with actin filaments (238), forming a syncytium. These
connections facilitate the diffusion of cytoplasmic components, ensuring equitable
distribution among daughter cells (212,259). Disruption of these interconnections can
significantly alter membrane and protein flow between parasites. For instance, actl null
mutants with a compromised actin network exhibit impaired cytoplasmic sharing and
misaligned daughter cells due to cytoskeletal defects (46,51,223,260). Similarly, the absence
of MyolJ or Myol disrupts the residual body, thereby inhibiting the flow of cytoplasmic

expressed GFP to daughter cells (261). However, the thin plasma membrane bridges
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connecting parasites within the PV may create a diffusion bottleneck for membrane proteins,

unlike the relatively unrestricted cytoplasmic diffusion observed for GFP (212).

FRAP experiments in 2-, 4-, and 8-stage vacuoles revealed slower recovery rates in replicating
parasites (Figures 16—17), with further delays in vacuoles exhibiting disorganised or extended
connections (Figure 17C-D). Parasites located farther from the basal pole or more distant
daughter cells displayed longer recovery times, suggesting that elongation or disorganisation
of basal body connections hinders membrane flow, potentially slowing or halting recovery
altogether. Such limitations highlight challenges in using FRAP to measure membrane

dynamics in replicating parasites.

Several factors may contribute to the observed slower recovery. In eukaryotic cells, FRAP is
widely used to study membrane dynamics by bleaching a well-defined region of the membrane
and monitoring the recovery of fluorescence. Recovery times can provide insights into the
properties of target proteins within the membrane or the cell. Fast recovery typically indicates
freely moving proteins, such as cytosolic proteins or lipids, whereas slow or no recovery

suggests that the protein is either complex-bound, stationary, or slowly refilled (113,233).

Membrane fluidity is influenced by the lipid composition of the membrane, temperature, and
protein density. Studies have shown that high protein density increases membrane tension,
which can slow diffusion (93,262). GPI-anchored proteins, in particular, often reside in
membrane microdomains such as lipid rafts (263,264) and diffuse from these domains across
the membrane. The compartmentalised organisation of membranes, where proteins undergo
hop diffusion, can reduce diffusion rates as molecules transition between dynamic
compartments formed by the actin cytoskeleton and lipid rafts (265-268). In T. gondii, the
residual body (Figure 14) may act similarly, localising proteins and consequently slowing their
diffusion. During replication, additional factors such as increased secretion and production of
SAG1 may lead to localised protein crowding, while heightened physiological tension at the
basal body could compartmentalise GPl-anchored proteins between connected parasites and
daughter cells. These factors, combined with high protein concentrations in confined regions,
likely contribute to the reduced diffusion seen in replicating parasites compared to single
parasites. As replication occurs within the PV, structural connections between daughter cells

may weaken, leading to prolonged FRAP recovery (Figures 16—17).
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Notably, in four-stage vacuoles, rapid fluorescence recovery was lacking when the typical
rosette arrangement of daughter cells was either disordered or missing (Figures 17C). This
observation supports the idea that basal body connections and the residual body play
essential roles in facilitating efficient membrane diffusion. In other eukaryotic cells, GPI
proteins can be secreted into the membrane in clusters before dispersing over time (269),
suggesting a delay in protein dynamics after insertion into the membrane. A similar scenario
may occur during replication in T. gondii, where SAG1 is secreted in clusters and temporarily

remains immobile, further explaining the delayed recovery observed in replicating parasites.

To better understand the dynamics of membranes in parasites connected via the basal body,
future research is needed to investigate PV organisation, protein distribution, and membrane
concentration at the residual body. It is also important to examine how inter-parasite
connections influence membrane protein dynamics, particularly under replication stress.
Techniques such as multi-colour FRAP could differentiate between newly secreted and pre-
existing SAG1 populations, providing insights into dynamic membrane behaviour. Advanced
microscopy methods, including expansion microscopy to visualise basal body architecture,
total internal reflection fluorescence (TIRF) microscopy, or super-resolution techniques such
as PALM (Photoactivated Localisation Microscopy) and STORM (Stochastic Optical
Reconstruction Microscopy), could offer higher spatial resolution. Single-particle tracking
(SPT) may also provide quantitative data on the movement and residence times of individual

fluorescent particles within defined regions (270).

Despite these complexities, the rapid recovery of SAG1-Halo in single parasites validates it as
a reliable proxy for studying membrane dynamics. This conclusion is further supported by
using SAG1-Halo labelling strategies to monitor membrane inheritance (Figure 19). These
experiments demonstrated that PM-SAG1 is fully inherited by daughter parasites during
replication and that newly synthesised SAG1 is generated to meet the increased demand for
membrane components (Figure 20). Using this approach, it was also possible to show the
contribution of Int-SAG1 to membrane inheritance via internal secretion (Figure 21).
Collectively, these findings highlight the utility of SAG1-Halo as a tool for studying membrane
fluidity, and the processes of membrane inheritance and secretion during replication in T.

gondii.
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3.2. The Endo-Exocytosis Flow in T. gondii

After analysing membrane flux in replicating parasites, the endo—exocytosis cycle was
investigated through the newly established trypsinisation experiment. As expected, the
recovered fluorescent signal displayed reduced intensity compared to the original vesicles,
which can be explained by the fact that not all plasma membrane components are internalised
into endocytic vesicles (Figure 23A). Only a small portion of the plasma membrane is
incorporated into endocytic vesicles and subsequently re-secreted. Therefore, the proportion
of re-secreted material is much smaller than the total plasma membrane surface area.
Additionally, owing to lateral diffusion, secreted plasma membrane components are
redistributed across the entire parasite surface, resulting in approximately a 10% increase
after re-secretion in fluorescence relative to pre-trypsination labelled plasma membrane

(Figure 23).

Earlier studies on cell membrane dynamics and SAG1 secretion relied on antibody assays that
compared T. gondii at 4 °C and 37 °C (210), but these approaches were unable to capture
detailed re-secretion kinetics in non-gliding parasites. Previous observations indicated that
internally labelled SAG1 was present in trials of extracellular parasites (210), suggesting an
extra-endocytic cycle for some internal SAG1 populations. However, the question remained
whether endocytosed SAG1 vesicles could be returned to the plasma membrane. The
dynamics of GPl-anchored proteins hinted at a clustered mechanism for their insertion into
membrane microdomains (263,264), challenging the classical fluid mosaic and ‘fountain flow’
models. While the trypsinisation assay confirmed that SAG1 recycling can be visualised by
measuring fluorescence recovery, this method could not delineate whether re-secreted SAG1
is delivered to specific membrane domains or determine the exact mechanism of vesicle
fusion. It might involve either vesicle—vesicle fusion or a SNARE-mediated process. However,

these dynamics lie beyond the resolution of the current used trypsinisation assay.

Demonstrating the full endo—exocytosis cycle might be more feasible in parasites actively
gliding or replicating within host cells (Figure 19-21). During replication, nearly all membrane-
bound SAG1 is redistributed to daughter cells, either via diffusion (as suggested by FRAP
analyses) or more likely through the increased number of vesicles observed in replicating

parasites. The fusion of endocytotic vesicle back to the membrane cannot be shown using the
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trypsinisation assay alone. In single extracellular parasites under non-gliding conditions at 37
°C, the plasma membrane appears to reach a relatively homeostatic equilibrium with only
minimal membrane re-secretion (~15%). By contrast, intracellular parasites display enhanced

uptake and re-secretion of membrane components.

While the trypsinisation assay demonstrates that endo- and exocytosis occur in single-stage
extracellular parasites, such that membrane-bound SAG1 can be stripped from the surface
without causing immediate parasite death a more comprehensive characterisation of the
endo—exocytosis cycle calls for further methodological integration. Combining trypsin assays
with advanced fluorescence and microscopy techniques could help resolve both uptake and

re-secretion events in greater detail.

Limitations of the Trypsinisation Technique and Alternative Approaches

Despite its utility, the trypsinisation method is not well suited for elucidating the precise
secretion mechanisms of endocytosed vesicles. Therefore, adapting established assays from
other eukaryotic systems could prove beneficial. For example, the confocal Fluorescence
Recovery after Photoconversion (cFRAPc) technique is commonly used in eukaryotic cells to
determine exocytosis levels (271,272). By fusing Dendra2 to the protein of interest,
photoconversion can be performed in specific regions using a laser-scanning microscope
(273). Under this method, Dendra2 is photoconverted within a chosen region (e.g. the
membrane or vesicles), switching from green to red fluorescence. The non-photoconverted
populations remain green, enabling distinct tracking of each population. Other potential
photo-switchable dyes, such as mEos3.2, function similarly by switching from green to red

upon exposure to 405 nm light (274).

A significant limitation of these photoconversion techniques is that they are less effective for
proteins exhibiting rapid lateral diffusion, as the photoconverted signal would swiftly
dissipate. Adapting these methods to T. gondii might thus require specialised
photoconvertible dyes that switch only when vesicles are endocytosed, permitting targeted
labelling within these compartments ideally switching through mechanical changes or pH
changes. When these vesicles are subsequently re-secreted, they would display a distinct
fluorescent signature, allowing them to be distinguished from the plasma membrane. One

potential dye system involves rhodamine-based dyes, which can remain non-fluorescent until
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activated at a specific wavelength, and may be used in combination with Halo dyes (275).
Alternatively, a photoactivated GFP which requires activation at 495 nm (275,276), could be
employed. Another promising approach is the Dronpa system, a photo-switchable protein that

may also be exploited in this context (277).

In addition to photoconversion techniques, nanoplasmonic sensors may provide
complementary tools for detecting vesicle secretion. These methods rely on plasmonic
nanomaterials, which are highly sensitive to changes in the refractive index of their proximal
environment. They can detect small biomolecular changes, such as binding events, and are

already used for exosome detection when conjugated with antibodies (278).

Nonetheless, these techniques face challenges:

1. They require adaptation for live-cell imaging.

2. They work exclusively with antibody-conjugated molecules.

To integrate nanoplasmonic sensors into the SAG1-Halo assay, endocytosed vesicles being re-
secreted would need to be tagged with specific antibodies and distinguished from the plasma
membrane signal. Differentiating endocytosed vesicles from the plasma membrane remains
challenging, especially if the vesicles are directly integrated into the membrane rather than
released as exosomes (278), which does not appear to be the case here. A potential solution
would involve tagging endocytosed vesicles with specific markers that alter their refractive
index or fluorescence only upon secretion, enabling precise quantification of vesicle release
(278,279). While nanoplasmonic sensors have been used for exosome detection, their
application here would require a reliable means of discriminating re-secreted vesicles from the
plasma membrane, which poses a technical challenge in T. gondii, especially if vesicles fuse

directly with the membrane rather than bud off as exosomes (278,279).

Another promising avenue is Interference Reflection Microscopy (IRM), which detects
membranes in close proximity to a coverslip by measuring interference patterns (280). Vesicle
fusion or granule collapse appears as bright spots under IRM (280), reflecting changes in the
local membrane area. However, applying IRM to live parasites requires immobilising them

near the coverslip to maintain viability, and it remains uncertain whether SAG1 is an ideal
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target for IRM detection. If vesicles fuse homotypically rather than collapsing into the

membrane, IRM may not capture their fusion events.

Although these techniques are powerful, each poses limitations and would require substantial
adaptation to T. gondii, particularly for extracellular parasites. Of the methods discussed,
photoconversion-based approaches targeted to endocytosed vesicles offer the most promise
for distinguishing re-secreted vesicles from the plasma membrane, enabling dynamic
visualisation of the endo—exocytosis cycle. Moreover, investigating the cycle in gliding
parasites, where the membrane must continually adapt, could yield additional insights into
membrane turnover and recycling (255). Techniques such as TIRF or FRET microscopy might

further elucidate how SAG1 is endocytosed and re-secreted at the plasma membrane.

During this thesis work, samples were submitted for correlative light and electron microscopy
(CLEM), but no results have thus far been obtained. Further developments in imaging and
labelling methods will help overcome the technical challenges posed by T. gondii, thereby
advancing our understanding of the endo—exocytosis cycle for SAG1 and other essential

membrane proteins.

3.3. Endocytosis Regulators and Vesicle Movement

Colocalisation analysis revealed that distinct SAG1 vesicle populations (M-SAG1, n-SAG1, and
PM-SAG1) follow largely separate trafficking routes (Figure 25) and only colocalise to a small
extent in single-stage parasites. Rab proteins, which function as molecular switches and
coordinators of vesicle transport, were shown to interact specifically with endocytosed
vesicles (128). Due to their central role in vesicle trafficking and their high degree of
conservation across taxa, Rab proteins are well known for their roles in vesicle transport, acting
as “barcodes” that mark vesicles for specific routes and target destinations
(68,113,125,202,203). Consequently, identifying which Rab proteins participate in endocytosis

is crucial for understanding the pathways of endocytic vesicles.

In Toxoplasma gondii, 15 genes encoding Rab proteins have been identified, a number that is

comparable to other apicomplexan parasites (281). Some Rab proteins exhibit alternative
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splicing, as in the case of Rab5, which has three isoforms like the mammalian Rab5, all sharing
significant sequence similarity (282,283) or, as in the case of the three forms of Rab5 in T.gondii
genes derived from the same ancestral gen called paralogue (284). Previous studies have
implicated Rab5a and Rab5c involved in secretory organelle vesicle transport (284). In this
study, colocalisation with Rab5b, Rab5a, and Rablla was investigated (Figure 27B). Most
colocalisation was observed between Rab5b and SAG1-Halo vesicles, supporting the
hypothesis that Rab5b is involved in endocytosis and early endosome formation during
membrane uptake. Aligning with its function of endocytosis in Plasmodium and the suggested

role in early endosome formation followed membrane uptake (202,203).

In Plasmodium falciparum, PfRab5b interacts with PfRabsn5 and PfVPS45 to form a stable
complex that regulates host cell cytosol uptake (HCCU) as well as the trafficking and digestion
of haemoglobin within the food vacuole (203). Disrupting this complex severely impairs
haemoglobin uptake, resulting in reduced haemoglobin accumulation (202,203). By contrast,
in T. gondii, TgVPS45 appears to play a lesser role in trafficking host cell components to the
vacuolar compartment (VAC) than it does in Plasmodium (285,286). Interestingly a distinction
among Rab5 paralogues has been described in another parasites. In Trypanosoma brucei
Rab5a-positive endosomes contain GPl-anchored transferrin receptors, whereas Rab5b-
positive endosomes transport transmembrane proteins (287). This specificity in T. brucei is
thought to reflect a mechanism whereby endocytosis depends on a protein’s mode of

membrane anchoring (287).

In mammalian cells, Rab5 plays a pivotal role in transitioning early endosomes to late
endosomes. It is particularly important for the formation of early endosomes and vesicle
budding, with overlapping functions among Rab5a, Rab5b, and Rab5c (288). Meanwhile, Rab7
and Rab9 act in the later stages of the endocytic pathway. Because Rab5 localises to the plasma
membrane, it is a key target for GTPase activity in membrane uptake, especially in clathrin-
coated vesicle formation (289). Rab5 also facilitates vesicle uptake and early endosome fusion
in conjunction with early endosome antigen 1 (EEA1) (290). A Similar function could be shown
in Leishmania, were Rab5b mediates the fusion of early endosomes, reinforcing the idea that
Rab5b is a conserved and critical factor in vesicular transport (291). Highlighting the conserved

function of Rab5 proteins throughout different eukaryotic systems.
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Rab5a, the second isoform of the Rab5 family investigated in this thesis, was previously shown
to be specifically involved in early endosome formation and the internalisation of host-derived
material (201,284,292). In mammalian systems, Rab5a is particularly important for cargo
sorting, clathrin-mediated endocytosis (CME), and signal regulation (292,293). However, in
the present study, Rab5a demonstrated low colocalisation with endocytosed SAG1 vesicles in
T. gondii. Given that clathrin-mediated endocytosis has not been observed in this parasite, and
that Rab5a is involved in rhoptry and microneme secretion and trafficking in T. gondii (281),
Rab5a may fulfil a different role in this organism than in other eukaryotic cells. This observation
suggests that SAG1-containing vesicles might bypass conventional endosomal sorting
pathways and instead undergo direct re-secretion. In contrast to the well-characterised Rab5a-
dominated early endocytic trafficking in mammalian cells, the minimal colocalisation observed
in T. gondii indicates that SAG1-containing vesicles likely rely on a specialised mechanism,

thereby enabling rapid turnover and secretion.

The functional distinctions among Rab5 paralogues may also apply to SAG1 endocytosis in T.
gondii. This notion is supported by the increased colocalisation of Rab5b with endocytosed
SAG1 vesicles compared to Rab5a (Figure 27). Nevertheless, the role of the third isoform,
Rab5c, which was not investigated in this thesis, cannot be excluded and may also contribute
to SAG1 endocytosis. Further studies are required to determine whether Rab5c plays a

complementary or distinct role in this process.

Beyond Rab5, the investigation of a third Rab protein, the Rablla isoform, revealed low
colocalisation with SAG1 vesicles (Figure 27). Rabll is commonly associated with the
exocytosis of recycled vesicles and trans-Golgi to plasma membrane transport. In T. gondii,
Rab11 has an established role in dense granule transport and in the delivery of vesicles from
the Golgi to the inner membrane complex (IMC), contributing to secretory organelle
biogenesis (284). In this study, no significant colocalisation was observed between Rab11a and
endocytosed SAG1 vesicles, suggesting that these vesicles do not rely on Golgi-mediated
transport. However, colocalisation with newly synthesised SAG1 might still be informative in

determining whether SAG1 is transported from the Golgi to the plasma membrane.

It is also worth noting that only one Rab11 isoform (Rab11a) was examined here. Hence, an

isoform-specific transport mechanism for SAG1 cannot be excluded in T. gondii. Investigations
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into the Rabllb paralogues may provide additional insights into the trafficking routes of

endocytosed vesicles and further clarify whether different Rab11 paralogues have distinct

roles in SAG1 transport.
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The observed colocalisation with Rab5b (Figure 27) suggests similarities between T. gondii
SAG1 endocytosis and vesicular trafficking in Plasmodium and Trypanosoma. Rab5 paralogues
were shown to play distinct roles in vesicle uptake within early endosomes. In Trypanosoma

brucei, Rab5b-positive endosomes contain GPl-anchored proteins, while Rab5a-positive
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endosomes primarily contain transmembrane proteins. This differentiation based on
anchoring mechanisms might be reason for the enhanced colocalisation with Rab5b compared
to Rab5a in the colocalisation assays and might support the hypothesis that GTPase isoform
specificity determines protein uptake pathways. Which further seems to be consistent with
the established ability of endocytosed GPIl-anchored proteins to follow different endocytic
routes depending on their role in cell physiology (294). Further investigation in SAG1 specific

transport is needed to get a deeper inside into Rab protein trafficking.

Previous studies showed Rablla colocalisation with dense granule proteins and their
secretion at the apical end of T. gondii (246). The low Rab11a colocalisation shown in this thesis
could have two explanations: (1) SAG1 bypasses recycled endosomes altogether, or (2) Rab11
function is paralogue specific. T. gondii encodes two Rab11 paralogues Rablla and Rabl1lb
resembling the functional specialisation observed among Rab5 paralogues. Future
colocalisation experiments with Rab11b might clarify whether this paralogue plays a distinct
role in SAG1 trafficking. In other organisms, tissue-specific Rab1l1l paralogues have been
associated with unique uptake mechanisms (295). Additionally, in Trypanosoma, Rab11 is
implicated in compartment definition and recycling, notably in directing variant surface

glycoproteins (VSGs) to the plasma membrane (296,297).

In addition to the Rab proteins used for colocalisation in this study, T. gondii encodes at least
15 Rab proteins and 12 are expressed by the tachyzoite (284). Further colocalisation
experiments with Rab4 (284), Rab7 (243,284), or Rab1b (298,299), among others, may offer

deeper insights into the parasite’s endocytic trafficking pathways.

Vesicle sorting at the Golgi

The endomembrane system regulates both secretory and endocytic pathways, encompassing
the endoplasmic reticulum (ER), Golgi apparatus, lysosomes, endosomes, and the plasma
membrane (101,125). To explore a possible Golgi-mediated role in SAG1 endocytosis,
colocalisation experiments were conducted with TgTEP (Toxoplasma Tepsin), a trans-Golgi-
associated protein (247). Minimal overlap between TgTEP and SAG1-Halo vesicles was
observed, indicating that SAG1 endocytosed vesicles are likely not sorted or modified at the
Golgi. Consistent with this, endocytosis assays in TSTEP knockout (KO) parasites revealed no

significant effect on SAG1 endocytosis (300). Given that these analyses focus exclusively on
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endocytosed vesicles, which are presumed to originate at the cell membrane (Figure 27), the
Golgi apparently does not have a central role in trafficking endocytosed SAG1. This highlights

the need to investigate alternate routes and regulatory mechanisms.

Micropore and Alternate Mechanisms

The micropore has been implicated as the entry point for endocytosed material in T. gondii
(61,62). Although direct evidence for SAG1-Halo vesicle entry via the micropore remains
elusive, previous studies have shown that the micropore contains a K13 ring embedded in the
IMC and adaptor proteins (AP-1, AP-2a, and AP-2u), while Dynamin (DrpC) at the base of the
tunnel facilitates vesicle cleavage (61,63,64). In this study, a high colocalisation of ISAP1 and
DrpC with SAG1-Halo vesicles was not observed. However, endocytosis at the micropore may
occur too rapidly to be effectively visualised using the microscopy techniques employed in this
thesis. It remains uncertain whether all endocytosis pathways in T. gondii rely on the micropore
and dynamins, which are key players in clathrin-mediated endocytosis in eukaryotes, but

whose roles in this parasite have not yet been demonstrated (301).

In other protozoan models, the start of endocytosis employs diverse mechanisms.
Trypanosoma forms clathrin-coated pits at the flagellar pocket, recruiting adaptor proteins
such as TbEpsinR and TbCALM, but not AP-2 (197,198). By contrast, Plasmodium employs
endocytosis for haemoglobin uptake at the cytostome, involving AP-2 adaptors and Kelch13
(199-203). It is therefore plausible that T. gondii adopts a hybrid endocytic system, integrating
both clathrin-dependent and clathrin-independent processes, depending on the specific cargo
and physiological context. Recent studies in P. Falciparum found clathrin to be involved with
AP1 and the haemoglobin uptake shedding new insides on endocytosis in apicomplexan

parasites (302).

Interestingly, as SAG1 vesicles accumulate at the plasma membrane, as observed in FLP2
knockdown experiments, a higher colocalisation with DrpC becomes evident (Figure 34 and
FLP2 Discussion). This observation suggests that FLP2 depletion may enhance DrpC
recruitment to vesicles at the plasma membrane, potentially implicating DrpC in the vesicle
accumulation phenotype. Alternatively, the immobility of the SAG1 vesicles may facilitate the

visualisation of their interaction with DrpC.
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Apical Annuli and Alternative Secretory Pathways

In T. gondii, five apical annuli proteins have been identified (56). Chelaghma et al. reported
that the annuli participate in dense granule exocytosis (53). This study explored the potential
involvement of apical annuli 3 (AAP3) as a site for SAG1 exocytosis. However, only low levels
of colocalisation were observed between SAG1 vesicles and AAP3. Furthermore, GRA2, a
protein associated with modifying the PV, similarly exhibited minimal overlap with SAG1
vesicles. These findings suggest that, in contrast to GRA proteins, which are secreted
specifically at the apical annuli (53,55-57), SAG1 endocytosed vesicles may not be secreted via

this pathway.

This aligns with the limited interaction between Rab11A, known for its role in transporting GRA
proteins from the trans-Golgi network (TGN) to the apical end (246) with SAG1 vesicles. The
minimal colocalisation of GRA2 with SAG1 vesicles and its known association with PV and
intravacuolar network (IVN) (303) further suggest that GRA2 may not be an appropriate marker
for studying SAG1 trafficking. Nevertheless, the large family of GRA proteins in T. gondii (304)

cannot be entirely excluded as potential contributors to SAG1 vesicle trafficking.

These observations indicate that SAG1 exocytosis diverges from the classical route used by
dense granule proteins and may require a different apical annuli component, an alternative
SNARE protein, or an entirely separate exocytic pathway. It would therefore be of interest to
examine whether SAG1 vesicles colocalise with microneme proteins, which are secreted via
the conoid, (54) or whether they resemble rhoptry discharge by forming a rhoptry secretory

apparatus (RSA) that docks to an apical vesicle (AV) (55,305).

Further to colocalisation studies with microneme and rhoptry proteins, other GRA proteins
and Rab proteins like Rab6 (known to be involved in F-actin transport), (251) could provide
additional insights into the regulatory factors and pathways governing SAG1 trafficking. Such
studies would clarify whether SAG1 vesicles follow a unique exocytic pathway or share

mechanisms with other secretory proteins in T. gondii.

In eukaryotes, exocytosis is often seen to be SNARE-dependent vesicle fusion or full-collapse
fusion, requiring a large pore that has not yet been documented in T. gondii (306). The ‘kiss-

and-run’ mechanism, characterised by a transient small pore, is also possible but has been
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mainly studied in specialised neuronal cells (307). Whether comparable exocytic processes
occur in T. gondii demands further investigation. It is also conceivable that homotypic fusion,
the fusion of two similar membranes without requiring specific exit proteins such as SNAREs

or Rabs, plays a role (121), although this was beyond the scope of the present thesis.

Overall, understanding the trafficking pathways, entry sites, and release mechanisms of SAG1
vesicles requires more extensive investigation. One potential approach involves tagging Rab5b
with biotin to identify interaction partners, thereby shedding light on Rab5b’s function in
endocytic trafficking (40). The proximity-labelling nature of such techniques may capture a
broad spectrum of proteins that are encountered during vesicle trafficking. Nonetheless,
proximity labelling remains a valuable strategy for mapping the vesicle’s pathway through the
parasite. Another promising avenue is BiolD or TurbolD tagging of Rab5b (40), which could
similarly reveal critical interaction networks. Likewise, “Localisation of Organelle Proteins by
Isotope Tagging” (LOPIT) (308) offers a powerful method for mapping vesicle trafficking
routes. When combined with selective trypsinisation of the membrane, it may be feasible to
extrude intracellular or endocytosed vesicles and analyse them via mass spectrometry. Given
Rab5b’s central role in endocytic events, it is a prime candidate for such characterisation

studies in T. gondii.
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Figure 40: Schematics of SAG1 potential vesicle trafficking through the parasite. These schematics illustrate that the
trafficking of different SAG1 populations operates independently. Furthermore, they demonstrate the interaction of
endocytosed SAG1 with Rab5b, but not with Rab5a or Rab11a.The diagrams should highlight the distinct vesicle populations,

tracing the journey of endo-SAG1 from the micropore to the annuli, and n-SAG1 from the Golgi to secretion.

The colocalisation assays conducted in this study focused exclusively on endocytosed vesicles,
leaving open the possibility that the trafficking routes for newly synthesised SAG1 vesicles may
differ. Newly synthesised proteins, including SAG1, must pass through the ER and Golgi for
post-translational modifications and packaging into COPI or COPII vesicles (90,102). Sorting
for GPl-anchored proteins at the Golgi can vary by cell type, leading to diverse trafficking
routes to the plasma membrane (256,309). While it is plausible that recycled and newly
synthesised SAG1 vesicles intersect at the TGN, triple-labelling experiments performed in this
thesis (Figure 26) showed only partial overlap between the three SAG1 populations. This
partial overlap suggests transient or specialised interactions during their respective trafficking
pathways within the parasite. However, further investigation is necessary to determine the

precise nature of these interactions and identify the mediator proteins involved.
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Clarifying whether these vesicles carry nutrients, receptors, or plasma membrane components
is crucial for understanding their role in parasite biology. At present, the specific cargo of these
vesicles remains unknown, demanding deeper exploration of their functions. Collectively,
these data underscore the complexity and dynamism of SAG1 trafficking pathways, suggesting
that T. gondii uses diverse and possibly unique mechanisms to regulate endocytosis and

exocytosis.

3.4. MyoF: The Motor Protein for Vesicle Movement

Myosins are motor proteins that move along actin filaments using their myosin head domain,
their tails often bind to cargo such as endocytosed vesicles (123). In Toxoplasma gondii,
myosins are best known for their role in the actin-myosin motors contributing in gliding
motility and host-cell invasion, where they are crucial for the parasite’s glidosome (79).
Recently, the Heaslip lab identified MyoF as a key player in rhoptry and dense granule
trafficking, as well as a factor influencing Golgi development and apicoplast inheritance (251).
In non-apicomplexan parasites such as Trypanosoma cruzi, MyoF is also expressed in the

endocytic pathway (310), suggesting that MyoF may have a broader role in vesicle transport.

In this study, MyoF was investigated to assess its role in endocytosis and the trafficking of
various SAG1 vesicle populations. Significant differences were observed in vesicle movement
depending on the presence or absence of MyoF. When MyoF was absent, vesicle motion
progressively slowed and ultimately ceased, leading to vesicle accumulation in the residual
body, showing the impaired trafficking of SAG1 (Figure 28D—-E). Despite this disruption,
membrane inheritance by daughter cells during replication remained unaffected (Figure 29).
This suggests that while MyoF is not explicitly required for the initial endocytic uptake of
vesicles, it likely contributes to their subsequent intracellular movement within the parasite's

cytoplasm.

Triple-labelling experiments revealed a slight increase in the accumulation of all labelled
vesicles, coupled with a decrease in ‘endo-int’ vesicles. These findings indicate a general
disruption of the vesicle trafficking system, with n-SAG1, M-SAG1, and PM-SAG1 vesicles all

accumulating within the parasite (Figure 30). Although MyoF appears to play a crucial role in
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vesicle transport, the motor protein(s) directly responsible for endocytic uptake in T. gondii

remain unidentified.

In other eukaryotic cells, myosins mediate both long- and short-distance cargo transport by
attaching vesicles to actin filaments for movement towards lysosomes, the Golgi, or other
destinations (123,148). In T. gondii, MyoF is one of 11 myosins known in the parasite and,
together with MyoA, is conserved within the apicomplexan phylum (245,251,304,311,312). It
has also been implicated in apicoplast inheritance, working in conjunction with actin and
Formin-2 to ensure correct organelle division (245,251,311). However, while MyoF’s
involvement in the movement of SAG1 vesicles was demonstrated in this study, it was not
shown to affect SAG1 endocytosis per se. The precise mechanism by which MyoF might

influence SAG1 vesicle trafficking remains unclear.

In eukaryotic cells, myosin isoforms perform diverse roles. For example, Myosin IE is
associated with vesicle assembly during clathrin-mediated endocytosis (148), while Myosin VI
isoforms regulate endocytosis and vesicle sorting in specific tissues (123). Generally, myosin
mediate organelle motility, including mitochondrial positioning and ER dynamics
(123,312,313). In general Myosin | supports short-range membrane transport and
endocytosis, whereas Myosin V mediates Golgi-to-plasma membrane transport (123,148).
TgMyoF exhibits remarkable structural similarity to Myosin Va in eukaryotes (251), which has
multiple roles depending on isoform and cell type. Among the three Myosin Va isoforms in
humans, the most abundant is highly enriched in the brain, where it participates in exocytosis
alongside t-SNARE proteins (314,315).: In dendritic cells, Myosin Va mediates mRNA transport
(316), while Myosin Vb facilitates endosome recycling (317). This structural conservation
suggests functional parallels but also highlights the potential for isoform-specific roles. In
protozoa like Entamoeba histolytica, Myosin IB interacts with EhFP10 to facilitate

phagocytosis and pinocytosis via actin cytoskeleton regulation (318).

In eukaryotic cells, vesicle movement relies on the cytoskeletal network, which provides tracks
(actin filaments and microtubules) and mechanical force (motor proteins). In T. gondii, MyoF
and actin cooperate in dense granule trafficking and organelle segregation, such as in the
apicoplast (245,251). However, a similar interaction specifically involving SAG1-Halo vesicles

was not observed in this study. Myosin types mediate distinct cargo trafficking activities along
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actin filaments: For example Myosin | anchors actin to the plasma membrane, facilitating
membrane bending and supporting endocytosis (319), while Myosin Il drives clathrin-
independent endocytosis (320). Myosin Vb is particularly associated with Rabl1-positive
recycling endosomes this association with Rab11 could not be found for SAG1 Halo vesicle,
and Myosin VI isoforms are specialised for apical vesicle transport in polarised cells (321,322).
These might underscore the type- and paralogue-specific roles of myosins, raising the

possibility that other myosins in T. gondii may contribute to SAG1 vesicle trafficking.

The halted vesicle movement observed in this study indicates a role for MyoF in vesicle
transport. However, its role in exocytosis and endocytosis remains inconclusive. This is
evidenced by the unaffected membrane distribution to daughter cells (Figure 29) and the
continued presence of endocytosed SAG1-Halo vesicles inside the parasite, irrespective of
MyoF knockdown. Collectively, these results highlight MyoF’s contribution to intracellular
trafficking while suggesting the involvement of additional or alternative motor proteins in

SAG1 endocytosis.

As part of this network, actin is known to fulfil diverse functions in eukaryotic cells, including
supporting short-range vesicle transport near the plasma membrane and facilitating endo-
and exocytosis (142). It also supplies the mechanical force for membrane budding and vesicle
scission (145,146). Given its well-established roles in vesicle generation and intracellular
sorting, actin might serve as a critical component of endocytosis in T. gondii (146,162,323).
However, experimental challenges prevented studying actin directly in this thesis. The
treatment with actin-depolymerising drugs such as Cytochalasin D (CytoD) (324), generated
autofluorescence and the CytoD resistant cells showed excessive cell overgrowth,
complicating microscopic analyses. Advanced imaging tools and single-particle vesicle tracking
could potentially overcome these technical obstacles, yielding more definitive insights into

actin’s role in endocytosis.

Considering that actin and myosin are highly conserved throughout the Apicomplexa and play
analogous roles in diverse eukaryotes, they remain likely candidates for powering endocytosis.
Indeed, in mammalian cells, actin polymerisation near the plasma membrane drives both
clathrin-mediated and clathrin-independent endocytosis (162,186), while myosin motors

facilitate vesicle movement along these actin tracks (325).
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In this study, MyoF was confirmed to have a role in SAG1 vesicle transport, a specific function
in SAG1 endocytosis remains unproven. Future research should investigate other myosin
isoforms in T. gondii, given the diversity of myosin functions in cell biology. For example,
Myosin A supports gliding motility and mitochondrial inheritance, whereas Myosins B and C
remain poorly characterised. MyoJ and Myol are critical for residual body integrity and
mediate the flow of GPl-anchored proteins to daughter cells (261), making them intriguing
targets for endocytic pathway exploration, along with MyoH, which operates within the
conoid (326). Ultimately, dissecting the interplay of these motor proteins with actin will

illuminate the molecular mechanics of SAG1 endocytosis.

Potential Roles of Other Motor Proteins

Because MyoF the class XIV myosins, which are unique to apicomplexans, may not participate
in endocytic trafficking, it is plausible that alternative motors are directly responsible. Kinesins
and dyneins, well characterised for anterograde and retrograde microtubule-based transport,
respectively, are also prime candidates (149,327).- These proteins move cargo directionally

along microtubules and could thus participate in vesicle transport within the parasite.

Microtubules form another polarised component of the cytoskeletal network and are
anchored at the MTOC (69,149). While actin generally supports short-range transport,
microtubules mediate longer-range movements, for instance between the ER and Golgi (69).
Notably, actin and microtubule networks function cooperatively to promote efficient vesicle
transport (144), enabling vesicles to switch smoothly between these filament systems.
Although dense granule transport in T. gondii does not appear to rely on microtubules,
(47,245) SAG1 vesicles may use different pathways. In many eukaryotes, kinesin (types 1, 2,
and 3) and dynein (328) can shuttle vesicles from and to the plasma membrane and back in a
bidirectional manner, often handing them off to myosin motors for actin-based transport
(325,329). Such a mechanism, if present in T. gondii, would align with the observed
termination of SAG1 vesicle movement in the absence of MyoF, while endocytic uptake itself
remains unaffected (Figure 28-29). The initial transport phase could be microtubule-mediated,
with vesicles later transferred to MyoF to actin pathways, thus explaining the partial but not

absolute block in SAG1 trafficking when MyoF is disrupted.
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Figure 41: Interaction between actin, Myosin and microtubules to ensure transport from and to the membrane. Picture from

current biology (150). Image from Kapitein et al. 2013.

Finally, it cannot be excluded that some SAG1 vesicles are transported through passive
diffusion within the parasite cytoplasm, particularly near the plasma membrane, where
molecular crowding might facilitate random collisions akin to smaller molecules (330).
Alternatively, vesicle movement might occur passively via cytoplasmic streaming, a
phenomenon observed in eukaryotes (331,332). Notably, the potential interaction of MyoF
with kinesin could provide deeper insights into SAG1 endocytosis. This hypothesis is supported
by studies in other eukaryotes, where Myosin V interacts with kinesins in dendritic cells and
plays a role in endosomal recycling in Hela cells (150,333,334). The interplay of multiple
routes, microtubule, actin, and diffusion based, could ensure robust vesicle traffic under

varying conditions.

3.5. FLP2: what Role Plays the Membrane Composition in Endocytosis

In this thesis TgFLP2 mAID parasites were investigated for the role of FLP2 in endocytosis
trafficking and trans-Golgi vesicular trafficking. Trans-Golgi trafficking is important for both
endocytic and exocytic events in eukaryotic cells, and in Toxoplasma gondii, it is especially
crucial for the transport of secretory proteins such as dense granules, rhoptries, and

micronemes. Secretion depends on the secretory pathway, in which proteins are trafficked
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from the endoplasmic reticulum (ER) to the Golgi and then translocated to the endosome-like
compartments (ELCs) via TgSORTL. This pathway is essential for the maturation of these

proteins and their subsequent secretion (335).

Here, it was demonstrated that FLP2 is not directly involved in endocytosis. But absence of
FLP2 resulted in parasites with disorganised Golgi and lower levels of SortLR (Figure 31) and
accumulation of aberrant big vesicles inside the parasite (Figure 33-34). FLP2 appeared to be
crucial for efficient trafficking and correct Golgi morphology but was not found to inhibit SAG1
endocytosis. Flippases are enzymes that translocate membrane lipids and proteins from one
leaflet of a bilayer to the other, thereby maintaining lipid asymmetry (214). This asymmetry is
essential for processes for instance signal transduction and membrane bending, and its
inhibition can severely impair or even block endocytosis in eukaryotic cells. P4-ATPases
promote lipid asymmetry, particularly at the TGN, and their disruption can lead to widespread
defects in vesicular trafficking (106). While some P4-ATPases localise to various secretory
pathway membranes (336), P5 ATPases, predominantly reside in the ER (337). Across
eukaryotes, three clades of P4-ATPases (P4A, P4B, and P4C) have been identified (337) with
members playing diverse roles in vesicle formation and trafficking (107-109). To function
correctly, they require CDC50 as a B-subunit to form heteromeric complexes (338). A similar

role is indicated for FLP2 as it is also localised in the Golgi.

In Humans P-type ATPases form a large transport family that includes H* ATPases and SERCA
ATPases and comprise 14 P4-ATPases that function as phospholipid Flippases (339). In humans
the ATPases are divided into five classes, many of which are central to endo- and exocytic
mechanisms (340). For example, ATP11C acts as an ‘eat-me’ signal (341), while ATP8A1 is
critical for membrane trafficking within recycling endosomes (342). The closely related
Caenorhabditis elegans TAT-1 is implicated in maintaining endo-lysosomal compartments and
sorting endocytic cargo (343), highlighting the conserved roles of P4-ATPases in vesicular

trafficking and Golgi dynamics across species (342).

Making FLP2 an interesting target for investigation endocytosis and vesicle trafficking in T.
gondii. While in Toxoplasma gondii, flippases appear to play key roles in secretion of the
secretory organelles, and organelle membrane maintenance. Recent studies identified a

heterocomplex of CDC50.4 and ATP2B/ATP2A that functions as PS flippases at the plasma
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membrane and influences microneme exocytosis (109,215).- This complex, which is highly
conserved across the Apicomplexa phylum, has been implicated in flipping
phosphatidylethanolamine (PE) and PS in Plasmodium chabaudi, as well as internalising NBD-
labelled PSin P. falciparum (344) .Genome analyses show that P. falciparum encodes three P4-
ATPases, two are essential in blood-stage parasites (345) whereas T. gondii expresses five

ATPases (346).

The absence of FLP2 resulted in parasites with disorganised Golgi and lower levels of SortLR
(Figure 31). The loss of SortLR may disrupt the TGN, which is responsible for vesicle sorting
(107,108), ultimately leading to the collapse of the Golgi. Showing that FLP2 appeared to be
crucial for correct Golgi morphology but was not specifically related to endocytosis aligning
with the function and localisation in other investigated eukaryotic cells. While one of the four
CDC50 proteins in Toxoplasma gondii localises to the Golgi, (346) interactions between FLP2

and CDC50 have not yet been demonstrated.

Similar disruptions in vesicular trafficking have been observed in Saccharomyces cerevisiae.
The absence of P4-ATPases in yeast leads to misdistribution of aminophospholipids, delayed
endocytosis, and vesicle-budding defects at the cell membrane, stemming from Golgi-derived
secretory vesicles. The Drs2p ATPase exhibits phenotypic similarities to TgFLP2 mutants,
including TGN protein mislocalisation, Golgi swelling, reduced clathrin levels, and defects in
vesicle budding (347). Similar effects have been observed in the depletion of other P4-
ATPases, such as the endosome-associated Neolp, which caused defects in receptor-
mediated endocytosis (348), and MGATP2 in rice plants, where its absence reduced the
secretion of extracellular enzymes (349) as well as in Arabidopsis thaliana, ALA3 (a Golgi-
localised P4-ATPase) is vital for secretory vesicle formation (350). These findings collectively
suggest that P4-ATPases are essential for vesicle formation across species in different stages
of intracellular trafficking (351) as seen in FLP2 KD parasites. These parallels highlight the role
of P4-ATPases in maintaining membrane asymmetry and indicate that FLP2 deficiency in T.
gondii likely alters membrane biophysical properties, contributing to SAG1 vesicle

accumulation and Golgi fragmentation.

The colocalisation of M-SAG1 and n-SAG1 was slightly altered in the absence of FLP2, with

increased colocalisation between the two populations (Figure 32). This finding highlights an
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effect on the trafficking of both old and newly synthesised SAG1 populations. Interestingly,
the absence of FLP2 led to the aberrant formation of giant SAG1 vesicles on the parasite
membrane. Additionally, the loss of FLP2 resulted in increased vesicle fusion inside the
parasite, involving both de novo and endocytic SAG1 pathways, although these pathways
themselves appeared unaffected by the absence of FLP2 (Figure 33). These vesicle
accumulations were found to be associated with DrpC but not the ISAP1 (Figure 34). In the
FLP2 mutant, DrpC was heavily recruited to the aberrant vesicle formations, suggesting a
supporting role in vesicle cleavage and its specific recruitment to endocytosed vesicles. The
observed increase in DrpC fluorescence may indicate, that the parasite is experiencing issues

with membrane cleavage or curvature.

The accumulation of enlarged endocytosed vesicles at the plasma membrane was striking,
indicating alteration of the vesicle transport resulting from the absence of FLP2. Vesicle
formation has been shown to be influenced by plasma membrane composition, ion
concentrations, and clathrin (352,353). Clathrin, which is typically associated with the Golgi,
may play a role here. The absence or dysfunction of the Golgi could be related to the increased
fusion of SAG1 vesicles. This dysfunction appears to be recognised by the parasite, leading to

an overproduction of DrpC.

It can be speculated, that these effects result from a potential shift in membrane tension:
vesicles with an altered lipid composition may become more rigid. Consequently, increased
recruitment of cleaving proteins, such as DrpC, would be required to overcome this rigidity.
Overproduction or heightened recruitment of DrpC may represent a compensatory
mechanism to counteract vesicle rigidity or alleviate membrane tension caused by lipid
imbalances. Alternatively, the prolonged cutting time required for scission of these rigid
vesicles might make the scission process more readily observable in T. gondii. The apical
accumulation of vesicles were not micropore related but if these vesicles accumulate at the
apical annuli could not be investigated during this thesis it might be interesting to include this

colocalisation in further study.
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Figure 42: Overview highlighting vesicle transport with and without FLP2. A) Overview of endocytosed vesicle movement to
the ELC. B) disruption and fragmentation of the ELC in the absence of FLP2, leading to increased endocytosis vesicle fuse and

accumulation on the membrane.

Two models have been proposed to explain how P4-ATPases facilitate vesicle scission. The
first model suggests that P4-ATPases catalyse inward-directed phospholipid translocation
across the lipid bilayer, creating an imbalance in phospholipids that drives inward membrane
bending and budding (354,355). The second model posits that ATP-driven lipid translocation
generates a membrane environment conducive to vesicle budding by increasing the
concentration of aminophospholipids (356,357). Both mechanisms highlight the critical role
of P4-ATPases in endocytotic and exocytotic processes, as evidenced by their ability to induce

endocytotic-like vesicles and accelerate endocytosis (358,359).

Which one of the two models is accurate in T. gondii needs to be investigated. But the
principles seem to apply to T. gondii, where FLP2 deficiency disrupts normal SAG1 vesicle
trafficking. P4-ATPases have been shown to play crucial roles in endocytosis and vesicle
trafficking across various eukaryotic model organisms, depending on their localisation (340).

It can be speculated that FLP2 performs a similar function, as its depletion resulted in vesicle
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accumulation and Golgi fragmentation, suggesting that these functions are broadly conserved
across species. However, further investigation is needed to determine the extent to which P4-
ATPases in T. gondii mirror their counterparts in other eukaryotes. Nevertheless, the
functional similarity between P4-ATPases in T. gondii and those in other systems remains to
be fully elucidated. These findings suggest that the roles of P4-ATPases in T. gondii are likely
diverse, with additional flippases potentially contributing to endocytosis and vesicle

trafficking.

Further investigation of other flippases in T. gondii may provide insights into membrane
homeostasis and endocytosis. For example, ATP2B/ATP2A, previously identified as PS
flippases at the plasma membrane (109,215) could be a promising starting point for future
studies. Moreover, TgP4-ATPases have been localised to various cellular compartments, with
TgP4-ATPasel and TgP4-ATPase2 salvaging host-derived lipids, TgP4-ATPase3 playing a role in

the lytic cycle, and TgP4-ATPase2/5 present in the plasmalemma and cytomembranes (346).

Future studies comparing T. gondii ATPases with those in yeast and other eukaryotes could
provide valuable insights into FLP2’s specific functions. Additionally, floppases and
scramblases, which transport lipids in the opposite direction or in both directions, may
influence membrane composition and vesicle fission. A deeper understanding of P4-ATPase
roles in T. gondii membranes and organelles is essential for explaining how lipid composition

impacts inter-organelle vesicular trafficking and endocytosis.

3.6. PMR: the Membrane Reservoir affected by K13 and MyoF

During live-cell investigations, it was shown that the PMR forms on the cell membrane. This
structure is transient, with neither its position nor size fixed. Strikingly, these PMRs always
formed during replication and disappeared as soon as the daughter cells completed their
maturation (Figure 35). These PMRs resembled the aberrant structures observed in the K13
KD. Previous studies may have misinterpreted PMRs as artefacts resulting from cell fixation
and permeabilization techniques. However, using the SAG1-Halo technique, which enables
live-cell imaging, it was demonstrated that reservoir formation is not an artefact of labelling

techniques, but a natural biological phenomenon. PMRs were found in all replicating
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parasites, confirming they are not a product of dying parasites (Figure 38). Another reason
PMRs could be missed is their fusion with the residual body during replication, which makes

it difficult to distinguish the two structures (259,360).

Still questions remain about the function of the PMR as a reservoir and the mechanisms
underlying its generation and absorption. In Plasmodium parasites, a similar formation of
additional membrane during development and division has been observed (257). In contrast,
membrane reservoirs identified in Drosophila cells during cellularisation exhibit a fold-like
structure, which unfolds as the cell grows (361), rather than the accumulation seen in
Toxoplasma. However, in dividing eukaryotic cells, membrane accumulation similar to the
PMR can also be observed, driven by both endocytosis and exocytosis (362,363). Furthermore,
caveolae are considered membrane reservoirs in eukaryotic cells which was not shown for
apicomplexan parasites like T. gondii. These specialised, tight membrane structures can
flatten and disassemble under mechanical stress, increasing the cell surface area and
preventing membrane tearing (364). The overall function of these membrane reservoirs is to
act as pool for rapid integration in the PM, when needed. This can be for membrane
homeostasis and repair of trauma induced damage of the PM (365,366). The PMR in T. gondii
differs significantly from other known membrane reservoirs but exhibits similarities to
membrane blebs, which are transient, balloon-like structures on the plasma membrane of
cancer cells. These blebs are particularly important in amoeboid migration and cell survival
under stress conditions (367). Cancer cells proliferate at a rapid rate and migrate through
various tissue structures, experiencing significant plasma membrane tension stress, which
shows parallels to the behaviour observed in T. gondii. It remains debatable whether the
increased PMR formation in T. gondii arises from a greater demand for membrane material
during replication or if it represents a distinct mechanism unrelated to the responses to

mechanical stress seen in other systems.
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Figure 43: Example schematics of the formation of the PMR in time with the formation of the daughters. Here, SAG1 Halo
is magenta, and IMC1 YFP is green. It shows the formation of the PMR before daughter cell formation starts and its

translocation to the basal area of the parasites at the end of daughter formation.

An in-depth analysis of the K13 knockdown revealed a significant accumulation of the PMR on
the cell surface of dividing parasites, exceeding what was observed in the absence of MyoF
(Figure 38). This finding underscores the role of K13 in maintaining membrane homeostasis
and functioning as a gatekeeper for membrane reservoir uptake. Colocalisation studies
between K13-eGFP and the PMR yielded no significant results. Given that the PMR is secreted
from the plasma membrane and translocated across the entire parasite, a stable localisation

with K13 was not anticipated.
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Figure 44: Comparison schematics of MyoF KD and K13 KD. A) Showing the slowed endocytosis in the MyoF knockdown to B)

The complete abolished endocytosis without K13 and increased accumulation of the PMR.

In Plasmodium falciparum, the K13 protein has been associated with artemisinin (ART)
resistance by altering the uptake of haemoglobin at the cytostome (200,202-205). This
highlights the role of K13 in endocytosis in Plasmodium, particularly in the uptake of host cell
material. Initially, the micropore in Toxoplasma gondii was also thought to play a role in
nutrient uptake. More recently, it was discovered that the K13 pore has a direct connection to
the parasite plasma membrane and is heavily involved in endocytic events (61,62). Its absence
led to an increase in aberrant membrane structures on the parasite membrane and ultimately
resulted in parasite death. In contrast, Wan et al. demonstrated that nutrient uptake from the
host cell relies on endocytic events occurring at the micropore, suggesting that parasites starve

and die in the absence of the K13 pore (62).

The question remains whether the micropore has an additional role in nutrient uptake. Its
precise function in endocytosis or general membrane uptake is still under investigation,
approached through a SILAC experiment. SILAC (Stable Isotope Labelling by Amino Acids in
Cell Culture) is based on the incorporation of heavily labelled amino acids. The idea is, that
parasites in heavily labelled host cells would scavenge host nutrients, and take up the heavy
amino acids (368). A comparison between control and K13 KD parasites should clarify whether
the micropore is involved in nutrient uptake. If the micropore plays a role, KD parasites should

show no trace of heavy-labelled amino acids from the host cells. Through the amount of SILAC
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integration in the host cell a direct quantification of the uptake amino acids in the parasite can
be shown, and this over the whole proteome and where the amino acids are processed. This
provides a more detailed analysis than what is achievable with GFP. Other host cell uptake
assays, which rely on fluorescently labelled host cells, have shown limited success (369). All
these approaches have weaknesses and limitations in elucidating the overall function of the
micropore in nutrient uptake and endocytosis. Further investigations into the micropore
should focus on host cell protein and nutrient uptake, to improve our understanding of these

unique cell structures and their roles in endocytosis.
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3.7. Conclusion and Remarks

Using Halo technology and relying on dyes with distinct physicochemical properties, it was
possible to visualise PM dynamics in replicating parasites, trace membrane inheritance to
daughter cells, and investigate the different SAG1 sub-populations. This study highlights the
complexity of endocytosis in Toxoplasma gondii. In Plasmodium, endocytosis is tightly
regulated to facilitate haemoglobin uptake from the host cell, involving an endocytic complex
consisting of PfRabsn5, PfRab5, and PfVPS45. In contrast, endocytosis in Toxoplasma gondii

appears to be regulated differently.

This study successfully identified Rab5b as the most prominent candidate for vesicle
trafficking. This finding shows clear alignment with Rab5b’s established role in haemoglobin
endocytosis in Plasmodium falciparum (201,203) as well as its involvement in endocytosis at
the flagellar pocket in Trypanosoma (197) and its relationship with early endosomes in

Leishmania parasites (370).

Myosin F (MyoF) was shown to be essential for general vesicle transport, including the
trafficking of SAG1 vesicles, GRA proteins, and micronemes, validating its previously suggested
role in vesicular trafficking. However, MyoF’s direct involvement in membrane endocytosis
could not be confirmed and may depend on other motor proteins, requiring further
investigation. Furthermore, this thesis highlighted the importance of phospholipid

composition in the trans-Golgi network (TGN) and vesicle trafficking.

By employing various microscopy techniques, this work validated the plasma membrane
reservoir (PMR) as a genuine biological structure, rather than an artefact. It demonstrated a
novel mechanism of PMR formation in T. gondii, which is comparable to membrane reservoir
formation observed in eukaryotic cells. Additionally, the study confirmed the involvement of

K13 in PMR uptake and membrane homeostasis.

Through these findings, this thesis sheds light on endocytosis in Toxoplasma gondii, a process
that has previously been difficult to study. However, the precise trafficking mechanisms and
protein interactions remain unclear, necessitating further research to fully understand

endocytosis in Toxoplasma.
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Supplemented Information will be provided on an CD Room at the end of this thesis.

Containing Videos of vesicle moving in MyoF KD.
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4 Material and Methods

4.1.1 Equipment

Table 1: Equipment used in this study

Machine Manufacturer
Ad-Nucleofector ™ Lonza
Centrifuge %810R & 5910 R & 524 R Eppendorf
Centrifuge MIKRO 200R Hettich

ThermoMixer ®C & ThermoMixer® Comfort | Eppendorf

Microwave Inverter HARP

-86°C ULT freezer Hair Biomedical

HWAEUS PICO 21 Centrifuge Bio-Rad $ Peglab

Vortex Genie2 ™ Bender &Hobein Ag Zurich, Switzerland
Agarose gel electrophoresis Eppendorf

Refrigerated incubator Shaker Innova 4230 | New Brunswick scientific

Analytic balance Satorius, KERN
Dynamag™ -2 magnet Thermo Fischer Scientific
FACSAria™ llI BD Biosciences

FastGene blue/green LED transilluminator Nippon Genetics

Fridge Siemens & Bosh

Genius dry bath incubator Major Science

UM300 incubator Memmert

Hercell ™240i incubator Thermo Fischer Scientific
Innova™ 4200 incubator New Brunswick Scientific
HERAsafe HS15 laminar flow hood Thermo Heraeus

ENVAIReco® Comfort Plus laminar flow hood | ENVAIReco

3D STED microscopy Abberior Instruments
Inverted Leica SP8X WLL confocal Leica
Primovert microscope Zeiss
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Axiovert A1l microscope Zeiss

DMIi8 microscope Leica

NanoDrop® ND- 100 Thermo Fischer Scientific
Neubauer haemocytometer Carl Roth

Odyssey CLx Li-Cor Bioscience

pH meter Mettler Toledo

Accujet ® pro pipette BrandTech

ErgoOne pipettes StarLab

P93D printer Mitsubishi

RICOH IM C5510A printer RICOH

SB2 rotator Stuart

MiniProtean SDS-Page & blotting BioRad

Titertek shaker Flow Laboratory
Mastercycler Pro thermal cycler Eppendorf

Vacuum pump A.Hartenstein

Vortex Scientific Industries, Bender & Hobein GmbH
WB-12 water bath Phoenix Industries

4.1.2 Computer Software

Table 2 Computer Software and online resources

Software Source

Adobe Acrobat Reader ADOBE System Inc

ApE Plasmid Editor v3.1.2. Davis and Jorgensen 2022

Basic Local Alignment search tool (BLAST) National institute for  Biotechnology
Information

Clustal Omega & MUSCLE EMBL-EBI Medeira et al.

Eukaryotic Pathogen sgRNA Design Tool | Peng and Tarleton, 2015

(EuPAGDT)

Gimp v2.10.34 GIMP's Team
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FIGI Image V1.54f

Schindelin et al. 2012

Inkscape v1.3

GIMP

LasX v3.4.183668

Leica Microsystems

VEuPathDB & ToxoDB

Amos et al., 2022
Kissinger et al., 2003

Office 365 APPs for Enterprise v2308 Microsoft
BioRender BioRender 2024
4.1.3 Consumables and reagents
4.1.3.1 Consumables
Table 3: Consumables used during this study
Product Source
Eppendorf Tubes 1,5/ 2mL Eppendorf
Cryovials, Falcon tubes (15mL /50mL), TPP | Faust

cell culture vessels

Microscopy coverslips

A.Hartenstein

Microscopy slides, Parafilm ROTH
Serological pipettes, aspirating pipettes Starsted
Needles, gloves, syringes SMS Medipool
Micropipette tips Stralab
PCR tubes, Petri dishes, reagent reservoir Avantor
Ethanol >99,5% PH.Eur.,reinst ROTH
DNA LoBind Tube 1,5mL Eppendorf
PCR Consumables/PCR-Product Sapphire
Nitril NextGen Small Meditrade
Biozym LE GeneticPure Agarose Biozym
ROTIPHORESE r %0x TAE Puffer ROTH
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Glass bottom 96 well plates; uSlide 8 well | ibidi
Glass Bottom.

Glass bottom dish 20mm micro-well # 1.5 | IBL
cover glass

Bacteria cell spreaders, Sterile Filter Nylon | Roth
0,2um;
4.1.3.2 Kits

Table 4: Commercial kits

Kit Manufacturer
ExtractMe Genomic DNA kit, ExtractMe | Blirt
Plasmid Mini kit, ExtractMe DNA clean-up &
Gel-out kit

P3 primary cell XL nucleofection kit Lonza

4.1.3.3 Buffer & Solutions

Table 5: Buffer, solutions, and media prepared or modified in the house

Solutions

Components

LB medium

10 g/L tryptone, 5 g/L yeast extract, 10 g/L
Nacl

LB media + Ampicillin

10 g/L tryptone, 5 g/L yeast extract, 10 g/L
NaCl, Ampicillin 1ml/L

50% glycerol

50% glycerol (v/v) in ultrapure water

Supplemented DMEM

500mL DMEM 10% FCS (v/v) 4mM L-

glutamine, 20ug/mL gentamicin

2x Freezing medium

50% FCS (v/v) , 20% DMSO (v/v), 30%
supplemented DMEM (v/v)
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1X TAE 1:50 50x TAE in water
Agarose 0,8-2% (w/v) agarose 1x TAE
4% PFA 1:5 20% PFA in PBS

Blocking Buffer

3% BSA (w/v) in PBS

Permeabilising buffer

0.2% (v/v) triton TX-100 on blocking buffer

Annealing buffer

10mM Tris-bases pH 7,5-8 50mM NaCl, 1mM
EDTA

4.1.4 Reagents

Table 6: Commercial chemical and biological reagents

Product

Source

Trypsin EDTA

Biochrom L2143

4-20% Mini-PROTEAN TGX gels

BioRad 4561093

GelRed

VW 41003

Agarose

Hartenstein CA47

DMEM high glucose

Merck D6546

DMSO Carl ROTH 4720.4
Ethanol Carl ROTHT171.4
FBS Merck F2442

Mounting Prolong gold

Thermo Fischer

Immersion oil Leica

Thorlabs MOII-10LF

Isopropanol Carl ROTH 9866.1
L-glutamine Merck G7513
Lens Tissue Thorlabs MC-50E
Methanol Carl Roth 0082.2

Dulbecco’s PBS

Merck D8537

20% paraformaldehyde

Electron Microscopy science 15713

Sodium acetate

Merck S2889

TAE

Carl Roth CL86.2
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IAA Merck 45533
rCutSmart NEB B6004
Bsal HFv2 NEB r3733

1 kb + DNA ladder NEB NO550
dNTPs NEB N0447
Q5 HF DNA polymerase NEB EO555
Quick load purple NEB B7025
T4 DNA ligase NEB M0202
T4 Buffer NEB B0202S

4.1.4.1 Antibodies

Table 7: Primary antibodies

Antibody

Dilution

Source

HA rabbit

1:1000

Cell Signal tech 3724

Table 8: Secondary antibodies used for Halo and Immunofluorescence assays

647

Antibodies Concentration Source &Cat. No
Halo Tag Alexa Fluo 488 0,2uM Promega

Halo Tag Alexa Fluo 660 0,2uM Promega

Halo Tag oregon green 0.2uM Promega

Janelia Fluor HaloTag ligand | 200nM Promega

549

Janelia Fluor HaloTag ligand | 20nM Promega
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4.1.4.2 Drugs

Table 9: Drugs

Drug Stock concentration
Ampicillin (100x) 100mg/mL H20
Rapamycin (1000x) 50uM in DMSO
Auxin 500mM

Anhydrotetracycline (ATc)

1mg/ml in Ethanol used 1/1000 Clontech
Labs

4.1.4.3 Oligos

Table 10: Oligos generated for this study

Oligos Number | Gene | Sequence
in Lab
gRNA fw 5028 SAG1 AAGTTGTGGAGTTTGCCGGGGCTGCAG
gRNA rev 5029 SAG1 AAAACTGCAGCCCCGGCAAACTCCACA
homology 5025 SAG1 GGGGATCGCCTGAGAAGCATCACTGTACCGTGAAACTGG
primer fw AGTTTGCCGGGGCTAAAATTGGAAGTGGAGGA
homology 5026 SAG1 ATGGAAACGTGACTGGCTGTTCCCGCAGCCGATTTTGCTG
primer rev ACCCTGCAGCCTTGTCGTCATCGTCTTTG
genotyping | 5082 SAG1 ATCAAGAAGGAAGCATTTCCAG
primer fw
genotyping | 5083 SAG1 CCTTTGTCGATTTGAGAAGTGAG
primer rev
gRNA fw 6594 SortLR | AAGTTGCTCCTACAGAGCTGCAAGAG
gRNA rev 6595 SortLR | AAAACTCTTGCAGCTCTGTAGGAGCA
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homology 6596 SortLR | TTCCGCGTCTGGCGCCGCCGCGATTCGACGAGGATAACGT
primer fw CGAACTTCTTGCTAAAATTGGAAGTGGAGG

homology 6597 SortLR | AAAGACATGCGAGACACGAAAGAGAGCCGTCTTCGGCGG
primer rev AAGCTCCTACAATAACTTCGTATAATGTATGCTATACG
genotyping | 6598 SortLR | CTGAGCAGGAGACGTCTCT

primer fw

genotyping | 6599 SortLR | AGATTTCCTTTGCAGGCACA

primer rev

gRNA fw 7820 GRA2 AAGTTACTACGACGAAAGTGATGCGCG

gRNA rev 7821 GRA2 AAAACGCGCATCACTTTCGTCGTAGTA

homology 7822 GRA2 TGGAGCCCCAACAGCGGGCCGCACACGTGCCCGTCCCAG
primer fw ACTTTTCGCAGGCTAAAATTGGAAGTGGAGG

homology 7823 GRA2 TTTTCACTGATCGGCTTTGTAGACTTCTCCCTTCAGCGGCTT
primer rev TCCAGCCTATAACTTCGTATAATGTATGCTATACG
genotyping | 7824 GRA2 GAAACTCGCGAATGTGGAGA

primer fw

genotyping | 7825 GRA2 ACAAGACCACCTCCCCA

primer rev

gRNA fw 8093 DrpC AAGTT ATGAAACTGTGTGGCTTGTGC G

gRNA rev 8094 DrpC AAAAC GCACAAGCCACACAGTTTCAT A

homology 8095 DrPc GTCAACCTGCAGGAAGTTCCGGTCGGCTTCCGTCACCGTT
primer fw GAATGGGGCTGCTAAAATTGGAAGTGGAGG

homology 8096 DrpC CAAATGTTTCTTCGCTGTTCTTCCCAGTGCTCTGGCGAAGT
primer rev GGGCCAGCAATAACTTCGTATAATGTATGCTATACG
genotyping | 8097 DrpC CAGGGAAGGAACGGGAAG

primer fw

genotyping | 8098 DrpC GAAGGCTTCAGTATGGAGGG

primer rev

gRNA fw 8099 AAP3 AAGTTAGTTGATTTGTCGTAAAAAAG

gRNA rev 8100 AAP3 AAAACTTTTTTACGACAAATCAACTA

Homology | 8101 AAP3 AGGCAGGCGATACAGAAGAAATCGCAGCTCTTGTTGAAG
fw TTGATTTGTCGGCTAAAATTGGAAGTGGAGG
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Homology 8102 AAP3 GAGGGTATTTTCTGGACTACGTGCTGACGCGCTGTCTCTG
rev CAGACCGTTTATAACTTCGTATAATGTATGCTATACG
Genotyping | 8103 AAP3 GAGGCGAGGCCCC

fw

Genotyping | 8104 AAP3 GCAGGCGTCGCCAAC

rev

gRNA fw 8147 ISAP1 AAGTTGTTACCGAAGCAACGCGGTAGG

gRNA rev 8148 ISAP1 AAAACCTACCGCGTTGCTTCGGTAACA

Homology | 8149 ISAP1 TGCCCCCTTATGCATGGGGAGTGCCTCGTGTGGTTACCGA
fw AGCAACGCGGGCTAAAATTGGAAGTGGAGG

Homology 8150 ISAP1 CTTCTATCTTATGGAGAGGTGTGGTGCGGCAGAATTCACA
rev TCACCCTCTAATAACTTCGTATAATGTATGCTATACG
Genotyping | 8151 ISAP1 CACGTCGCATCTGACCTAC

fw

Genotyping | 8512 ISAP1 GTAGGTCAGATGCGACGTG

rev

gRNA fw 8602 Rab5b | AAGTTGCAGCTGAAGCAGAGCATGA G

gRNA rev 8603 Rab5b | AAAACTCATGCTCTGCTTCAGCTGC A

Homology 8604 Rab5b | gtacagCCAAGGAAGTTTTTGAaCAaCTcAAaCAaAGtATGAT
fw GGAaTTaGCTAAAATTGGAAGTGGAGG

Homology 8605 Rab5b | gaagtcaaggaactccatgcagaagaaaagtaaaaaagaactggaggagt
rev ATAACTTCGTATAATGTATGCTATACG

Genotyping | 8606 Rab5b | ctttcgacgttttcgtgtc

fw

Genotyping | 8607 Rab5b | ctctcaggctgggctecgt

rev

gRNA fw 8608 Rab5a AAGTTATTTCTGTAAGAACTGTTTCTG

gRNA rev 8609 Rab5a AAAACAGAAACAGTTCTTACAGAAATA

Homology | 8610 Ran5a | AAGAACAGAAGTCTTCTTCGAGCTCGTGGTGTGCATGTGG
fw AGGCAAAAGTGCTAAAATTGGAAGTGGAGG

Homology 8611 Rab5a ctttaaaatcgaaaacaaagagtcgaaggcctcagtcctcaaagecgagaA

rev

TAACTTCGTATAATGTATGCTATACG
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Genotyping | 8612 Rab5a | GCTTTCAACTGAACAAGACG

fw

Genotyping | 8613 Rab5a cagcctgagacaccggag

rev

4.1.4.4 Plasmids

Table 11: Plasmids

Name Information Source

Cas9_YFP pTUB1-Cas9-HA-NLS-eYFP- Curt-Varesano et al., 2016
NLS/ pU6-ccdb-tracrRNA

Halo plasmid pUC19_LIC_Halo-LoxP Meissner LAB

YFP plasmid Puc19 LIC Halo_LoxP Meissner Lab

4.1.5 Cell line and parasite strains

Table 12: Bacteria

Strain Competence Source

DH5a Chemically competent NEB

Table 13: Mammalian cell lines

Line Source Origin
Human Foreskin Fibroblasts | ATCC SCRC-1041 ™ Homo Sapiens
(HFFs)
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Table 14 Toxoplasma gondii strains

Number Strain Resistance Strain origin and
parental strain
1 RH AKu 80 DiCre Cat/ delta hxgpt Hunt et al. 2019
2 RH AKu80 DiCre | Cat/ delta hxgpt Dr. Simon Gras
SAG1 Halo
3 RH AKu80 DiCre 2
SAG1 Halo Rab5a
YFP
4 RH AKu80 DiCre 2
SAG1 Halo Rab5b
YFP
5 RH AKu80 DiCre 2
SAG1 Halo DrpC YFP
6 RH AKu80 DiCre 2
SAG1 Halo ISAP1 YFP
7 RH AKu80 DiCre 2
SAG1 Halo AAP3 YFP
8 RG AKu80 DiCre Dr. Jenessa Grech
SAG1 Halo
floxed301410
mCherry
9 RH AKu80 DiCre 2
SAG1 Halo GRA2 YFP
10 RH Tirl ty MyoF HA | Cat/ Ahxgpt Auprtt | Dr. QOefa Heaslip
mAID (251)
11 RH Tirl MyoF HA 9
mAID SAG1 Halo
12 FLP2 mAID HA Botte laboratory
13 FLP2 mAID HA SAG1 11

Halo
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14 Tet K13 HA Waller laboratory
15 Tet K13 HA SAGl1 13
Halo
16 eGFP K13 SAG1 Halo Waller laboratory
4.2 Methods

4.2.1 Bacterial methods

Transformation of bacterial plasmid ligated into pGM 747: 25-50ul DH5a chemical competent
bacteria were thawed on ice and incubated with 5-10 ul plasmid for 30 min-1h on ice. This was
followed by a 30s heat shock at 42°C. The bacteria were recovered for 2 min on ice, plated
onto LB agar plate + ampicillin, and incubator for 14-18 hours, then single bacterial colonies

were picked and incubated in LB media + ampicillin at 37°C for another 14-18h.

4.2.2 Molecular Biology technics

4.2.2.1 Polymerase chain reaction (PCR)

Polymerase chain reaction is a method used to amplify DNA fragments. PCR was performed
using Q5 DNA polymerase or Tag DNA polymerase with the corresponding buffer ( Q5 Reaction
Buffer or ThermoPol buffer), according to the manufacturer’s protocol. The annealing
temperatures were determined using primers and calculated using the NEB Tm calculator. In

total, 35 cycles were performed.

4.2.2.2 Agarose gel electrophoresis

DNA electrophoresis was performed to separate and analyse the amplified DNA fragments.
TAE agarose gels containing 0.8-2% w/v) agarose were stained with GleRed and run at 90V for

30-120 minutes. Visualization on a UV transilluminator
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4.2.2.3 DNA restriction

Depending on the amount of DNA being digested and the concentration of enzymes, the
amount of restriction enzymes (used according to the manufacturer’s instructions) varies, as
well as the incubation times. In the analytical digest, the amount of DNA used was less then

1ug, resulting in a reaction volume of less than 10ul.

4.2.2.4 DNA purification

DNA was purified using the ExtractMe DNA Clean up Kit according to manufacturer’s

instructions

4.2.2.5 sgRNA preparation and ligation

Ordered oligos were resuspended according to the manufacturer’s instructions (Thermo Fisher
Scientific). 2ul of a 1:10 dilution (10uM) was hybridised in 20 ul DNA oligo annealing buffer
using a thermocycler at 95°C for 5 min with a ramp to 26°C(RT). 5 ul of hybridised oligos were
ligated into 50ng of the Cas9-eYFP plasmid using T4 DNA ligases. Ligation was incubated

overnight at room temperature for transformation into bacteria.

4.2.2.6 Plasmid DNA isolation from bacteria

Plasmid isolation was performed using 2 +2 mL (4mL total) bacteria culture using ExtracMe

plasmid mini kit (Blirt)

4.2.2.7 gDNA isolation from T. gondii

gDNA was extracted from 1mL freshly lysed T. gondii tachyzoites using ExtractMe genomic DNA
kit
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4.3 Cell culture

4.3.1 Growth and generation of transgenic T.gondii

T. gondii tachyzoites were maintained at 37°C with 5% CO2 growing in human foreskin
fibroblasts (HFFs; ATCC, SCRC 1041) cultured in Dulbecco’s Modified Eagle Medium (DMEM
Sigma) supplemented with 10% fetal bovine serum (FBS BioSell), 4mM L-Glutamate (Sigma),

and 20ug/ mL gentamycin(Sigma) as previously described

4.3.2 Cryopreservation

Intracellular T. gondii tachyzoites were dissociated using a cell scraper, diluted 1:1 in 2x freezing
medium, transferred into cryovials, stored in the freezer at -80°C for short term storage and
transferred into a nitrogen tank for long term storage. They can be thawed again at RT and
parasites can be transferred onto a new culture dish with an HFF monolayer. The DMEM was

changed either 5h later or the next day.

4.3.3 Generation of transgenic parasites

Tachyzoite gene modification using transient Cas9 transfection. The strain was generated as
described for Cas9 tagging (371). Guide RNAs targeting the regions of interest were designed
using EuPaGDT (372). Briefly, gRNA oligos were annealed, ligated into the Cas9 vector, and
verified by sequencing (Eurofins Genomics). The template DNA was generated by PCR
amplification using Q5 High-Fidelity DNA Polymerase (New England BiolLabs). The repair
template was purified using a PCR Purification Kit (Blirt). Ethanol precipitation was performed
using 100 pL of PCR mix +10-15ng purified Cas9 guide + 0.1x 3M NaAc pH5.2 and 3x 100%
EtOH. Samples were stored overnight at -20°C or for 1h at-80°C then pelleted at 20,000 x g for

30 min-1hin a cold centrifuge. DNA pellets were washed twice with 70% EtOH before air dried

Parasite transfection: Tachyzoites were transfected with up to 20 ug of the repair template.

transfected cells were transfected with the Amaxa 4D-Nucleofector system (Lonza AAF-1003X).
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~1x10° parasites were centrifuged and resuspended in 50ul of P3 buffer, and the transfection
mix (100ul) was transferred into a cuvette (P3 Primary cells 4d-Nucleofactor X kit L, Lonza).
Electrophoresis was performed using program F1-158. After transfection, the parasites were

resuspended in 1mL of fresh DMEM and transferred onto a fresh HFF dish.

4.3.4 Strain isolation using Fluorescents sorting (FACS)

The parasites were mechanically egressed 24 to 48 h after transfection, passed through a 3 um
filter and the parasites which transiently expressed Cas9-YFP were enriched via FACS 23
(FACSARIA 1Il, BD Biosciences) and sorted into 96-well plates (a minimum of 5 events per well).
The resultant clonal lines were screened by IFA for SAG1 labelling, and integration was

confirmed by PCR and sequencing (Eurofins Genomics).

4.4 Halo assays

Labelling of the PM-SAG1 and visualisation of the endocytosis / Endo-SAG1

Fresh tachyzoites expressing SAG1-Halo were mechanically egress, filter (3um) and were
resuspended in cold DMEM media containing Halo membrane non-permeable dye Alexa 660
or 488 dye (Halo-Alexa Fluor®-488/660 1:1000 Promega) for 1 h. Parasites were spined at 2500
Revolutions Per Minute (RPM) for 5 min and media was exchanged, this was repeated three
times, to remove any unbound ligand. Parasites were then transferred to Ibidi live cell dishes

covered with HFF for overnight replication before imaging.

Labelling of the maternal M-SAG1 and visualisation of the n-SAG1.

Fresh tachyzoites expressing SAG1-Halo were mechanically egress, filter (3um) and were
resuspended in cold DMEM media containing Halo membrane permeable dye, Janilla 646
(Janeli Fluor®-646, 1:1000, Promega) for 1 h. Parasites were spined at 2500rpm for 5 min and
media exchanged, three times, to remove any unbound ligand. Parasites were then transferred
to Ibidi live cell dishes covered with HFF for overnight replication. After replication, a new

labelling with media containing Halo membrane permeable dye, Jan 549, (Janelia Fluor®-549,
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1:1000, Promega) was performed for 1h at 37°C. After 3 washes to remove any unbound dye

left, parasites were imaged.

Labelling of the Int-SAG1 and tracking of the distribution to the daughter cells

Fresh tachyzoites expressing SAG1-Halo were mechanically egress, filter (3um) and were
resuspended in cold DMEM media containing Halo membrane non-permeable dye Alexa 660
or 488 dye (Halo-Alexa Fluor®-488/660 1:1000 Promega) for 1 h. Parasites were spined at 2500
RPM for 5 min and media exchanged, three times, to remove any unbound ligand. Parasites
were then resuspended in cold DMEM media containing Halo membrane permeable dye Janila
549 or 646 (Janila Fluor®-549,646 1:1000, Promega ®) for 1 h. Parasites were spined at 2500
RPM for 5 min and media exchanged, three times, to remove any unbound ligand. Parasites
were then transferred to Ibidi live cell dishes covered with HFF for overnight replication before

imaging.

Endo-SAG1, Int-SAG1 and n-SAG1 colocalization.

For the analysis of the Endo-SAG1 vs n-SAG1 vesicle colocalization, triple labelling was
performed as described above. Parasites were transferred on Ibidi live cell dishes covered with
HFF for overnight replication. Parasites were then Fixed with 4% paraformaldehyde and
imaged with Z-stack. The analysis focused on stage one parasites to avoid the obtention of too
much de novo material in the recycling steps. Per replicate, at least 25 parasites were analysed
for a total of about 100 Endo-SAG1. The different colocalization possibilities were counted and
expressed as a percentage of the vesicles analysed. The experiment was performed with three
independent biological triplicates. The values are then expressed as the mean values of the

three independent experiments + SD. Videos were analysed via Fiji.

Evaluation of the re-secretion of PM-SAG1 endocytosed vesicles

Parasites were labelled as described above with Alexa 660/488 (non-permeable Halo-Alexa
Fluor®-488/660, 1:1000; Promega). The cells were transferred to HFF for overnight replication,
followed by scratching, syringing, and trypsinisation. The second group was labelled as
described above. All parasites were washed with DMEM without FCS and trypsinised by
incubation with 30 mg/ml trypsin in DMEM without FCS at 37°C for 30 min. Parts of the

parasites were imaged on live cell dishes coated with poly-L-lysine for 20 min (dishes were
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washed with sterile H20 prior to use). The remaining parasites were washed with DMEM
containing 10% FCS to stop trypsinisation. The cells were incubated in 10% trypsinization for
1h to see recovery and then transferred to live cell dishes. Additionally, the parasites were
trypsinised to investigate the origin of the recovered signal. For analysis, control parasites were
labelled (prior to trypsin), trypsin (time 0), 10 min recovery, 30 min recovery, 60 min recovery,

and after re-trypsinisation.

After trypsinisation parasites were analysed for recovery signal above the background cut off
in Imagel) and percentage of recovery above background was measured for trypsinization
parasites (replicated and non-replicated) recovery was measured over 60 min in 3 independent

experiments with at least 100 parasites

4.5 Phenotypic assays

Induction of KD:

MyoF: As previously described for MyoF mAID parasites, MyoF-mAID SAG1-Halo parasites

were induced +/- auxin for 4h prior to labelling and experiments.

K13: As previously described, T4-S1 K13 SAG1-Halo parasites were induced 24h +/-

anhydrotetracycline (ATC) prior labelling and experiments

Live replication assay

SAG1-Halo and SAG1-Halo IMC1-YFP parasites were labelled with the Halo membrane
permeable dye Janila 646 (Janila Fluor®-646 1:1000, Promega ®) for 1 h. After 3 washes to
remove any excess of dye, the parasites were transferred to Ibidi live cell dishes covered with
HFF. Parasites were allowed to invade for 1h-2h to obtain enough invasion events to reach an
average of 10 parasites per FOV. After the invasion, the excess of parasites was removed by 3
washes. Live cell dishes were then transferred to the Leica-DMI8, heated at 37°C under a
chamber containing 5% CO2. Laser power and exposure were adjusted to the lowest values
allowing reliable imaging. Imaged were taken every 20-30 minutes to follow the plasma
membrane behaviour during replication for 12h. The experiment was performed with three

independent biological triplicates. The values are then expressed as the mean values of the
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three independent experiments * SD. Videos were analysed via Fiji. Additionally, iAHATgK13-
SAGI1-Halo parasites were induced with ATc (0.5 ug/ml) for 48h and labelled with Janelia 647
(permeable Halo-Janelia Fluor®-647 1:1000 Promega) and left to replicated overnight and

analysis for changes in reservoir formation.

Fixed replication assay

For fixed replication, parasites were labelled in the same way as in the live replication assay,
but before imaging, parasites were fixed with 4% paraformaldehyde (PFA Roche (10% dilution)

for 10 min and analysed directly.

Immunofluorescence labelling

As described above, the samples were fixed in 4% PFA for 20 min. Blocked in PBS + 0,2% triton
+ 3% BSA for 30 minutes before 1h of first antibody labelling in the blocking solution. Samples
were washed 3x times before secondary Ab labelling for 45 min in blocking buffer (AB+
blocking) washed and 1x time washed with Hoechst in PBS (1:50000) and mounted with

ProLong™ Gold (with or without DAPI) sealed with nail polish.

Colocalization assay with YFP markers

For all colocalization assays, all parasite lines were labelled with the Halo membrane non-
permeable dye Alexa 660 (Halo-Alexa Fluor®660 Promega concentration 1:1000) for 1 h.
Parasites were spined at 2500rpm for 5 min and media exchanged, three times, to remove any
unbound ligand. Parasites were then transferred to Ibidi live cell dishes covered with HFF for
overnight replication. Parasites were then fixed with 4% paraformaldehyde and imaged. For
the percentage of vacuole colocalization, 10 fields of view were imaged with stacked pictures
along the Z-axis (Z-stack) for a total of at least 100 vacuoles. For the percentage of vesicle
colocalization, about 25 vacuoles where colocalization was observed were analysed for a total
of at least 100 endocytic vesicles per replicate. Colocalization with the YFP markers was
calculated. The experiment was performed with three independent biological triplicates. The
values are then expressed as the mean values of the three independent experiments * SD.

Videos were analysed via Image)
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Vesicles tracking

For tacking the Endo-SAG1 vesicles, parasites were labelled as described above with the Halo
membrane non-permeable dye Alexa 488 (non-permeable Halo-Alexa Fluor®-488 1:1000
Promega). Parasites were transferred to Ibidi live cell dishes covered with HFF for overnight
replication. The induction of the MyoF-KD was performed as described above and maintained
during replication. Live cell imaging was then performed for 30 seconds taking 1 frame per
second with the Leica DMI8 100x. At least 100 vesicles were analysed per replicate. Vesicles
were manually analysed for movement with Imagel, and divided into three categories:
directed movement, diffusive movement or stationery as previously described (34).Co-

Localisation between old and new in FLP2 parasites

FLP2 parasites were induced with auxin for 4h before labelling. The control parasites were
unidentified. Parasites were first labelled with Janelia 549 for 1h then washed three time with
10mL of DMEM and transferred to live cell dishes (70-100uL) for overnight replication. Before
Imaging, parasites were labelled with Janelia 647 for 1h and three times before imaging with
Leica DMi8. The induced parasites were kept under auxin conditions for the entire experiment.

Colocalisation was analysed using Imagel for double signal overlapping in the parasites.

Fluorescence recovery after photobleaching and FRAP

For analysis of the membrane dynamics, Sagl Halo parasites were inoculated on Ibidi live cell
dishes covered with HFF and labelled with Oregon green for 1h and washed prior to imaging.
(Halo-Oregon green 1:1000 Promega). Photobleaching on the Leica-DMI8, with a FRAP unit,
was recorded at objective 100x on single parasites for a complete period of 50 seconds. (10s
before bleach, 1s 100% laser power (bleaching event), 39 seconds recovery). The imaging area
was selected to allow the presence of at least another invaded tachyzoite to allow to
determine the photobleaching induced by the recording. A total of 25 parasites per replicate
were recorded. The experiment was performed in triplicates. Analysis was performed via
Imagel, values were normalised using the control parasites and then converted to percentage

using 10s recorded before the bleaching as control of pre bleached (100%).
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Confocal FRAP / FLIP approach

For the FRAP of stages 4 to 8, Leica SP8 with an FRAP module at the BMC was used. Parasites
were recorded for 20sec pre bleach. Bleach was performed with a FLIP over 10sec until the
fluorescent signal of the bleached area is gone. Recovery was recorded every 5 s for 7-10 min.
Fluorescents were measured on bleached parasites and compared with non-bleached

parasites of the same PV. The number of parasites analysed was not statistically significant.

Quantification of the PMR formation:

For experiments of quantification of the PMR, the different SAG1 Halo parasite lines were
labelled with the Halo membrane non-permeable dye Alexa 488/660 (Halo-Alexa
Fluor®488/660 1:1000 Promega) or the Halo membrane permeable dye Janila 594/646 (Janila
Fluor®-549/646 1:1000, Promega ®) or a combination of both (see labelling strategies) for 1 h
as described above. Parasites were transferred to Ibidi live cell dishes covered with HFF for
overnight replication. About 10 fields of view were imaged with Z-stack for a total of at least
100 vacuoles. For quantification of the PMR, we counted the number of parasites showing
membrane loops or accumulation above the plasma membrane. The results are expressed as
a percentage of the total parasite population imaged. The experiment was performed with
three independent biological triplicates. The values are then expressed as the mean values of

the three independent experiments + SD. Images were analysed via Fiji.

SAG1-endocytosis assays in FLP2 parasites

For extracellular tachyzoites, the SAG1-Halo strain was labelled with the non-permeable Alexa
660 dye (1/1000) in cold media for 1 h. Parasites were washed 3x to remove excess ligand.
Parasites were incubated at 4 °C or 37 °C on the FBS coated live-cell dishes (lbidi live-cell
dishes, 29 mm) for 1 h prior to live imaging, as described below, for evaluation of
internalization of the SAG1 signal. For SAG1 recycling assays of intracellular tachyzoites,
parasites were labelled with Alexa 660 as above and then inoculated onto HFF monolayers in
Ibidi dishes. Parasites were allowed to replicate for 24 h prior to imaging. For endocytosis
assays with K13-depletion, iAHA-TgK13-SAG1-Halo parasites were first induced for 48 h with
or without ATC, before mechanical egress, filtering and labelling. Parasites were then allowed
to reinfect new HFFs cells, grow for 24 h under the same ATc treatment and were then imaged

live, as described below, for evaluation of internalization of the SAG1 signal. Endocytic activity
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was assessed by the presence of the PM-SAG1 vesicles (non-permeable halo-Alexa Fluor®-660)
and the percentage of parasites showing the presence of vesicles was determined. Mean
values of three independent experiments + SD were determined. The mean number of PM-
SAG1 vesicles/parasite was determined from the total number of vesicles inside vacuoles
divided by the number of parasites in the vacuole. For membrane accumulation, we scored
aggregation of PM-SAG1 as signal in the residual body or outside the typical parasite plasma
membrane. For these analyses at least 25 vacuoles per replicates were used and mean values
of three independent experiments + SD were determined. All SAG1-Halo images were acquired
on a Leica-DMIS, objective 100x with the LasX software (v3.7.4). Imaged were deconvolved
using Huygens essential software (v18.04) and batch express processing. Fiji (v1.53c) was used

to analyse the picture and all count were made manually.

4.6 Microscopy and Image analysis

Widefield microscopy

Unless stated otherwise, all images were acquired on a Leica-DMI8, objective 100x with the
LasX software (v3.7.4) (41). Fiji (v1.53c) was used to analyse the picture and all counts were
made manually. LasX software (v3.7.4 and v.5.3.0) from Leica was used to obtain parasite

imaging data

Visualization of PMR by Ultrastructure Expansion Microscopy (U-ExM)

Freshly egressed RH tachyzoites were allowed to infect HFFs in DMEM, supplemented with 5%
FBS. After 1 hour of infection cells were washed to remove the extracellular tachyzoites and

preserve only the intracellular parasites and allowed to replicate for 3h.

U-ExM was performed via published protocols for T. gondii. In brief, coverslips coated with the
HFF cells infected with the parasites were typically not fixed before immersion in a 0.7%
formaldehyde/1% acrylamide (FA/AA) solution for 5 hours at 37 °C. The coverslips were then
overlaid with a monomer mixture (19% sodium acrylate/10% acrylamide/0.1% bis-acrylamide)
supplemented with 0.5% ammonium persulfate (APS) and 0.5% tetramethylethylenediamine

(TEMED) to initiate gel polymerization. After a 30-minute incubation at 37 °C, the fully
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polymerized gels were detached and subjected to a 30-minute incubation at 95°C in
denaturation buffer (200 mM SDS, 200 mM NaCl, 50 mM Tris, pH 9). The gels were expanded
overnight in successive water baths. The following day, the gels were shrunk in PBS, sectioned,
and agitated for 3 hours at 37°C in a solution of appropriate primary antibodies diluted in
freshly prepared 2% PBS-BSA. After three 10-minute washes in 0.1% PBS-Tween, the gels were
incubated for 3 hours at 37°C (agitated and in the dark) with the appropriate secondary
antibodies. After three additional 10-minute washes in 0.1% PBS-Tween, the gels were
expanded overnight in water. Imaging was performed using a Leica TCS SP8 inverted
microscope equipped with an HC PL Apo 100x/1.40 Oil CS2 objective and HyD detectors. Z-
stack images were acquired via Leica LAS X software and deconvolved with the built-in
"Lightning" mode or manually using Huygens deconvolution software. Image processing was

conducted via ImagelJ software, and maximum projections were generated for publication.

Ultrastructure TEM

For looking at the plasma membrane connection of parasites from the same vacuoles, and
PMR, RH parasites were transferred to Ibidi p-dishes previously seeded with HFF cells. After
24 h of replication, the parasites were fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer pH 7.4. The parasites were washed three times at room temperature with PBS (137 mM
NaCl2, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and post-fixed with 1% (w/v)
osmium tetroxide for 1 h. Subsequent to washing with PBS and water, the samples were
stained en bloc with 1% (w/v) uranyl acetate in 20% (v/v) acetone for 30 min. Samples were
dehydrated in a series of graded acetone and embedded in Epon 812 resin. Ultrathin sections
(thickness, 60 nm) were cut using a diamond knife on a Reichert Ultracut-E ultramicrotome.
Sections were mounted on collodium-coated copper grids, post-stained with lead citrate (80
mM, pH 13) and examined with an EM 912 transmission electron microscope (Zeiss,
Oberkochen, Germany) equipped with an integrated OMEGA energy filter operated in the
zero-loss mode at 80 kV. Images were acquired using a 2k x 2k slow-scan CCD camera (Trondle

Restlichtverstarkersysteme, Moorenweis, Germany).

For Statistic testing One-tail ANOVA was performed as required.
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Confocal

A Leica DMi8 microscope equipped with SP8 imaging and an FRAP module was used. LasX

software was used for the acquisition. Analysation was performed with Image)

FLIP/FRAP

Imaging was performed using a Leica TCS SP8 inverted microscope equipped with an HC PL
Apo 100x/1.40 Oil CS2 objective and HyD detectors. Z-stack images were acquired via Leica
LAS X software and deconvolved with the built-in "Lightning" mode or manually using Huygens

deconvolution software

Image analysis

The Leica LasX software was used for Image analysis. All Images were processed and analysed

with Fiji (Imagel) software
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