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Toxoplasma gondii is an obligate intracellular protozoan parasite capable of
invading virtually any nucleated host cell. It is known clinically as the causative
agent of toxoplasmosis, a disease that can have disastrous consequences for patients
with an impaired immune system or for vertically infected fetuses. Currently
available treatments for toxoplasmosis are lacking in long-term efficacy while none
target the dormant stage formed by the parasite during infection. Toxoplasmosis
results from unchecked completion of the lytic cycle. This cycle is driven by the
calcium-dependent processes of host cell invasion and egress. Following a spike in
cytoplasmic calcium, apically localized organelles, the micronemes and rhoptries,
will secrete their contents and thereby facilitate these events. While much of the
signaling pathway leading to microneme secretion is known, there are question
marks surrounding microneme trafficking and membrane fusion. Mammalian
Ferlins, C2-domain containing proteins, are well-known for facilitating trafficking
and membrane fusion events in a calcium-dependent manner. Of the three Ferlin
family proteins encoded by T. gondii, FER1 is studied in this thesis. Conditional FER1
overexpression induced premature egress due to an untriggered burst of
microneme secretion. Additionally, live imaging micronemes in FER1
overexpressing parasites suggested an additional role for FER1 in trafficking of
microneme organelles. Taken together, these data support a role for FER1 in
microneme trafficking and the membrane fusion event driving their exocytosis,
which are essential for egress, invasion and the successful completion of the lytic
cycle.

TABLE OF CONTENTS

Table of Contents ................................................................................................................ iv
List of tables .......................................................................................................................... v
List of figures........................................................................................................................ vi
Materials and Methods .................................................................................................... vii
Tables ................................................................................................................................... xii
Introduction .......................................................................................................................... 1
1.0 Chapter 1 ................................................................................................................... 10
2.0 Chapter 2 ................................................................................................................... 19
2.2 Chapter 3

23

iv

LIST OF TABLES

1. Primers used in this study
2. Plasmids used in this study
3. Antibodies used in this study

v

LIST OF FIGURES

INTRO
1. The lytic cycle and critical organelles of Toxoplasma gondii
2. FER1 schematic and C2 domains
RESULTS
3. Growth defect and premature egress in overexpressing parasites
4. Combined invasion-egress assay and microneme secretion
5. PLP1 knockout validation and egress assay
6. Calcium signaling and secretion
7. Quantification of MIC2 and MIC8 signal in wildtype and FER1FL background
8.Time-lapse of FER1 (green) induction with SHLD together with MIC2 (red)
DISCUSSION
9. Model of FER1 as a trafficking protein for recycled micronemes

vi

MATERIALS AND METHODS

Parasites and host cells. Transgenic derivatives of the RH strain were maintained in
human foreskin fibroblasts (HFF) or hTERT immortalized HFF cells as previously described
[63]. Parasite transfections and selections use 1 µM pyrimethamine, 20 µM
chloramphenicol. All parasite lines were cloned by limiting dilution.

Generation of constructs and parasite line. All primers and plasmids are provided in
Tables 1 and 2. Expression plasmids fusing the destabilization domain to FER1 DOC2 were
generated by digesting pTubDD-YFP-FLP/sagCAT with AvrII and EcoRV. This plasmid also
served as a template for PCR of the C2D+De and C2B+C products. Product C2B+C was
digested with AvrII and EcoRV for ligation overnight at 16°C. PCR product C2B+C was first
blunted using NEB Quick Blunting Kit (E1201S) and then digested with AvrII before
overnight ligation into the above backbone. A perforin-like protein 1 (PLP1) knockout was
introduced into the RH∆Ku80 background using a CRISPR/Cas9 mediated approach.
Transfection of 20 µg of two pU6-Universal plasmid (kindly provided by Sebastian Lourido,
Addgene: 52694, Table 2 [55]) carrying sgRNA (Table 1). This resulted in double-strand
breaks around the ATG and membrane attack complex/perforin (MACPF) domain of the
PLP1 gene. A DHFR selection cassette was co-transfected with the CRISPR plasmids to
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induce repair by homologous recombination. Successful transfectants were determined by
PCR and IFA and subsequently single-cell cloned. A pTub-DD-MYC-FER1FL/sagCAT
plasmid was additionally transfected into the stable line of RH∆Ku80∆PLP1 parasites.

Microneme secretion by Western blotting. This assay was performed as published [48].
Freshly lysed parasites were resuspended in DMEM/FBS and transferred to a 96-well
polystyrene round-bottom plate (CELLTREAT Scientific Products). Secretion was induced
by 1-3 µM A23187, 1% ethanol (EtOH) or DMSO for 5 min at 37°C. Constitutive and Shield1 (SHLD) induced microneme secretion was assessed by incubation at 37°C for 2 hrs with
or without SHLD. Supernatants were probed by western blot using 6D10 MIC2 MAb and
TG17.43 GRA1 MAb and HRP conjugated secondary antiserum.

Shield-1 induced microneme secretion. Parasites were grown for 30 hrs in a T25 hTERT
containing flask. Flasks were washed once with PBS and once with Endo buffer (20 mM
Tris-H2SO4 pH 8.2, 44.7 mM K2SO4, 106 mM sucrose, 3.5 mg/ml BSA,10 mM MgSO4) [49].
Cells were scraped and parasites mechanically released. Parasites pellets were resuspended in Endo buffer and treated with either 1 µM Shield-1 for 2 hrs or A23187 for 5
min prior to processing. All other secretion steps are as previously stated. Supernatants
were processed for western blot.

Shield-1 induced egress. Parasites were inoculated on HFF coverslips and allowed to
grow for 30 hrs and then induced with either 1 µM SHLD for 2 hrs or 1 µM calcium
ionophore A23187 for 5 min as a control, prior to fixation with 100% methanol and IFA
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staining using αcMYC MAb 9E10) and rabbit αMIC8 (antisera details in Table 3). DNA was
stained with 4’,6-diamidino-2- phenylindole (DAPI) at 2.5 µg for 5 minutes and
subsequently washed twice with PBS, ten minutes each. The number of intact vacuoles per
10 fields were counted. Counting was performed 3 times and the mean was plotted.

Combined invasion-egress Assay. Parasites were grown for 36 hrs, mechanically lysed in
standard ED1 parasite medium and allowed to invade coverslips coated in an HFF
monolayer for 1 hr. All unattached parasites were then washed off with PBS and coverslips
were incubated in 1 µM SHLD or vehicle control for an additional 2 hrs. Coverslips were
then fixed with 4% para-formaldehyde (PFA) for ten minutes and permeabilized with
0.025% Triton X-100 and IFA was performed using Alexa594- and Alexa488- conjugated
αSAG1 MAb T41E5 [54]. Three images were taken per biological replicate on an EVOS FL
(Life Technologies) using a 10X objective. The number of invaded versus uninvaded
parasites were counted manually for 300 total parasites per slide.

Plaque assay. Parasites were grown in a T25 hTERT containing flask for 10 or 14 days
with or without 1 µM SHLD. Cells were then washed once with PBS, fixed with 100% EtOH
for 3 min and stained with 5X Crystal Violet for 5 min, washed with PBS and airdried.

Live-cell microscopy. Parasites were grown overnight in HFF confluent 15 mm glass
bottom cell culture dish (MatTek Corporation, cat #801002) in Ed1 containing DMEM
without phenol red. After adding SHLD at 1 µM, cells were imaged for 4-6 hrs on a
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DeltaVision microscope with DAPI, YFP and RFP filter sets and U-PLAN S-APO 100X Oil,
1.4NA, 0.12 WD objective
equipped with an environmental incubation chamber maintaining 5% CO2 and 37°C. One zslice was collected every 10 min.

Immuno-fluorescence microscopy. For all experiments looking at micronemes MIC2 and
MIC8, parasites were grown overnight on HFF confluent coverslips. They were induced for
2 hrs with 1 µM SHLD, fixed with 4% PFA and permeabilized with Triton X-100. For other
imaging, coverslips were fixed with 100% Methanol. For PLP1, 95% EtOH and 5% acetic
acid was used to fix [21]. Coverslips were then blocked with 1% BSA in PBS before staining
with primary antisera diluted according to Table 3. Alexa 488 (A488) or A594 conjugated
goat α-mouse, α-rabbit, α-rat, or α-guinea pig were used as secondary antibodies (1:500,
Invitrogen). During the final washing steps, DNA was stained with DAPI. Images were
collected on either a Zeiss Axiovert 200 M wide-field fluorescence with standard DAPI, YFP,
and TRTC filter sets, a α-Plan-Fluar 100x/1.45 NA oil objective or DeltaVision with DAPI,
YFP and RFP filter sets and U-PLAN S-APO 100X Oil, 1.4NA, 0.12 WD objective.

Calcium mobilization. DD-MYC-Fer1 parasites also expressing GCaMP3 (Table 2) were
grown overnight in a flask. Flasks were washed once with PBS and replaced with Endo
buffer [49.] Parasites were mechanically lysed and resuspended in 3ml of Endo buffer to be
split per condition. SHLD was added at 1uM and incubated 2hours. A23187 was added
prior to reading. 200ul of parasites were added to a 96 well black/clear bottomed plate
(ThermoFisher Scientific) and absorbance was read at 485/525nm on a SpectraMax M3.
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Microneme Signal Measurement. For all microneme signal measurements, 30-50 images
were collected on the DeltaVision microscope (with DAPI, YFP and RFP filter sets and UPLAN S-APO 100X Oil, 1.4NA, 0.12 WD objective). FIJI imaging software was used to make a
total projection of each image. One parasite per vacuole was measured. Each parasite was
divided into quadrants: apical tip, mid-apical, nucleus and basal. The circle tool was used to
take a measurement of pixel intensity for each quadrant. Each point was plotted using
GraphPad Prism and unpaired t-test was performed.
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TABLES

Table 1. Primers used in this study
PRIMER NAME

SEQUENCE

PLP-prot1-s
PLP-prot1-as
PLP-prot2-s
PLP-prot2-as
PLP-dhfr-s
PLP-dhfr-as
plp1s
plp1as
DHFRs
DHFRas
pTubYFP_Fer1-C2D-F
3’DHFR_Fer1C2DE-R
pTubYFP_Fer1-C2B-F
3’DHFR_Fer1C2C-R
3'UTR_as
F-tub-seq

AAGTTAACATGAGGTCACTCACACAG
AAAACTGTGTGAGTGACCTCATGTTA
AAGTTGGCCGTATTTACATTCTCTGG
AAAACCAGAGAATGTAAATACGGCCA
ATGTTTGTCGTTGATTTGAGCTTGTCAGGCAACATCACGAAACCTTGCATTCAAACC
CCACAACTTGTTGGATTTCGTTAATCGGCTCCTCTATCCTGCAAGTGCATAGAAGG
TCGCTCACCTCCTATCTCGG
TTGTACCAACTATCTGGACT
AGCAGGGACGGGTGAAGTTT
GCATATAATTCATATCCACA
CATGGACGAGCTGTACAAG CCTAGG CAGCGCGCCCCCAGACTG
GGCTGCAGGTTAGAGCTC GATATC TTAGGACTCGGCGCGTTCGC
CATGGACGAGCTGTACAAG CCTAGG ATCAAGGTGGACTTGCA
GGCTGCAGGTTAGAGCTC GATATCTTACCACCGCGGAGGCAAGTC
ACAAAAAGAAAACAAGGCG
CTCGTAGAGAACAAGCACTCGT

Table 2. Plasmids used in this study
T

PLASMID NAME
pU6 crispr/cas9
pU6 crispr/cas9 PLP1 prtospacer 3' near ATG
pU6 crispr/cas9 PLP1 protospacer 5'
GCaMP3
pmic3-MIC3-Cherry/DHFR
pURT-pMIC2-MIC2-Cherry-Myc/DHFR
pTub-DD-YFP-Fer1-C2D-DE/sagCAT
ptubDDYFP_FER1_C2B-C/sagCAT
tetO7Sag4-TyMyosinJ DHFR
tubDDmyc-TgFLP/CAT

SOURCE
Sebastian Lourido [55]
In House
In House
Sebastian Lourido [51]
In House[52]
In House
In-House
In-House
In-House
In-House [52]
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Table 3. Antibodies used in this study

NAME

Species

IFA dilution

western dilution

source

MIC2 6D10
GRA1 (TG17.43)
GFP
MIC2
MIC8
PLP1
IMC3
αSAG1 T41E5

mouse
mouse
mouse
rabbit
rabbit
rabbit
rat
mouse

1:2000
1:500
1:500
1:1000
1:1000
1:500
1:2000
1:500

1:8000
1:15000

David Sibley[56]
BioVision.com[57]
Abgent
David Sibley[56]
Dominique Soldati [58]
Vern Carruthers [21]
[59]

xiii

1:2000

1:1000

Jean-François Dubremetz[67]
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INTRODUCTION

Toxoplasma life cycle. Toxoplasma gondii (T. gondii) is an apicomplexan parasite
that serves as a pliable model for conserved processes, such as microneme
secretion. T. gondii has both a sexual and asexual cycle. It undergoes the sexual
lifecycle in its definitive host—the cat [3,14] (Figure 1). The asexual cycle,
comprised of a lytic replication stage as well as a dormant chronic infections life
stage, can establish infections in any warm-blooded vertebrate animal, including
humans. It is the asexual, lytic cycle that hallmarks acute toxoplasmosis, the clinical
manifestation of infection with T. gondii. In the sexual life cycle, sporozoites will
develop within oocysts shed in the environment in the feces of the definitive host
[3]. Inadvertent ingestion of sporulated oocysts by another bird or mammal will
transmit the parasite to the intermediate host, where the sporozoites excyst in the
intestine, infect the epithelium and differentiate into tachyzoites, the acute clinical
stage. From here tachyzoites will disseminate through the whole body. Upon
establishment of an immune response, the parasite will differentiate in bradyzoites
residing in tissue cysts, which are maintained life-long in the brain and skeletal
muscle. Ingestion of tissue cyst containing tissues by cats transmits the parasite
back in the definitive host, but ingestion by another intermediate host can also
horizontally transfer the parasite. If the immune system becomes comprised due to
1

disease or therapeutic treatments, the bradyzoites differentiate back into
tachyzoites and cause clinical toxoplasmosis [3].

Figure 1. The Lytic Cycle and Relevant Organelles of Toxoplasma gondii.
The parasite undergoes rounds of the lytic cycle to propagate infection. This is
comprised of host cell invasion, replication and egress. Critical apical
organelles, the micronemes and rhoptries, facilitate these events. Micronemal
proteins traffic through a classical secretory pathway through the ER and Golgi
to the apical end.
Three main steps describe the lytic cycle: invasion, replication and egress.
That is, parasite invasion into a host cell, replication within a parasitophorous
vacuole followed by host cell lysis and egress. Toxoplasmosis occurs when the
parasite repetitively performs this cycle leading to obvious tissue damage, notably
in the brain or developing fetus. Since the parasite can invade virtually any
nucleated host cell, there is a significant health burden in areas with a high
seroprevalence of toxoplasmosis [60].
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Host cell invasion
Sequential secretion events from three organelles, the micronemes, rhoptries, and
dense granules, mediate host cell invasion [3]. The first step of invasion requires the
parasite to attach to and glide along a host cell.Glycosylphosphatidylinositol (GPI)anchored surface antigens (SAGs) will recognize host cell membrane ligands
immediately followed by a burst in secretion from micronemes, an apical organelle.
Parasite gliding motility depends on a mechanism conserved across the
Apicomplexa performed by the glideosome [3,57,69]. The glideosome is composed
of an actomyosin motor that promotes rearward motion [57]. Fluxes in cytoplasmic
calcium concentration are necessary for many eukaryotic secretion events [27,32].
This is true in promoting secretion events leading to Toxoplasma host cell invasion
[3,55,59,61]. The transmembrane micronemal adhesion proteins or, MICs, secreted
after host cell recognition form complexes that act as a link between the host cell
and the actomyosin motor. Rhoptry neck proteins, or RONs, assemble with the
micronemal protein, apical membrane antigen 1 (AMA1,) to form a moving junction.
The actomyosin system translocating the moving junction towards the basal end
generates forward propulsion to aid in host cell invagination and subsequently
parasite invasion [57,69]. The invagination of host cell plasma membrane
encapsulates the invading parasite, becoming the parasitophorous vacuole (PV).
Once inside the parasitophorous vacuole, the parasite enters an immobile state to
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begin dividing. Replication then occurs within the PV and gradually fills up the host
cells, which depending on host cell size, completed by 24 – 48 hrs after invasion.

Microneme trafficking
Toxoplasma has repurposed the classical endosomal trafficking pathway to
traffic proteins to apical organelles: rhoptries, micronemes and dense granules. Of
specific interest to this thesis is the trafficking of micronemes. These organelles
secrete many different micronemal proteins which have a range of roles in both
invasion and egress. From the Golgi, proteins are trafficked to an endosome like
compartment (ELC). Rab5A/C have been identified to assist in this early half of the
trafficking pathway [62]. However, only some microneme proteins appear to traffic
dependent on these Rabs (MIC3 MIC5 MIC8 MIC11). Previous work from this lab has
further indicated a difference in this subset of micronemes. Indeed, by destroying
the binding pocket of the critical C2-D of FER1, we saw a differential effect on
trafficking on MIC2 compared to Rab5A/C dependent MIC8 [52].
On the latter half of trafficking, there are more question marks. From the ELC,
the micronemes must make their way to the apical tip of the parasite. There have
been identified micronemes which sit on the periphery and those which reside more
toward the apical tip, presumably ready to secrete (recently reviewed in [63]).
These micronemes seem to sit on subpellicular microtubules. From this position, the
microtubules likely serve as a scaffold for assisting the final stage of traffic to the
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apical tip to secrete. No proteins have yet been identified positioning micronemes
on the microtubules.

Signaling microneme secretion
It is well established that both invasion and egress are dependent on microneme
secretion. Both events also occur in a calcium-dependent manner. Yet the exact
mechanism facilitating microneme exocytosis has not been fully deciphered. The
current model for the signaling cascade mediating microneme secretion is
dependent on both extracellular and intracellular cues. When the extracellular
environment becomes acidic, a cascade is initiated whereby a guanylate cyclase GC
will respond to stimuli and produce cGMP [57]. The cGMP in turn activates PKG that
will act on Phosphoinositide phospholipase C (PI-PLPC) producing both
diacylglyceride (DAG) and IP3. IP3 will then mobilize calcium within parasite stores,
thereby increasing intracellular calcium. Meanwhile, DAG is converted to
phosphatidic acid (PA) by diacylglyceride kinase 1 (DGK1) via a reversible reaction
with phosphatidic acid phosphatase (PAP). An apical plextrin homology domaincontaining protein (APH) present on the surface of micronemes can sense PA and
works in conjunction with DOC2.1 to enable microneme secretion [12,57]. The
actual mechanism allowing for fusion of the microneme with the plasma membrane
is currently unclear.

Steps signaling egress
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Once the vacuole is replicated to maturity, it must once again be cued to a state of
motility in order to complete the lytic cycle. The parasite has positive and negative
regulators of egress [57]. Toxoplasma responds to intrinsic signals in what has been
referred to as ‘natural‘ or ‘programmed‘ egress, but may also initiate egress in an
emergency situation, such as damage to host cell. The transition to motility is
signaled by changes in the extracellular environment [4,21,25]. Some of these
signals include a drop in pH, a decrease in extracellular potassium, or increase in PA
in the vacuole [4,16,25]. These are transduced into an increase in cytoplasmic
calcium level, the necessity of which has already been discussed with respect to
invasion, but it is equally important in facilitating egress. An additional key
regulator of these events is cGMP dependent protein kinase G (PKG) [57,60]. The
events coordinated by PKG ultimately lead to microneme secretion. As mentioned
above, different micronemal proteins such as MICs and AMA1 that are necessary for
motility and attachment. Other micronemal proteins exist to facilitate egress.
Perforin-like protein 1 (PLP1), for example, inserts into membrane and complexes
with other PLP1 monomers to form pores in a low pH environment as in a mature
vacuole [21,39,68]. These pores disrupt the integrity of both parasitophorous
vacuole and host cell membranes allowing for host cell escape.

Microneme recycling
Although originally thought to develop de novo in each daughter cell, it was recently
shown that some micronemes are recycled from the mother [50]. Researchers
demonstrated that the residual body (RB) acts as a hub for recycling. Micronemes
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relocate to the basal end of the parasite before trafficking back into the forming
daughter cells. F-actin mediates the driving force in the recycling process.

C2 Domain containing proteins
Proteins containing multi- or double C2 domains facilitate membrane fusion and
vesicle exocytosis in a calcium-dependent manner [15,26,31,41,44,45,46,47,48].
Synaptotagmins are one of the best-studied C2 domain containing proteins. Much
work has been done to show that human synaptotagmins facilitate neurotransmitter
release and vesicle docking by binding calcium and phospholipids—thereby
allowing vesicle fusion with the plasma membrane in a calcium dependent manner
[5,17,19,22,29,42,49,63]. Mammalian synaptotagmins are composed of two C2
domains and a single, N-terminal transmembrane domain [22]. The tandem C2
domains, A and B work together to mediate vesicle fusion at the plasma membrane
[22]. The typical C2 domain is composed of eight beta strands and is roughly 150
amino acids in length (Figure 2A) [75].
Three loops extend at one end of each C2 domain that contain acidic residues
necessary for binding calcium or phospholipids. The aspartate residues create a
negatively charged binding pocket where calcium binds [76,77,78]. However, the
mimetic glutamate seems to maintain some calcium sensitivity. Alternatively, if
there is an asparagine in this position, eliminating the negative charge, phospholipid
binding may be promoted over calcium [77,78]. In some cases, only the middle three
residues are necessary for successful binding to either ligand [78]. Crystallographic
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analysis of Syt-1 has shown that interaction between the conserved aspartates in
C2A interact with those in C2B creating a binding pocket for calcium.
Ferlin family proteins are multi-C2 domain containing proteins, with
between five and seven C2 domains believed to work in tandem [17,43]. In
mammals, there are six identified ferlins broken into type I and type II. Type I ferlins
contain a DysF domain that is not yet characterized. The best described of these six
are myoferlin, dysferlin and otoferlin. In vitro binding assays have shown calcium
and phospholipid binding of their C2 domains. Additionally, these proteins are
described to have roles in mediating vesicle fusion for endocytosis and exocytosis in
a calcium dependent manner [1,7,9,13,18,23,24,28,33,34,35,37,38]. Recently,
localization pull-down assays, in which a bait-protein is isolated and used to
determine association partners by physical interaction, have implicated mammalian
ferlins in endocytosis, exocytosis and trafficking complex assembly [17,33,34,35,38].
However, it would seem that different ferlins maintain different functions. In fact,
ferlins have been grouped into either plasma membrane/endosomal ferlins or
trans-Golgi/recycling Ferlins, thereby classified as type-I and type-II respectively
[38].

Toxoplasma C2 domain proteins
Toxoplasma encodes three Ferlin family proteins: FER1, FER2 and FER3.
FER1 and FER2 each resemble classical Ferlin family proteins, while FER3 is much
bigger. Therefore, most research efforts thus far have focused on FER1 and FER2.
FER2 has previously been shown by this lab to be critical in Rhoptry secretion
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[6,61]. FER1, which is composed of 6 C2 domains and a transmembrane domain
(Figure 2B) has also been shown to be essential in microneme exocytosis [52,61].

Figure 2. FER1 Schematic and C2 Domain. A. Schematic of FER1. C2 domains are
indicated as blue ovals while the transmembrane domain is indicated in green. B.
Classical C2 domain, 8 beta sheets indicated in orange.

Though there are many players defined in the steps leading to microneme
secretion and secretion driven processes, there are question marks surrounding
trafficking of the micronemes to the ultimate destination in the apical tip. For
example, it is unclear how micronemes fuse with the plasma membrane, traffic from
the ELC to the apical end and get positioned on the sub-pellicular microtubules. The
data presented in this thesis supports a role for FER1 as a dynamic mediator at two
distinct points in the parasite lytic cycle: during cell division and during egress,
gliding and invasion.
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1.0 PINPOINTING THE ROLE OF FER1 IN THE LYTIC CYCLE
Acute toxoplasmosis is driven by successful rounds of the lytic cycle. To this end,
any gene manipulation that leads to a disruption or defect in lytic cycle steps make
for an attractive candidate for study. In this first section, I describe several
experiments that look at the lytic cycle when FER1 is over-expressed. The focus of
this section is on two steps of the lytic cycle, invasion and egress. Understanding the
mechanisms of host cell invasion and egress are of particular interest since failure to
‘get in’ or ‘get out’ would prevent further infection. We show here that manipulation
of FER1 to be conditionally over-expressed causes the parasite to egress
prematurely.

1.1 OVEREXPRESSION OF FER1 CAUSES GROWTH DEFECT
To first establish the importance of FER1, initial growth assays were performed. In
order to study FER1, the lab has previously established a system that allows for
conditional overexpression. The destabilization domain (DD) allows for conditional
expression of the construct when stabilizing compound, Shield-1 (SHLD), is added to
the medium. We fused full-length FER1 to a DD and either a YFP or MYC tag. We
transfected in wildtype parasites, RH∆HX, and selected for stable, monoclonal
populations. In an initial growth experiment, 100 and 200 parasites were added to
flasks with a monolayer of host cells, hTERT, and left to sit undisturbed for 10 and
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14 days respectively. Both wildtype and DD-YFP-FER1FL parasites were used for this
experiment with one flask each grown in the presence of SHLD. Sitting unperturbed,
the parasites will form plaques as they divide and destroy the monolayer. At the end
of each timepoint, the flasks were fixed with 100% ethanol and stained with Crystal
Violet. Following 10 days of incubation, we saw that plaques of the induced DD-YFPFER1FL were much smaller than either the uninduced and induced controls (Figure
3A). This suggests that some point of the lytic cycle is impaired when FER1 is
overexpressed. Since it is possible that parasite division is halted, we looked to the
14 days plaques to see if the induced plaques stay the same size or continue to grow.
Indeed, the plaques of the induced parasites continued to expand relative to the 10
day plaques. However, these plaques are still smaller than those of the 14 days
uninduced (Figure 3B). This information tells us that progression of the lytic cycle is
not completely halted, but there is a step negatively impacted by the additional
FER1.
We then sought to understand what step or steps of the lytic cycle is impacted by
overexpression. Based on the role of Ferlins in mammalian cells, we did not expect
this defect to stem from replication, but rather a secretion driven event. Therefore,
we next tested egress of parasites in the presence and absence of SHLD. Natural
completion of the lytic cycle is known to be completed around 48 hrs. In this
experiment, we allowed parasites to invade host cells for 36 hrs prior to SHLD
addition. After two hours, parasites induced with SHLD began to egress prematurely
(Figure 3C). Egress levels of parasites that were not induced remained at a constant
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level intracellularly over course of the experiment. Taken together, these data
indicate that FER1 is involved in facilitating host cell egress.

Figure 3. Growth defect and premature egress in overexpressing parasites.
A. Plaque assay of wildtype and DD-YFP-FER1 parasites in the presence and
absence of SHLD over 10 days. B. 14 day plaque assay. C. SHLD induced egress
assay. Intact vacuoles counted over 10 fields in presence and absence of
treatment with SHLD at 0, 2 and 5 hrs post induction. Average of n=3±std is
plotted. NT: not treated
Inducing with SHLD sooner after invasion would eliminate the potential for
other egress signals to be at play. For example, allowing just one hour for parasite
invasion before addition of SHLD would not even allow enough time for replication
to begin. Egress at this stage would indicate that overexpression of FER1 is
sufficient for egress. Therefore, in a modified version of the egress assay described
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above, freshly lysed parasites were allowed to invade host cells for just one hour
before inducing with SHLD (Figure 4A). Though modest, we found that 35% more
parasites were found extracellular than either the uninduced wildtype and DD-YFPFER1FL (Figure 4A). This suggests that at the moment FER1 is overexpressed, the
steps signaling egress are immediately initiated—regardless of cell cycle status.
Since egress and invasion are regulated by microneme secretion, we
wondered if it was FER1 triggering microneme secretion that led to the premature
egress. To test this, we set up a standard microneme secretion assay using calcium
ionophore A23187, EtOH and SHLD as to induce secretion. Treatment with
ionophore and EtOH were for five minutes, samples were then placed on ice. We
also collected a constitutively secreted sample without any trigger. After incubation
of intracellular parasites with or without SHLD for 2 hours, all samples were
pelleted and the supernatants were collected to detect secreted microneme proteins
by western blot. In addition to the treated supernatants, we also ran a 10% total
lysate, in which we can see the unprocessed, non-secreted protein MIC2 protein
running at higher molecular weight.
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Figure 4. Combined invasion-egress assay and microneme secretion. A. Parasites
allowed to invade for one hour before treatment with SHLD. Extracellular parasites
were counted manually NT = not treated. Average of n=3 ± std B. Microneme secretion
monitored by MIC2 released in the supernatant under standard conditions using 1 µM
SHLD, 2 µM A23187 and 1% EtOH as triggers. Tubulin antiserum was used a loading
control on the pelleted parasites following the secretion assay). White arrows indicate
processed, the secreted, MIC2. Red arrows indicate unprocessed MIC2.
While there is a strong band visible for MIC2 in the SHLD induced and
constitutively secreted samples, secretion is much more modest when treated with
A23187 and negligible for EtOH (Figure 4B). However, it is clear from the loading
control that these samples must have had fewer parasites to begin with. It is
interesting to note, that in the SHLD induced secretion there is a range of signal, as
though some of the secreted protein was also unprocessed or secreted prematurely.
The prolonged SHLD induction already leads to a significant amount of constitutive
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MIC2 secretion and prevent the accurate measurement of specific SHLD induced
MIC2 secretion. Thus, FER1 overexpression leads to premature parasite egress
before the parasite is ready, but the standard microneme secretion assay does not
conclusively indicate whether this is due to premature microneme exocytosis.
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Figure 5. PLP1Polyclonal validation and egress assay. A. Schematic of the
CRISPR strategy to make double stranded breaks at two ends of PLP1 with
replacement by a DHFR cassette. PCR validations are indicated for PLP1 knockout,
3’ integration of DHFR and 5’ integration of DHFR B. PCR validations in the
polyclonal population in DD-MYC-FER1 background. C. Immunofluorescence
validation of PLP1 knockout. D. SHLD induced egress assay in PLP1 knockout
background. E. Quantification of PLP1 knockout egress phenotypes. 150 total
parasites were counted per condition for N=1. Total parasites counted is equal to
100%.

1.2 FER1 ACTS DIRECTLY ON MICRONEMES
To measure the effect of FER1 overexpression in another way, we explored an
alternative assay to uncouple microneme secretion from the activation of Ca2+mediated motility driving egress. A perforin-like protein (PLP1) has been shown
previously to be sufficient for membrane permeabilization leading to rapid egress
[21,39]. PLP1 is secreted from the micronemes just prior to egress and forms pores
in parasitophorous vacuole and host cell membrane, thereby disrupting the
integrity of the cell and facilitating rapid egress [21,39]. The knock-out of PLP1
(PLP1-KO) caused a delayed egress by 10-15 min as eventually, the wiggling motile
parasites cause a physical rupture of the PVM membranes [21]. We reasoned that if
FER1 only drives microneme secretion it should not act on motility, and as such
overexpression of FER1 in a PLPL1 knock-out background should severely inhibit
egress. We therefore attempted to generate a knockout of PLP1 in the conditional
DD-FER1FL overexpression background.
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Using CRISPR/Cas9, two cuts were made to knock-out the functional region
of PLP1 (Figure 5A). Diagnostic PCR shows that although a clonal line was not
achieved, there was insertion with the replacement cassette, DHFR.
Immunofluorescence microscopy affirms that a polyclonal population exists (Figure
5B&C). Subsequently, the original egress assay using the wildtype, DD-FER1 and
both PLP1 polyclonal lines of parasites was performed. Parasites were allowed to
invade host cells for 36 hrs prior to SHLD addition for just 2 hrs, before fixation. As
expected, both wildtype and PLP1-KO in the wildtype background remained
intracellular following 2 hrs SHLD induction (Figure 5D&E). However, the PLP1-KO
in the FER1 background also remained intracellular after induction with SHLD.
Thus, overexpression of FER1 is unable to override the PLP1 knock-out in order to
egress. Although we must take into consideration that there is some functional
PLP1, this data still largely implies that parasite motility is not activated, and that
egress in the wild type DD-FER1FL background is due to release of PLP1 from the
micronemes. In conclusion, overexpression of FER1 leads to microneme release in
absence of motility activation. Furthermore, this result indicated that excess FER1 is
able to bypass the need for a rise in cytoplasmic Ca2+ in driving microneme
membrane fusion with the plasma membrane.
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2.0. FER1 IS A COORDINATOR MICRONEME SECRETION
Prior to host cell egress, a signaling pathway is triggered which leads to a spike in
intracellular calcium and ends with microneme secretion. Treatment with calcium
ionophore, A23187, is routinely used as a trigger for secretion [48]. Classically,
mammalian Ferlins respond to and bind calcium via their C2 domains in order to
bind lipid membrane and facilitate membrane fusion [15,26,31,41,44,45,46,47,48].
Given the 6 defined C2 domains of Toxoplasma FER1, a role in the calcium signaling
pathway cannot be ruled out. With the PLP1 experiment, we have demonstrated a
connection between FER1 and microneme secretion. While failure to egress in the
knock-out implies that FER1 acts independently of the calcium signaling pathway
and does not activate motility, it remains a possibility that calcium may be
mobilized.

2.1 OVEREXPRESSED FER1 ACTS INDEPENDENTLY OF CALCIUM TO MEDIATE
MICRONEME SECRETION
To test for mobilization of calcium by FER1, we applied genetically encoded calcium
indicator (GECI) GCaMP3, that reports on calcium fluxes in live cells by a change in
fluorescence [51]. GCaMP3 was transfected into the DD-FER1FL background and
selected by 3 rounds of FACS sorting. For the rounds of sorting, parasites which
fluoresced YFP were collected and put back into culture. After 2 complete lytic
cycles they were sorted again. This process was repeated until there was a 99%
population of parasites in culture. Parasites were treated with calcium ionophore
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A23187 and SHLD and no treatment as negative control. Parasites were incubated
for 2 hrs with SHLD, but A23187 was added just prior to reading at 485/525nm.
Ultimately, the only spike in calcium came from treatment with A23187 (Figure 6A).
There was only a spike in signal with SHLD when parasites were also exposed to the
ionophore. Therefore, overexpression of FER1 does not itself trigger the calcium
signaling pathway. This is consistent with our findings that FER1 does not signal
motility. These data together show that overexpression of FER1 can can overcome
the need for calcium.
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Figure 6. Calcium Signaling and Triggered Secretion. A. Relative fluorescence
units (RFU) of parasites expressing GCaMP3 under no treatment, 1 µM SHLD for
2 hrs and 2 µM A23187 and a combined SHLD first then A23187. Live parasites
from a fully lysed flask were counted and seeded at about 500 parasites per well
in a 96 well plate. n=1. B. Microneme secretion in intracellular conditions of
wildtype and FER1 overexpressing parasites triggered with 2 µM ionophore
A23187 for 5 min, 1 µM SHLD for 2 hrs and vehicle representing SHLD solvent of
0.1% EtOH end concentration. RH in ED1 represents constitutive secretion in
standard media. Constitutively, Ca2+-independent secreted dense granule protein
GRA1 was used as a loading control.
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We wondered, then, if overexpression of FER1 independent of any other
natural trigger would be sufficient for microneme secretion. To test this, we used an
intracellular buffer, Endo Buffer, that does not contain calcium to mimic
intracellular conditions. This experiment mimics the modified invasion-egress
assay, in which the parasite should not be ready for egress or secretion. With what
we saw in the egress assay, we expect that FER1 should be sufficient for microneme
secretion. We performed a standard microneme secretion assay in which, once
pelleted, parasites remained in Endo Buffer. Supernatants were collected from
parasites either triggered by A231876, vehicle control, SHLD or secreted
constitutively for 2 hrs. Secretion was detected by western blot. We probed for
micronemal protein MIC2 and used dense granule GRA1 as a constitutively secreted
and Ca2+-independent control. In agreement with a lack in calcium spike in the GECI
experiment, we found that overexpression of FER1 did lead to secretion of MIC2
under intracellular conditions (Figure 6B). Treatment of wildtype parasites with
SHLD did not lead to secretion.
Building upon the evidence seen with the PLP1 assay, the observation that
FER1 does not result in an increase of intracellular calcium, but does lead to
microneme secretion in the absence of calcium further supports the model that
overexpression of FER1 acts independently of the calcium signaling pathway. FER1,
therefore, may be involved in trafficking micronemes and ultimately facilitate fusion
at the membrane.
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3.0 FER1 IS MEDIATES TRANSPORT OF MICRONEMES
Micronemes that are made de novo in each daughter parasite are understood
to traffic through the endocytic pathway toward the apical tip for secretion.
However, this does not account for the 50% of micronemes that are recycled from
the mother. It is currently not as well understood how micronemes get to this
critical area for secretion. This next section will take a look at the potential role for
FER1 in microneme organelle trafficking.
Using mammalian Ferlins as a guide, we considered whether FER1 could
have an additional function in trafficking micronemes to their ultimate destination.
Using immunofluorescence microscopy, we will show that FER1 has a differential
effect on the positioning of the two sub-populations of micronemes. We will
additionally use time-lapse to show that FER1 traffics from the apical to basal end
together with MIC2.
We have previously shown that mutations to one of the critical C2 domains,
C2D, has a differential effect on the two sub populations of micronemes [52]. Point
mutations were introduced changing aspartate to alanine to destroy the calcium
binding pocket of FER1 C2D. This mutation resulted in a diminished signal for MIC2,
part of the Rab5A/C independent population. MIC8, a Rab5A/C dependent
microneme, was unaffected. To further understand the role FER1 plays in these
differences we decided to take a more detailed look at both populations of
micronemes when overexpressing the full-length wildtype FER1. Based on these
previous experiments, we expect the over-expression to have a much more
pronounced effect on the MIC2 population.
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FER1 and wildtype parasites were grown overnight on coverslips and
induced with SHLD for two hours before fixing with 4% PFA. We stained with either
MIC2 or MIC8. Images were taken for all four conditions. We then divided the
parasite into quadrants referred to as apical tip, mid-apical, nuclear and basal.
(Figure 7A). Using FIJI imaging software, we measured fluorescence intensity of
each quadrant. (Figure 7A). We then quantified and plotted all points to compare
intensity of quadrants for each condition tested ( Figure 7B-E). We chose to break
up the measurements in this way in order to best capture differential positioning of
the micronemes. For example, a more scattered signal will show up as a down shift
across all quadrants, whereas the whole vacuole measurement may have missed
this difference.
Looking first at the apical tip measurements, FER1(clone 7) MIC2 has a
significantly upshifted signal relative to the wildtype (Figure 7B). On the other end,
there is a slight but significant downshift in MIC2 signal at the basal end. (Figure
7C). In the other two quadrants, Clone 7 MIC2 signal is comparable to the wildtype
(Figure7B-E). In contrast, the MIC8 signal significantly downshifts at all points,
suggesting that either the signal is scattered and MIC8 is not being mis-trafficked, or
there is less protein. Again, we are seeing that there is a difference in the how
Rab5A/C dependent micronemes are acted on by FER1, another piece of evidence
confirming the existence of microneme subpopulations. With this is mind, it is
possible that multiple proteins fill a similar role in trafficking the difference
subpopulations.

24

The concentration of MIC2 signal at the apical tip is in line with our
expectations from previous data. It would seem that the overexpression of FER is
causing MIC2 to accumulate at the apical tip as well as being trafficked away from
the basal end, where MICs are sent for recycling.

Figure 7. Quantification of MIC2 and MIC8 trafficking in wildtype and FER1FL
background. Signals were measured using ImageJ software and compared for four
different sub-sections of the parasite. A. Image representation of FER1 overexpression
and its impact on MIC2 and MIC8 and how measurement areas were defined. White
arrows indicate MIC2 increased signal at the apical tip. B. Tip. C. Mid-Apical. D. Nuclear
E. Basal. 31 parasites were measured; error bars show average ±std. Bars indicate
comparison. N.S is not significant. Unpaired t-test with a significance of p <0.05 where
**** p value <0.0001 *** p value 0.0001 ** p value 0.002 * p value 0.015.
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In an effort to capture FER1 trafficking MIC2, we transfected an additional
MIC2 mCherry-RFP fusion plasmid into the FER1 background. After letting the
parasites invade host cells overnight, we imaged from the moment SHLD was added
for a total of 5 hrs (Figure 8). The YFP signal reporting on FER1 overexpression
becomes visible after 2 hrs of induction (Figure 8A). We have previously seen in still
images that anti-FER1 localizes to the somewhat peripherally as well as apically
[52]. During this time-lapse, we were able to see how truly dynamic FER1 actually is.
It appears first as two dots in the apical end of the parasite. Gradually, a peripheral
signal appears and begins to migrate toward the basal end of the parasite. MIC2,
likewise, is apical to begin and migrates together with FER1 as the parasite is
dividing. These are likely the micronemes to be recycled. Indeed, the MIC2 signal
appears at the most basal end in a cluster at 4:00 hours. The MIC2 signal is encased
in a circle of FER1 at what can only be the residual body (Figure 8B). As division
completes, FER1 re-appears at the periphery and signal at the RB diminishes.
Throughout division, the two apical punctate FER1 remain, seemingly moving about
just in this apical region. At 3:30, this signal seems to migrate up closer to the tip,
and retreats back toward a more central location, perhaps right in the middle of the
endocytic pathway.
Both signals begin to creep back up the parasite body at the end of division as
the daughter cells become clearly visible. At no point in this live-capture do FER1
and MIC2 have true co-localization. They are clearly migrating together, but FER1
may not directly tether micronemes but may instead be part of a complex—or work
closely with another protein—that does tether micronemes.
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Figure 8. Time-lapse of FER1 induction with SHLD (green) together with MIC2
(red). A. All time-points collected 2 hrs post SHLD induction. FER1(green) is on the
top panel while MIC2 (red) is on the bottom. Time is indicated in hours post SHLD
induction. Numbers at the tip apical tip indicate the number of parasites at 02:00
and post division at 4:30. A white circle at 02:00 indicates two punctate FER1 signals
at the apical tip (green) and MIC2 clustered at only the apical end (red). B.
Magnification of critical timepoints showing the formation of residual body. White
arrow indicates residual body (green) while white circles indicate MIC2 at the apical
tip and a pink circle encompasses MIC2 at the residual body.
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OVERALL DISCUSSION
Since there is a large body of knowledge in existence for mammalian Ferlins,
predicting a role for Toxoplasma Ferlin family proteins was fairly straight forward.
Many C2-domain containing proteins are involved in secretion, therefore it was
natural to place Toxoplasma Ferlins in the secretory pathway. There is much already
known about Toxoplasma invasion and egress, specifically that secretion of apical
organelles, micronemes and rhoptries, is necessary. Placement of Ferlins at some of
the ‘question marks’ in this pathway seemed logical. Indeed, this lab has already
shown FER2 to be involved in rhoptry secretion [6]. Our analysis suggests that FER1
may help to traffic micronemes to the residual body to be recycled as well as toward
the apical tip for secretion.
Originally, we considered FER1 a likely candidate to act exclusively at the
apical tip, working in a manner similar to synaptotagmins during vesicle fusion.
However, being a Ferlin family protein with multiple C2 domains broadens the
potential roles. Indeed, there is already a precedent for mammalian Ferlins playing
many parts, including trafficking vesicles [35]. The live-cell imaging of FER1
indicates that there is a dynamic localization. Though this does not necessarily
demonstrate active transport by FER1, it does imply a dynamic role for FER1 in
mediating microneme trafficking. (Figure 8).
Previous research has demonstrated the role of F-actin in recycling
micronemes during division [50]. While some micronemes are made de-novo, it has
been found that about half are recycled from the mother to the daughter cells.
Similar to the FER1 signal (Figure 8B), F-actin can be found forming a circle within
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the parasitophorous vacuole making up the residual body. This scaffold was found
to be critical in microneme recycling [50]. The question to be asked, then, is what
the relationship between FER1 and F-actin is. With the evidence presented, I would
predict FER1 would co-localize with F-actin at the RB. This experiment would
confirm that FER1 is indeed at the RB, making it a more likely candidate to be
involved in recycling.
Given all of the evidence presented here and in the context of what is already
known, FER1 has the potential to fill the role of retrograde transport as well as
positioning at the apical tip on the sub-pellicular microtubules. In both the live-cell
imaging shown here and in previous imaging, the peripheral signal of FER1 is
overwhelming. The live imaging allowed us to see that this signal is also dynamic
and likely involved in transport of micronemes to both the apical tip and basal end
of the parasite.
The calcium experiments lead us to believe there must be a role for active
secretion as well as trafficking. At the apical tip, we see that at no point does the
FER1 signal totally disappear, suggesting that it may be active in positioning
micronemes produced de novo by the daughter cell. This would be in line with the
quantification of MIC2 signal at the apical tip. The over-expression of FER1 caused a
significant up-shift in signal at the tip, while it was somewhat diminished in the
three other quadrants measured. For MIC8, the Rab5A/C dependent population, the
signal was scattered. Suggesting that while FER1 may not actively traffic this
population, the overexpression may have interfered with successful trafficking.
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We propose that additional FER1 in the parasite positions more Rab5A/C
independent micronemes at the periphery, causing micronemes to move up the
microtubules and thereby leading to premature secretion (Figure 9A-D). While on
the other end, FER1 also traffics to the basal end to recruit micronemes to be
recycled during division (Figure 9C-D). This thesis therefore concludes that the role
of FER1 has a dynamic role and acts at the apical tip to position and at the basal end
to recycle Rab5A/C independent micronemes.

Figure 9. Model of FER1 as a trafficking mediator protein for recycled micronemes. A, B.
Overexpressed FER1 (green) begins to migrate with MIC2 (red) to the basal end during
invasion. During division, cell is disassembled and MIC2 and FER1 accumulate in the residual
body (indicated by black arrows). C. Meanwhile, newly made MIC2 is sent to the apical tip
(purple) of daughter cells to be positioned by FER1 remaining at the apical end. D. Toward
the end of replication, recycled MIC2 is trafficked toward the apical tip.
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