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ABSTRACT 

Parasites of the genera Plasmodium and Toxoplasma represent a substantial source of 

often-deadly global human parasitic infections. Toxoplasma gondii infects over two billion people 

worldwide, resulting in life-long chronic infection, and has a profound impact on host health, and 

disease manifests primarily in immunocompromised individuals. An exceptional and important 

aspect of this protozoan is its widespread ability to infect any nucleated warmed-blooded animal. 

The life cycle of the parasite in a host causes rounds of host cell lysis, resulting in tissue damage. 

Sequential discharge of micronemes, rhoptries and dense granules, which form a unique triad of 

secretory endomembranes, contributes to the extraordinarily success of this parasite to invade and 

propagate within its infected cells. Upon and after cell invasion, Toxoplasma releases a myriad of 

host modulating effectors to promote its survival and dissemination. Of the many host-

manipulating proteins, the dense granules effectors (GRAs) are responsible for structural 

modification of the parasitophorous vacuole in which the parasite develops within the cell. Several 

GRAs have also been identified as controlling multiple host cell biological processes, including 

manipulation of signaling events, alteration of host transcription, apoptosis, immune function, and 

the cell cycle program. This dissertation explores how Toxoplasma manipulates the host cell cycle 

to force its genome replication. We characterized a GRA effector HCE1 by determining its role in 



the induction of the host cell cycle via the upregulation of cyclin E to stimulate G1/S-phase 

transition and reveal a block in S-phase progression and DNA synthesis in the host. Moreover, we 

demonstrated that this S-phase block was dependent on the host cell. Notably, we illustrated that 

removal of host cell contact inhibition promotes DNA synthesis and this S-phase block was 

dependent on the host cell background. These data offer the first evidence of a Toxoplasma effector 

capable of modulating host cell cycle phases and answers a long-standing question in the field of 

Toxoplasma biology with regards to manipulating its infected host. This dissertation also examines 

other aspects of Toxoplasma biology, including our investigation into the roles of Secretory 

Effector Binding protein 1 (SEB1), an essential Golgi-resident protein, in parasite survival and 

replication.  
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CHAPTER 1 

LITERATURE REVIEW OF TOXOPLASMA GONDII 

INTRODUCTION 

 Toxoplasma gondii is an obligate intracellular parasite found in a wide range of 

hosts. This pathogen is able to infect almost any nucleated cell in warm-blooded animals and is 

considered one of the most successful protozoan parasites [1, 2]. This single-cell eukaryote belongs 

to the apicomplexan phylum which comprises several protozoan parasites contributing to 

significant global health burden in humans and livestock. Common examples of apicomplexan 

species of medical importance include Plasmodium spp., which causes malaria, Cryptosporidium 

spp., which causes waterborne diarrhea; and Babesia spp. and Eimeria spp., which cause 

babesiosis in cattle and coccidiosis in poultry, respectively. It is reported that Toxoplasma gondii, 

a predominantly opportunistic coccidia pathogen, infects approximately one-third of the world’s 

human population and carries with it the potential to cause severe disease [3]. Although death is 

uncommon in healthy infected individuals, immunocompromised patients are at risk of greater 

morbidity and mortality. Among the apicomplexans, Toxoplasma gondii has been the model 

parasite to be studied for its exceptional importance as a causative agent of a zoonosis; however, 

many aspects of its biology still remain relatively unclear. An understanding of the biology of 

Toxoplasma gondii will help contribute to the development of efficient therapies to combat the 

global infection of toxoplasmosis as well as provide insight into the biological mechanisms of 

related Apicomplexan parasites. 
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Toxoplasma was first identified in 1908 by Charles Nicolle and Louis Manceaux at the 

Pasteur Institute in Tunis. It was isolated in the tissues of the rodent Ctenodactylus gundi, in use 

as an animal model to study leishmaniasis, leading to the incorrect conclusion their isolate was a 

Leishmania species [4]. Concomitantly, the same organism was identified in Brazil by Alfonso 

Splendore in rabbits [5]. It was soon recognized to be a new parasite and was named based on its 

morphology Toxoplasma (Toxo=arc or Toxon ‘from Greek’=bow and plasma=life) and its host in 

which it was discovered (Ctenodactylus gundi=gondii, an incorrect naming of the species), hence 

deriving the name Toxoplasma gondii (Its correct name would have been Toxoplasma gundi for 

the identification of the host C. gundi). For over a century, Toxoplasma research has experienced 

a splendid and immense period of growth in the field of apicomplexans. Its extraordinary ability 

to successfully infect virtually any nucleated cell and warm-blooded animal has been attributed to 

“reprogramming” the infected host by manipulating a myriad of cellular biological pathways. This, 

parasite also serves as an excellent model organism for the study of other medically-important 

parasites within this phylum, such as Plasmodium spp. and Cryptosporidium spp. In addition, 

Toxoplasma represents a public health and welfare issue for its hosts, which should not be 

underestimated. This thesis explores how Toxoplasma manipulates the host cell cycle to force the 

replication of its genome. Specifically, this research investigates the role of a secreted T. gondii 

host-nuclear-targeted protein that modulates the infected host cell cycle for its advantage. We also 

probed the effect of the loss of a new Golgi apparatus-resident protein of Toxoplasma on the 

parasite’s development cycle and how its loss affects the parasite’s endomembranes. 
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1.1.     TOXOPLASMOSIS: PREVALENCE IN HUMANS 
 

Toxoplasmosis, the disease caused by Toxoplasma within its intermediate and accidental 

hosts, is of great veterinary and medical importance, and yet this parasite is highly prevalent in 

most areas of the world. Many infected hosts show a balanced and near-commensal relationship 

with the parasite, often leading to a complete co-existence with the parasite and a lifelong infection 

[6]. The first biological and immunological evidence of T. gondii infection in humans was 

described in the late 1930s in several samples from animals and from an encephalopathic human 

infant who passed away shortly after birth [7, 8]. An additional human infection was also reported 

in the early 1940s [9]. A famous example of this was a 6-year-old boy in the US (Cincinnati, Ohio) 

whose brain tissue was homogenized and was used to inoculate mice. Parasites were later isolated 

from these mice by Albert B. Sabin who named T. gondii strain ‘RH’ after the initials of the 6 year 

old child  [9]. This strain, commonly referred as Type I, became the most common strain used 

within research laboratories. Type II and Type III are two additional clonal lineages, which have 

emerged from a minor genetic polymorphism [10-12]. Together, as these types are the most 

globally prevalent strains, they are also the three most predominant lab strains of T. gondii. They 

vary in their virulence in mice and humans, with the highest observed in the Type I and the lowest 

in the Types II and III [13, 14]. They also differ in their growth rate and how frequently they 

convert into bradyzoites/tissue cyst. The regularly used Type I strain has a faster replicative rate 

and a low conversion rate to bradyzoites form than the Types II and III [15] .  

In humans, the global frequency of Toxoplasma infection ranges between 30-50% [15-17]. 

A substantial geographical variation of the prevalence is reported to be as low as 10% 

seroprevalence in some areas and as high as 95% in others [18-22]. Severally highly variable 

factors, such as climate, socio-economic status, and dietary habits can be used as reasonable factors 
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explaining this uneven geographical distribution. For instance, while the prevalence of 

toxoplasmosis in Northern Europe and South East Asia is low, it is reported to be extremely high 

in other countries [18-20] (e.g. France, Argentina, Brazil, Cameroon, Gabon and Togo) [18, 21, 

22]. However, the United States is reported to possess an approximate 15% seroprevalence [20]. 

In immunocompetent hosts, T. gondii infection may be mild or asymptomatic, while infection in 

immune-compromised or suppressed hosts (e.g. HIV patients) can become fulminant, causing 

severe disease, including ocular toxoplasmosis, seizures, and cognitive dysfunction, or death. A 

common example of T. gondii as an important opportunistic pathogen is often displayed in AIDS 

patients, of which up to 40% can suffer from severe encephalitis [23]. Another mode of infection 

is congenital transmission which can cause potentially fatal cerebral toxoplasmosis (e.g. 

encephalitis) in the fetuses of pregnant women resulting in developmental delays, blindness, 

epilepsy and even pregnancy loss [16]. In sum, toxoplasmosis remains one of the most common 

global parasitic zoonosis, albeit with clear clinical manifestation mainly restrained to high-risk 

individuals. 

 

1.2.     TOXOPLASMOSIS: DIAGNOSIS AND TREATMENT  
 

Multiple methods have been used to diagnose Toxoplasma infection. The first successful 

diagnostic assay was the Sabin-Feldman dye test (a serologic test) that was established in 1948 by 

Albert Sabin and Harry Feldman [24]. Other methods for detection of T. gondii infection include 

polymerase chain reaction (PCR), histological examinations using immunoperoxidase staining, 

antigen detection in body fluids, antigen specific-lymphocyte transformation assays, skin tests and 

serologic tests [25, 26]. Additional strategies for detection of T. gondii infection in humans include 
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enzyme linked immune sorbent assay (ELISA), indirect hemagglutination assay (IHA) Western 

Blotting, and detection of specific immunoglubulins such as IgA, IgE, IgG, and IgM [18, 27]. 

Thus far, drug therapy and chemotherapy are the only treatments undertaken to combat 

toxoplasmosis. The arsenal of drugs available for treatment include compounds such as 

pyrimethamine, sulfadiazine, leucovorin, clindamycin (cleocin), and spiramycin. These 

compounds control acute infection and are often recommended to be administered in combination 

based upon the condition of the patients. These treatments are indicated for use in HIV/AIDS 

patients, pregnant woman, and individuals with cerebral or ocular toxoplasmosis [28-34]. With the 

discovery of effective drug treatments for HIV patients, the incidence of toxoplasmic encephalitis, 

which is the most common disease manifested in these individuals, has declined significantly as 

reported in the early 2000s [35]. Depending on the time of infection, congenital toxoplasmosis is 

treated with spiramycin and an alternating regimen of pyrimethamine, sulfadiazine and folic acid. 

For instance, during the first trimester, a pregnant woman is usually prescribed spiramycin to avoid 

teratogenic risks in the fetus as this drug is unable to cross the placental barrier. Then, either 

pyrimethamine alone or a combination of pyrimethamine, sulfadiazine, and folic acid are 

recommended at the time of pregnancy [36]. Unfortunately, the current antiparasitic treatment 

regimens cause undesirable and often extreme toxic side effects in immunocompromised hosts and 

human vaccines are not available [28]. Likewise, reactivation of a dormant tissue infection is the 

main cause for toxoplasmosis in individuals with hematopoietic stem cell, bone marrow, and liver 

transplants, cancer patients, and HIV-infected patients because of immuno-suppressive treatment 

[37]. Most of these drugs target the tachyzoite form of the parasite and do not kill bradyzoites. 

Hence, tremendous effort to find therapies with more specific, and multiple, modes of action are 
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needed to improve toxoplasmosis treatment, prevention, and control in humans as well as 

veterinary applications.  

 

1.3.      LIFE CYCLE OF TOXOPLASMA GONDII & MODES OF TRANSMISSION 
 

Toxoplasma gondii features a complex life cycle involving multiple hosts as well as sexual 

and asexual stages. Felines are the “definitive host” of T. gondii, or the host where it undergoes 

sexual replication. The parasite also replicates asexually in all warm-blooded animals which serve 

as intermediate hosts, while humans are considered to be zoonotic hosts [38, 39]. After feline 

ingestion of prey harboring T. gondii-containing cysts, the cysts rupture, releasing bradyzoites 

which subsequently invade and infect the feline intestinal epithelium. Bradyzoites then undergo a 

process called schizogony within enterocytes followed by gametogony, leading to female and male 

gametes, which fuse to form a zygote [18]. Notably, the majority of felines only shed oocysts 

during their first infection, although it is possible for them to re-shed in the environment [40-42]. 

Infected hosts become lifelong carriers. The pathogen is transmitted in the environment through 

the release of oocysts from felines and that, in turn, are taken up by other animals through 

contaminated food or water; in the other hand, tissues cysts are transmitted via scavenging, 

carnivorism and cannibalism (Figure 1.1) [43]. However, examples of three main modes of 

transmission in humans that are often depicted in the literature are congenital/vertical transmission, 

ingestion of tissue cysts, and ingestion of oocysts [23]. Most humans become infected 

inadvertently via ingestion of oocysts that are released in the feces from infected felines via 

contaminated food and water, and also via the consumption of contaminated tissue cyst from raw 

or undercooked food [1, 44-46]. Individuals can also become infected via vertical transmission 

from an infected mother to her fetus (Figure 1.1), during organ transplantation from a donor organ 
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or blood transfusion harboring parasites, a puncture wound from a contaminated needle, syringe 

or a knife (e.g., a butcher’s knife, and laboratory accidents) [28, 37, 47-49]. Additionally, many 

other means of T. gondii detection have been reported and this includes detection of the parasite 

within the semen of humans and milk of infected animals which is a potential risk of infection if 

consumed in its unpasteurized state [50].  As a result, human infection with toxoplasma is frequent: 

this ubiquitous pathogen infects approximately one-third of the world’s population [3, 15]. 

During acute infection of a host, the rapidly dividing tachyzoite form of T. gondii 

undergoes asexual replication [51]. In the event parasites are not cleared by the immune system 

after approximately 10 days, the tachyzoite form undergoes a stage differentiation into a slowly-

growing bradyzoite form which has the ability to persist as a semi-dormant stage within the host 

[52-54]. These bradyzoites form tissue cysts in various organs, but most commonly in the eye, 

muscles, and central nervous system (CNS) [38]. Although the parasite displays a remarkable 

ability to invade a wide spectrum of cell types and tissues, the CNS is a prime place where its role 

has been suggested to be manipulative and important for the parasite life cycle. This was 

demonstrated in a study where T. gondii-infected rats appear to be attracted to the odor of cat urine, 

showcasing the parasite manipulating the behavior of infected rodents to cats, which are their 

natural predators [55-60]. That way, parasites can eventually be taken up by the definitive host to 

complete the life cycle. Other reports suggest that mate choice with potential venereal transmission 

is also possible where infected male rats are found to be more attractive to uninfected female rats, 

thereof displaying T. gondii’s chances to transmit to its mammalian hosts [58, 59, 61]. Thus, it is 

no surprise that Toxoplasma gondii life cycle is habitually described as “complex” (Figure 1.1). In 

fact, its reproductive cycle relies on three specialized secretory organelles known as micronemes, 

rhoptries and dense granules that sequentially discharge an array of proteins to eventually assure 
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its survival, propagation, perturbation and dissemination within the infected host. This aspect will 

be further discussed in section the following section (1.4).  

 

1.4.       THE ROLE OF THREE SECRETORY VESICLES (MICRONEMES, 
RHOPTRIES AND DENSE GRANULES) AND THEIR EFFECTORS IN 
MODULATING THE HOST CELL. 
 

            Significant knowledge has been made available describing the three infectious forms of T. 

gondii during its life cycle. As previously described, this includes tachyzoites, which undergo rapid 

asexual division, bradyzoites, which divide slowly and can form cysts and enter a dormant stage, 

and finally, sporozoites, which are derived from sporulated oocysts within the feces of felines. The 

ingestion of oocysts via contaminated water or food by any warm-blooded animal including 

livestock and humans leads to the asexual phase of the parasite life cycle. This pathogen 

perpetuates its life cycle between an intermediate host (e.g. rodents) or an accidental host (e.g. 

human) where the asexual cycle occurs, and a definitive host (e.g. feline) where the sexual forms 

of the parasite are found, and mating occurs (Figure 1.1). Following ingestion of oocysts by 

intermediate and accidental hosts, acute infection is thought to mainly involve the replication of 

tachyzoites. Motility of tachyzoites is critical for finding a host, invading, multiplying inside a 

porous membranous structure (the parasitophorous vacuole ‘PV’), and egressing to infect another 

host for the continuation of its lytic cycle (Figure 1.2). Multiple subsequent rounds of the T. gondii 

lytic cycle cause significant tissue damage and are the main cause of the pathogenesis associated 

with toxoplasmosis. Key to the ability of T. gondii to establish a successful infection is the 

coordinated secretion of proteins from three specialized secretory vesicles, termed micronemes, 

rhoptries and dense granules (DG) (Figure 1.3).  
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Micronemes  

Micronemes are small vesicles located near the apical end of the cell along the cell cortex 

that contain “MIC” proteins and are discharged first in relation to the other secretory vesicles. 

Previous kinetic studies report that the secretion of the contents of the micronemes and rhoptries 

are highly regulated, while DG effectors can be secreted in either a regulated or constitutive 

manner [38, 39].  Micronemes, in particular, are predominantly important for motility and mediate 

the adhesion between the parasite and the membranes of the host cells [38, 39]. Secretion from 

these exocytic organelles is regulated in a calcium-dependent manner [62, 63]. Within a host cell, 

an increase in cytoplasmic calcium has been linked to tachyzoites egress, which is also associated 

with the secretion of MIC proteins [64]. It is no surprise for this single-celled eukaryote to employ 

calcium-regulated secretion, as this is a common among eukaryotes [65]. An interesting and 

transient feature of this organelle is the remarkable interaction of its secreted MIC proteins and the 

host cell receptors, which forms a transitory ring-shaped structure, called the “moving junction,” 

which facilitates parasite invasion [66]. MIC8 is another microneme protein that is essential for 

the formation of the moving junction and, when depleted, inhibits the secretion of RONs [67].  

During parasite motility and invasion, the interaction of MICs and host cell receptors form a 

moving junction that helps the parasite invasion. Parasite utilizes its actin-myosin motor complex 

that contributes to propelling the pathogen into the host cell [68, 69].  

Rhoptries  

Rhoptries are discrete secretory vesicles that are also necessary for invasion. A typical 

tachyzoite contains 6 to 12 of these club-shaped organelles, each measuring about ~2-3 µm 

long[70, 71]. They harbor two distinct groups of effectors, RON and ROP proteins, that are 

respectively situated in the apical rhoptry neck and the rhoptry bulb. These effectors are secreted 
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asynchronously, with RONs being released before ROPs [72, 73]. Contrary to the micronemes, 

the mechanism of rhoptry discharge remains enigmatic. Moreover, some rhoptries and micronemes 

proteins are occasionally found to interact with one another. One example of this is the well-

described micronemal Apical Membrane Antigen protein 1 (AMA1) that anchors to the RON2 

complex which has been inserted by T. gondii into the host cytosol and plasma membrane to form 

the moving junction [74-76]. The moving junction is unable to form in the absence of AMA1, but 

tachyzoites are still able to secrete RONs [71, 77]. Notably, RON4 was the first documented 

rhoptry protein associated with the moving junction [78]. Additional experiments showed that the 

inhibition of parasite motility by the actin microfilament-destabilizing drug Cytochalasin D was 

unable to block rhoptry discharge, instead causing the formation of some empty proteinaceous 

vacuoles, termed evacuoles [79]. However, ablation of some microneme proteins, such as AMA1 

and MIC8, exhibited a reduction of rhoptry secretion, thereby reiterating parasite attachment is 

necessary for proper release of rhoptry contents in the host cell [67, 80].     

The ROP proteins however, start being secreted inside the host cell shortly after the moving 

junction is formed. They are mainly involved in parasite invasion, when the parasite wraps itself 

in the host cell plasma membrane in a corkscrew manner to form the intracellular parasitophorous 

vacuole which functions as a sieve permitting nutrients and small molecule uptake from the host 

cytoplasm [81-83]. ROP proteins often depicted to have enzymatic characteristics such as kinases, 

pseudo-kinases, phosphatases and proteases that participate in altering multiple host cell processes 

[39, 73, 84]. At the initiation of invasion, they are released to target the parasitophorous vacuole 

membrane (PVM), the cytoplasm, and the nucleus of the host cell. Among the multiple functions 

of ROP proteins within the host cell, the modulation of immune and metabolic responses are 

quintessential examples of their role in the parasite lifecycle. For instance, ROP2 family effectors 
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and ROP5/ROP18, respectively, are involved in protecting against the degradation of the PVM by 

the host cell. Additionally, ROP2 involves in preventing the rupture of the PVM by the interaction 

of the pseudo-kinase ROP5 which activates the ROP18 kinase to phosphorylate the host immune 

related GTPases (IRGs) [85, 86]. ROP17, a kinase that phosphorylates IRG oligomers, was found 

to bind to the transmembrane protein GRA7 [87, 88]. Together, both ROP17 and GRA7 form a 

complex with ROP5-ROP18 to collectively target IRG system protecting the parasite against the 

host defense to assure its survival [89]. Interestingly, the first report about a parasite protein 

interacting with the host cell nucleus was the rhoptry protein phosphatase 2C, which role still 

remains unresolved [90]. ROP16 was later identified as a host nuclear targeted protein that 

phosphorylates STAT3 and STAT6, thereby activating transcription of multiple genes and 

downregulating proinflammatory cytokine signaling [91].  

Dense granules  

Dense granules are spherical and electron-dense vesicles which can be as small as 200 nm 

in diameter [92]. They contain effector proteins called GRA that, when released, are predominantly 

involved in setting up the structural modification of the PV [84, 93].  Dense granules differ in 

number depending on the parasite stage. These vesicles are mostly present in tachyzoite forms 

which contain about 15 dense granules, while merozoite stages enclose about 3 to 6 DG vesicles  

[94-97]. They have been demonstrated to display both regulated and constitutive secretion 

characteristics. Nonetheless, it is mostly-accepted that DGs constitute the default constitutive 

secretion pathway for soluble proteins [98, 99]. It is thought that regulated secretion may occur at 

the time of the PV formation, while constitutive secretion may be more pronounced during the 

entire intracellular cycle [100].  
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Notably, it has been abundantly demonstrated that an arsenal of GRAs are released within 

the host cell and play major roles in intracellular parasitism, thus qualifying them as virulence 

determinants of Toxoplasma. However, compared to micronemes and rhoptries, both the 

biogenesis and secretion process of the dense granules are poorly understood elements of T. gondii 

biology. In particular, the mechanism of GRA trafficking to the DGs is poorly understood. Unlike 

our understanding of MICs and ROPS [101, 102], no specific sorting mechanisms or amino acid 

motifs that direct GRA proteins to the dense granules have been identified. One hypothesis is that 

a unique GRA motif exists and serves to sort the GRAs in the Trans-Golgi Network (TGN) for 

transport into the DG. Work described in this thesis will attempt to provide some new knowledge 

on how a Golgi-resident protein might regulate GRAs transport and trafficking (final 

chapter/future direction).  

Interestingly, it has been observed that the majority of the GRAs possess an N-terminal 

hydrophobic sequence [99]. Inside the DG compartments, GRAs are hydrophobic and, once 

mature, they bind to myosin and/or Rab11A-positive vesicles to mediate transport [103]. Most 

GRA effectors of Toxoplasma contain either a classical or non-classical N-terminal hydrophobic 

signal sequence of about 22-30 amino acids short which would target them to the secretory 

pathway (e.g. GRA3, GRA6, GRA20 etc.) [104]. A significant proportion of GRAs also contain 

putative transmembrane domains (TM) (e.g.: GRA7, GRA10 and GRA12), while a few are 

identified to lack the TM domain altogether (GRA1, GRA2 and GRA9) [104]. 

Over the last decade, we have begun to unravel the molecular mechanisms underlying the 

function(s) of GRAs, such as how they travel from dense granules to their final destination within 

the host cell. They mainly participate in the establishment of a favorable environment for growth 

within the PV by promoting the survival of the parasite and manipulating multiple host cell 
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processes [86]. Some of them are anchored in the PV membrane while extending into the host 

cytosol where they are interacting with host proteins [86]. To name a few, Figure 1.4 displays a 

list of GRAs depicted from a summation of multiple review articles and primary literature articles 

based on the localization of these effectors [86, 104-114]. Extensive efforts have been dedicated 

to understanding the role of the GRAs. One GRA with a characterized function is GRA15, which 

plays a role in modulating the host cell’s cytokine production. GRA15 functions through activating 

Nuclear Factor Kappa-Light-Chain-Enhancer (NF-κB), a signalling molecule found in activated 

cells downstream of TRAF6 activation [115, 116]. GRA6 is another important DG effector that 

has a significant role in the stimulation of the synthesis of chemokines CXCL2 and CCL2 through 

the activation of the Nuclear Factor of Activated T cells 4 (NFAT4) [117]. These chemokines are 

known to control infection by attracting inflammatory monocytes and neutrophils to the site of 

infection. Additionally, GRA25, GRA28, and GRA18 have been recently reported to induce the 

chemokines CCL2 and CCL22, as well as the expression of a specific set of genes associated with 

CCL17 and CCL22 which was showed to be critical for immune tolerance in placental cells (thus, 

important during pregnancy)  [111, 117-119]. These examples of GRA proteins primarily 

showcase the role of GRAs in relation to the immune response; however, other GRAs such as 

GRA7, GRA17/GRA23 , GRA24 and GRA35 have been found to function in the modulation of 

host cell signaling pathways and acquisition of host nutrients [82, 112, 118, 120, 121] .   

Another interesting aspect about the group of GRAs that translocate across the PV 

membrane is their dependence on the MYR translocon (initially identified as MYR1, then MYR2 

and MYR3, and named for the effect on host c-Myc regulation) and the rhoptry-derived kinase 

ROP17 [122, 123]. Additionally, the aspartyl protease 5 (ASP5) was identified to govern the export 

mechanism of all exported GRAs; including those that harbor the TEXEL/RRL motif, which is 
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proteolytically processed by ASP5 [108, 111-114, 124, 125]. This list was recently augmented to 

include 3 more proteins (MYR4, GRA44 and GRA45) that are essential for the translocation of 

GRA proteins [126]. So far, among the exported GRAs, only MAG1 is found to be secreted 

independent of both the MYR translocon and ASP5 cleavage; the mechanism remains unknown 

and needs further study [106]. In Chapter 2 of this dissertation, we will show how a host nuclear 

targeted GRA protein is dependent on the MYR1 translocon and the ASP5 protease. 

Recently, it has become clear that during and after invasion of host cells, the parasite 

secretes a myriad GRA (and ROP) proteins into the PVM and cytoplasm of the host cell. These 

secreted effectors have been proposed to act on the host cell by dramatically regulating gene 

expression levels and fundamental signal transduction pathways, immune responses, and 

metabolism [84, 109, 112, 114]. A large group of recently-identified GRA secreted effectors, have 

been shown to be exported across the PVM and reach the host cell’s nucleus, similar to what has 

been reported for rhoptry host nuclear-targeted effectors PP2Chn and ROP16 [90, 91].  Nuclear-

targeted GRA proteins have been shown to function by modifying a plethora of host cell regulatory 

networks, including controlling the host p38 MAPK (GRA24), repressing STAT1 to downregulate 

IFN-γ signaling to further block immune functions (TgIST), regulating p53 tumor suppressor 

pathway and activating host genes that are involved in the cell cycle progression (GRA16), 

inducing necroptotic gene expression in bradyzoite infected cells (TgNSM), inducing the 

immunomodulatory chemokine CCL22 (GRA28),  and controlling host cyclin E resulting in the 

inhibition of NF-κB signaling and the modulation of cell cycle phases (HCE1/TEEGR and Chapter 

2 this work) [91, 108, 109, 112-114, 119, 127]. This latter example, which is the regulation of the 

host cell cycle, is a common strategy adopted by intracellular pathogens. Although multiple studies 

reported that Toxoplasma infection results in cell cycle arrest at S-phase or G2/M checkpoints, 
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they have failed to identify a secreted effector responsible for this process [128-130]. Chapter 2 of 

this thesis will add to our knowledge providing answers to the remaining questions of this aspect 

of Toxoplasma biology and how this pathogen regulates the host cell cycle progression and DNA 

synthesis. These modifications and manipulations largely highlight how T. gondii can reprogram 

its host to its advantage by regulating conserved cellular pathways with secreted factors.  

 

1.5.      THE SUPPLIERS: PROTEINS AND VESICULAR TRAFFICKING IN     
     TOXOPLASMA GONDII. 
 

Canonical Eukaryotic Organelles in T. gondii: Endoplasmic Reticulum and Golgi Apparatus as 

suppliers. 

In addition to the secretory endomembranes discussed above, canonical eukaryotic 

organelles such as a mitochondrion, a Golgi complex and a Endoplasmic Reticulum (ER) 

(enveloping its nucleus ‘Fig. 3’) are also found in T. gondii [131]. Prior to entering the secretory 

pathways, T. gondii secretory effectors must translocate from the ER (the site of protein synthesis) 

through the Golgi via the classical ER/Golgi route to be accurately sorted and packaged into their 

corresponding vesicles. Therefore, we consider that the secretory system is composed of suppliers 

(ER, Golgi) and accomplices (trafficking proteins and secretory effectors). A handful of molecular 

factors indicate that this parasite has multiple components of vesicle budding, transport, and fusion 

machinery. Similar to other organisms, it was found that TgSLY1 may interact with TgStx5 to 

mediate fusion of vesicles that shed from the ER and consequently fuse with the cis-Golgi, and 

TgSLY1 is moreover needed to regulate the function of the Golgi [132] . Furthermore, TgN-Sec1 

and Syntaxin 1 are essential for ER to Golgi vesicular transport [132]. Additionally, in nascent 

daughter tachyzoites, some evidence demonstrates that new rhoptries are produced from the 

vesicular budding of the trans-Golgi network in a process driven by the dynamin-related protein 
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(DrpB), a post-Golgi network and endosomal-like compartment (ELC) resident protein [133]. The 

ELC is another important vesicle that obtains and transfers vesicles from the Golgi to their final 

compartmentalized destination, including micronemes and rhoptries [134].  

The accomplices: protein trafficking in Toxoplasma. 

It is imperative to highlight the increasing work of molecular elements that are involved in 

protein and vesicular trafficking, as these pathways are utilized throughout the lytic cycle. More 

importantly, studies have identified sorting motifs that govern the trafficking of RON/ROP and 

MIC proteins to their respective compartments. The motifs for the RON/ROP family proteins have 

been identified and mapped to the cytoplasmic tail of TgROP2. Additionally, it was found that  the 

C-terminal tails of TgMIC2 and TgMIC6 contain respectively two conserved amino acid motifs 

and  one motif that mediate the targeting of MICs to the micronemes (Figure 1.5) [101, 102]. These 

sorting events are followed by multiple other trafficking processes. For instance, through a 

clathrin/AP-1 (adaptor protein 1) complex dependent fashion, MIC and RON/ROP proteins are 

sorted from the Golgi and subsequently transported to Rab5/vacuolar protein sorting 9 (Vps9)-

positive endosomal organelles [135]. This ELC resident protein, TgVps9, plays a major role as a 

facilitator using trafficking to regulate protein maturation, secretory organelle maturation, and 

secretion [136]. Additionally, the luminal domain sortilin-like receptor (TgSORTLR), a 

Golgi/endosomal-related compartment resident protein, is found to interact with MIC and 

RON/ROP proteins while cytosolic sorting machinery is recruited by its cytosolic tail for protein 

transport through a non-conventional ELC [137]. The TgSORTLR C-terminal end interacts with 

Sec23/24 AP-1 adapter complex, clathrin, and three vacuolar sorting proteins named Vps26, 

Vps35, and Vps9 [137].  Other studies have showed that Rab5A/C-positive vesicles are 

specifically involved in the delivery of apical MICs and ROPs to their proper vesicles while lateral 
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MICs are delivered via the functions of Vps11/CORVET and HOPS. Vps11/CORVET are 

involved in the class C core vacuole and endosome tethering while HOPS complex is involved in 

homotypic fusion and protein sorting [138]. In a similar manner to mammalian cells, Toxoplasma 

Rab5 and Rab7 proteins induce membrane fusion within the endolysosome pathway likely through 

their interaction with CORVET and HOPS complexes [133, 139]. Therefore, multiple proteins 

such as TgVps5, and its binding-partners TgStx1, are at play during this process. The vacuolar 

compartment (VAC/PLV) is similarly seen to mediate some proteins transport in T. gondii [140, 

141]. During the vesicular transport of ROPs to the neck of the rhoptry, Toxoplasma Carbonic 

anhydrase-related proteins (TgCA_RP), which localizes to the rhoptry bulb and important for its 

biogenesis, could mediate the fusion of prerhoptry vesicles within this organelle [142]. Results of 

a recent report showed that the TgStx12 effector impacts the efficient trafficking of mature MICs 

and RONs/ROPs to the proper compartments and it may have an indirect effect on MICs and 

RONs/ROPs trafficking as it is involved in the trafficking of nuclear-encoded apicoplast resident 

proteins [143]. Because trafficking pathways are involved in multiple endomembranes, it is critical 

to discuss the biogenesis/division of the vesicles of T. gondii during its replication. T. gondii 

utilizes a process called endodyogeny to proliferate inside the infected host whereby two daughter 

parasites emerge within the mother cell. Endodyogeny normally begins with the duplication of the 

centrosome, followed by Golgi elongation and fission, and finally the migration and division of 

the apicoplast. Next, the division of the ER and nucleus occur as the daughter cells emerge [144, 

145]. In contrast to this, rhoptries and micronemes form de novo by vesicular budding from the 

Golgi during cytokinesis at the apical pole [145]. It was also reported that that TNG is found to be 

in close proximity to the ELC, presumably ensuring the transport and processing of newly 

synthesized MIC/RON/RON proteins [104, 145]. Thus, the configuration of the Golgi stacks, 
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which extend laterally and eventually undergo binary fission in synchrony with centrosome 

duplication, highlights the great importance of proper polarization of secretory pathway organelles. 

Conventionally, protein trafficking in the anterograde pathway across all eukaryotes is well 

conserved [146]. Thus, secretory proteins are synthesized in the rough ER and transported to the 

Golgi in a COPII dependent fashion. However, a direct molecular link during parasite division 

connecting protein trafficking between the Golgi and the dense granules vesicles has not been 

identified for the secretory pathway. 

Considering the manner in which T. gondii operates, it is evident that this unicellular 

parasite relies on a dynamic and abundant vesicle and protein trafficking, including important 

sorting motifs to transport MIC/RON/ROP proteins from the Golgi to rhoptries and micronemes. 

Despite the novelty of the three unique secretory organelles, Toxoplasma possess a relatively 

conserved secretory protein and vesicular trafficking system to direct different functional cargoes 

to their destinations. However, a specific sorting mechanism and associated sorting motifs that 

direct GRA proteins to the dense granules have not yet been identified. Over the last decade, our 

understanding has grown regarding how these GRAs function as they move from dense granules 

to their final destination. They participate in establishing a favorable growth environment within 

the PV, promote the survival of the parasite, and manipulate multiple host cell processes. Based 

on their localization, as previously stated above, this list includes nuclear targeted proteins, 

vacuolar spaces, membranous nanotubular network proteins and PV membrane proteins [104]. 

Furthermore, studies demonstrate Rab6 regulates protein transport between the Golgi complex and 

endosome and could be essential to form a putative pre-dense granule organelle [147]. As the 

trafficking to dense granules remains the default pathway of secretory proteins, investigating the 

sorting machinery necessary for GRAs to translocate from the major sorting Golgi complex, where 
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transport pathways intersect to reach their vesicular destination, requires further exploration to 

improve our understanding of this apiconmplexan. In this context, the role of a newly identified 

Toxoplasma Golgi resident protein will be unraveled in this thesis to illuminate its effect on 

parasite lytic cycle and potein trafficking.  
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1.7.      FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: The life cycle of Toxoplasma gondii.  

In its intermediate host (e.g. rodents), T. gondii undergoes asexual propagation and eventually 

converts to its semi-dormant bradyzoite tissue cyst form as part of the chronic stage of 

infection. Consumption of the latent tissue cysts by its definitive host (felids) results in parasite 

conversion to the sexual stages that localize in neural and muscle tissue and mating followed 

by excretion of environmentally stable oocysts that can be transmitted to new intermediate 

hosts, including humans. 
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Figure 1.2: The lytic cycle of Toxoplasma gondii.  

The lytic cycle of T. gondii consist of parasite motility, attachment/invasion, 

replication (endodyogeny) and egress. 
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Figure 1.3: Schematic of Toxoplasma gondii endomembranes.  

The scheme displays the different organelles of T. gondii: Conoid, 

Micronemes, Rhoptries, Apicoplast, Micropore, Dense Granules, 

Golgi Apparatus, Mitochondrion and Endoplasmic Reticulum. 
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Localization Dense Granules Effector Reference  

Host Cytosol MAG1 and GRA18 [106, 111] 

Host Nucleus 

GRA16, GRA24, GRA28, 
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112-114, 119] 
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Membrane 

(PVM) 
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GRA15, GRA17, GRA19, 
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 Reviewed in 

[104, 105, 
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Vacuolar Space  
GRA1, GRA2, GRA4, 

GRA6, GRA9 and GRA12 

Reviewed in 

[104, 105] 

Figure 1.4: Schematic of Toxoplasma gondii secreted dense 

granules effectors localization.  

This scheme displays the dense granule effectors and their 

localization: host cytosol, host nucleus, parasitophorous vacuole 

membrane and vacuolar space. 
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Figure 1.5: Schematic of sorting motif of the secretory vesicles of 

Toxoplasma gondii.  

T. gondii schematic showing MIC and ROP proteins (97MIC2/MIC6 

and 96ROP2 respectively) containing motifs necessary to determine 

their trafficking to the rhoptries or micronemes organelles. Dense 

granules sorting motifs remain an enigma. 
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CHAPTER 2 

DISRUPTION OF TOXOPLASMA GONDII INDUCED HOST CELL DNA REPLICATION IS 

DEPENDENT ON CONTACT INHIBITION AND HOST CELL TYPE 
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2.1.       ABSTRACT 

The protozoan Toxoplasma gondii is a highly successful obligate intracellular parasite that, 

upon invasion of its host cell, releases an array of host modulating protein effectors in order to 

counter host defenses and further its own replication and dissemination. Early studies investigating 

the impact of T. gondii infection on host cell function revealed that this parasite can force normally 

quiescent cells to activate their cell cycle program. Recent reports by two independent groups 

identified the dense granule protein effector HCE1/TEEGR as being solely responsible for driving 

host cell transcriptional changes through its direct interaction with the Cyclin E regulatory complex 

DP1 and associated transcription factors. Our group independently identified HCE1/TEEGR 

through the presence of distinct repeated regions also found in a number of host nuclear targeted 

parasite effectors and verified its central role in initiating host cell cycle changes. Additionally, we 

report here the time-resolved kinetics of host cell cycle transition in response to HCE1/TEEGR, 

using the fluorescence ubiquitination cell cycle indicator reporter line (FUCCI), and reveal the 

existence of a block in S-phase progression and host DNA synthesis in several cell lines commonly 

used in the study of T. gondii. Importantly, we have observed that this S-phase block is not due to 

additional dense granule effectors, but rather is dependent on the host cell line background and 

contact inhibition status of the host monolayer in vitro. This work highlights intriguing differences 

in the host response to reprogramming by the parasite and raises interesting questions regarding 

how parasite effectors may differentially manipulate its host cell depending on the in vitro or in 

vivo context. 

 

Keywords: Toxoplasma gondii, cell cycle, Cyclin E, FUCCI, S-phase, HCE1/TEEGR, host-

parasite interaction, parasite effectors. 
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2.2.      INTRODUCTION 

The protozoan Toxoplasma gondii is an obligate intracellular pathogen that chronically 

infects approximately one-third of the human population [1].  This widespread prevalence can be 

attributed, at least in part, to the successful manipulation of host defense mechanisms [2-4].  

Infection is typically initiated either through oral ingestion of tissue cysts from undercooked meat 

or oocysts that have been shed into the environment by infected felids, the definitive hosts of T. 

gondii [5].  During the acute stage of infection, the rapidly dividing tachyzoite form of the parasite 

disseminates into multiple organs including the immune-privileged regions of the body such as the 

central nervous system. Despite a robust mobilization of the adaptive immune response that 

resolves acute parasitemia, what remains behind, often undetected, are long-lived slow-growing 

tissue cysts [6, 7]. As a result, in the U.S. more than 60 million people remain chronically infected 

by T. gondii, with disease typically manifesting in those whose immune systems become weakened 

or compromised [8, 9]. Currently, the few drugs that effectively target this parasite are unable to 

cure chronic infection and thus allow for multiple rounds of reactivation in susceptible individuals 

[10].   

T. gondii and other related members of the Apicomplexan phylum are defined by the 

presence of an apical complex structure that serves as a conduit to release, in a temporally regulated 

manner, the contents of three distinct apical targeted secretory organelles known as micronemes, 

rhoptries and dense granules, which play a central role in parasite movement, invasion, and 

modulation of host cells [11-13]. Over the last decade, researchers have shown that as a result of 

T. gondii infection, there is an active global reprogramming of host gene expression with distinct 

changes manifesting in pathways related to metabolism, transcriptional regulation, cell signaling, 

inflammation and the cell cycle ([14-16] and reviewed in [4, 17, 18]). The parasite achieves this 
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remarkable degree of cellular and organismal manipulation, in part, via an arsenal of secreted 

molecular effectors that it deploys against distinct host targets. Although considerable research 

efforts have highlighted the important role that the rhoptry secretory organelles play in parasite 

defense against the host, the dense granules (DG) have risen to a place of prominence as the source 

of numerous effectors that are critical for host manipulation by the parasite [19-25].    

Of the many host transcriptional changes resulting from T. gondii infection, one of the most 

profound and consistent shifts is centered on the host cell cycle program itself [26-28]. The 

extensively characterized eukaryotic cell cycle consists of four consecutive stages abbreviated as 

G1, S-phase, G2 and M. The G1/G2 gap (or growth) phases separate the DNA synthesis phase (S-

phase) and M or mitotic phase where the replicated genomes are divided into the new daughter 

cells prior to cytokinesis. The programmed advance of cells from one stage of the cell cycle to the 

next is tightly controlled by the phosphorylating activities of Cyclins and their associated Cyclin-

dependent kinases (Cdk) which are, in turn, regulated by an extensive array of internal and external 

stimuli ([29]and reviewed in [30]). Initial reports demonstrated that T. gondii infection induces a 

sustained increase in expression of mRNA transcripts association with the G1/S-phase transition 

[26], while ultimately arresting infected cells at the G2/M transition boundary [27]. The parasite 

effector responsible for these observed changes has since been identified and shown to be a host 

nuclear targeted dense granule protein, identified simultaneously by two groups, and referred to 

both as HCE1 for inducer of host Cyclin E [31] and TEEGR for Toxoplasma E2F4-associated 

EZH2-inducing gene regulator [32]. The HCE1/TEEGR effector was shown to bind and activate 

the heterodimeric E2F/DP1 transcription factor complex leading to the production of the cell cycle 

regulator Cyclin E [31] while also activating the epigenetic silencer EZH2 in order to counteract 

the nuclear factor κB (NF-κB) pro-inflammatory response to parasite infection [32]. In this study 
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we independently identified HCE1/TEEGR via the presence of distinct internal repeat regions in 

this protein that are commonly found in many previously identified nuclear targeted effectors of 

T. gondii [33-38]. Although we observed no overt changes in parasite growth in vitro or virulence 

in mice as a result of loss of HCE1/TEEGR, we clearly observed distinct transcriptional signatures 

belonging to both the activation of the cell cycle program and suppression of NF-κB target genes. 

Due to the numerous prior reports highlighting the effect of T. gondii infection on the cell cycle 

and the magnitude of activation of the cell cycle program, our study focused primarily on this 

dimension of HCE1/TEEGR function. To interrogate the actions of this parasite effector on the 

cell cycle more closely, we implemented the Fluorescence Ubiquitination Cell Cycle Indicator 

reporter line known as FUCCI and determined the distinct kinetics of S-phase transition which is 

dependent on both HCE1/TEEGR and the ability of T. gondii parasites to effectively traffic DG 

proteins across the parasitophorous vacuole (PV) membrane [39, 40]. We observed that although 

infected human foreskin fibroblasts (HFF) and FUCCI (NIH-3T3) cells produced considerable 

levels of Cyclin E and transitioned into S-phase, they were unable to progress through S-phase and 

synthesize new genomic DNA (gDNA) independent of the cell culture growth conditions. Recently 

derived primary mouse fibroblasts (MF), on the other hand, were able to progress through S-phase 

in an HCE1/TEEGR and contact inhibition dependent manner. This data suggests that the ability 

of HCE1/TEEGR to drive infected host cells to transit through and complete S-phase is both 

dependent on the cell line background as well as the status of contact inhibition. 
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2.3.      RESULT 

HCE1 (TGGT1_239010) is a host nuclear targeted dense granule protein requiring 

MYR1 for export.  

To date, numerous reports have characterized, in detail, an array of secreted dense granule 

(DG) proteins of T. gondii that are targeted to the infected cell nucleus and directly modulate a 

variety of host transcriptional pathways. Of the host nuclear targeted DG effectors such as GRA16, 

GRA24, GRA28, TgIST and TgNSM, it was noted in each published report the presence of 

internally repeated regions within these proteins that ranged from ~40 to 80 amino acids in length 

[33-38]. Despite their seemingly ubiquitous presence in host nuclear targeted effectors, there has 

been no clear universal functional role ascribed to these repeats. The prevalence of this repeat 

pattern, however, suggested this may be a common feature of nuclear targeted parasite proteins 

that could be used to identify novel DG effectors. To assess this possibility, we analyzed all T. 

gondii protein sequences containing predicted signal peptides (toxodb.org) using the online 

genome data-mining tool XSTREAM 

(https://amnewmanlab.stanford.edu/xstream/). This algorithm allowed for the broad identification 

of repeated regions in proteins ranging from a perfect match to highly degenerate. Using the 

XSTREAM program, we identified a hypothetical protein (TGGT1_239010) which contained a 

duplication of approximately 85 amino acids and a predicted nuclear localization signal (blue) 

(Figures 2.1A and 2.1B). A phylogenetic analysis demonstrated the presence of this gene in the 

reference strains of T. gondii as well as the closely related H. hammondi (Supplementary Figure 

2.1A). Of note, is the altered structure of the repeated regions which potentially underwent several 

rounds of duplication with H. hammondi lacking these repeats, Type I and III T. gondii strains 

containing a single duplication and Type II strains having three copies of this repeated region 
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(Figure 2.1B and Supplementary Figure 2.1B). Although the functional significance of the repeats 

remains unknown, this duplication suggests the presence of selective pressure to expand these 

regions.  In prior reports this protein effector has been referred to as both HCE1 for inducer of host 

Cyclin E [31] or TEEGR for Toxoplasma E2F4-associated EZH2-inducing gene regulator [32] and 

so for simplicity, we often to refer to this effector primarily as HCE1 due to the similarity in focus 

on the host cell cycle phenotype analogous to that reported in the 2019 Panas et al., study. Cellular 

localization studies were carried out using the parental Type I RH Δku80Δhxgprt strain [41] of T. 

gondii combined with CRISPR/Cas9 based introduction of a C-terminal Ty-tag epitope onto the 

endogenous hce1 gene [42, 43]. The resulting HCE1-Ty tagged line, referred to here as the Wild 

Type (WT) strain, was used to infect human foreskin fibroblasts (HFF) for 20 hours (hr) followed 

by an immunofluorescence microscopy assay (IFA). This assay confirmed that HCE1-Ty is a host 

nuclear targeted DG protein through colocalization with the dense granule marker GRA7 [44-46] 

and accumulation of this protein in the infected host cell nucleus (Figure 2.1C top). Because all 

secreted DG effectors previously observed to traffic to the host cell nucleus appear to require the 

action of the MYR translocon, we also tagged HCE1 with a Ty-epitope in the Δmyr1 background 

and found that the protein was no longer able to be transported across the PV into the host cell and 

thus failed to accumulate in the host nucleus (Figure 2.1C bottom panel) [31, 47]. The epitope 

tagging of HCE1 was also verified via Western blotting (Figure 2.1D) and through diagnostic PCR 

(Supplemental Figure 2.1C) using the methods outlined in Supplemental Figure 2.1D. 

HCE1 promotes transcriptional changes to the host cell cycle program.  

In order to assess the role of HCE1 in parasite growth and virulence, we generated gene 

deletion mutants in our epitope tagged cell line (Wild Type) using CRISPR/Cas9 induced breaks 

in the hce1 coding region followed by homology repair with the dihydrofolate reductase (DHFR) 
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drug marker to generate an Δhce1 Knockout line (Supplemental Figures 2.1C and 2.1D schematic) 

[42]. The deletion mutant no longer contained the hce1 gene as verified using diagnostic PCR 

(Supplemental Figure 2.1C) resulting in loss of expression as depicted in the Western blotting and 

IFA of infected cells (Figures 2.2C and 2.2D). HCE1 deletion resulted in no significant defect in 

parasite growth in vitro as demonstrated in our plaquing assays (Figure 2.2A) or virulence in CD1 

mice (Supplemental Figure 2.2A), suggesting that HCE1 does not play an essential role in viability 

in vitro or infection in the mammalian host in the highly virulent Type I strain. In the absence of 

an overt phenotype, we conducted a whole transcriptome sequencing experiment (RNA-Seq) of 

HFFs comparing host cells infected with parasites expressing HCE1-Ty (WT) to those in which 

the hce1 gene had been deleted (Knockout). HFFs were infected for 16 hrs at a multiplicity of 

infection (MOI) of 5:1 followed by total RNA isolation and Illumina based sequencing. The 

resulting data (Figures 2.2B, 2.2C and 2.2D) demonstrated that HCE1 was responsible for the 

upregulation of pathways associated with the host cell cycle. In this analysis we also observed a 

downregulation of genes associated with the nuclear factor κB (NF-κB) pro-inflammatory 

response (Supplemental Figure 2.2B) which supports previously reported data on the effects of 

HCE1 [31] and TEEGR [32] on infected host cell transcription. As shown in Figure 2.2B, the 

majority of genes that were significantly differentially expressed (red dots) were downregulated 

(left quadrant) in the Δhce1 infected host cells with the red triangles representing specific genes 

with known involvement in controlling the host cell cycle (reviewed in [30]). Using the DAVID6.8 

and KEGG pathway analysis, we examined the top 94 genes with the highest differential 

expression that were affiliated with known cellular pathways (Figure 2.2C) and observed an 

enrichment in pathways associate with the “Cell cycle” and “DNA replication”. In examining the 

top 16 genes that were significantly downregulated across the three replicates (Figure 2.2D) we 
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observed a concentration of genes involved in cell cycle progression. Although we observed genes 

that were also being downregulated by HCE1 (Supplemental Figure 2.2B), we have focused on 

those that were no longer being induced in the Knockout infected host cell for the remainder of 

the study. Of note, was the upregulation of Cyclin E (CCNE2) and its associated cyclin dependent 

kinase (CDK2) as well as the machinery involved in origin licensing (e.g. CDT1, CDC6 and 

MCM2/6) all of which suggested a role for HCE1 in promoting a cellular transition into S-phase 

[48-50]. This enrichment in genes associated with the host cell cycle was particularly intriguing as 

numerous prior reports had described the unique effect of T. gondii infection inducing a 

“proliferation response” and arresting cells in G2/M [26-28]. A mechanistic understanding of how 

HCE1 drives host cell cycle gene expression can now be attributed to the fact that HCE1 interacts 

with and activates the E2F/DP1 heterodimer leading to induction of cell cycle gene expression 

[31] while also activating the epigenetic silencer EZH2 which modulates the NF-κB pro-

inflammatory response to T. gondii infection [32].   

HCE1 induces infected host cells into S-phase.  

One of the major checkpoints in the transition of mammalian cells into S-phase is the firing 

of origin replication complexes (ORC) which initiates the process of gDNA synthesis and genome 

duplication [51, 52]. This event results from the buildup, during G1, of active Cyclin E/CDK2 

complexes and the loading of replication machinery at the origins by Cdt1 [50]. The subsequent 

firing of ORCs is then followed by rapid destruction of Cdt1 (G1 marker) and the buildup of the 

Cdt1 inhibitor protein Geminin (S-phase marker) in order to prevent the reinitiation of replication 

[53]. The cyclical buildup and destruction of Cdt1 and Geminin has been shown to be mediated 

via their interaction with distinct F-box proteins and associated ubiquitin ligases that control the 

abundance of these S-phase regulators by inducing proteasomal degradation (reviewed in [54]). 
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Using this information, several groups have fused the F-box targeting domain of Cdt1 and Geminin 

to fluorescent proteins in order to observe transit through the cell cycle in live cells [55]. 

Commonly referred to as FUCCI for Fluorescence Ubiquitination Cell Cycle Indicator, these 

reporters have been integrated in a variety of cell lines and whole animal models to examine factors 

(e.g. cell type, genes, growth factors and chemical agents) that influence the progression of cells 

through the cell cycle [39, 40]. To observe the effects of T. gondii infection on the host cell cycle 

directly, we used a FUCCI cell cycle reporter line generated via the transfection of immortalized 

mouse embryonic fibroblast (NIH-3T3) cells with a FUCCI expressing lentivirus (a generous gift 

from Dr. Jonathan Eggenschwiler). In this FUCCI cell line the red fluorescent reporter represents 

Cdt1 levels (G1 phase) while green fluorescence serves as a stand-in for Geminin (S-phase). We 

infected confluent monolayers of FUCCI reporter cells arrested in G0/G1 with Wild Type (HCE1-

Ty tagged), Knockout (Δhce1-Ty) and Complemented (Δhce1-Ty::HCE1-HA) parasites at a 

multiplicity of infection (MOI) of 5:1 and observed the host monolayer fluorescence at 20 hrs post-

infection. Through examining the fluorescence of infected host nuclei, we observed a clear 

transition of the majority of FUCCI cells in the monolayer from the G0/G1 (red) into S-phase 

(green) in both the Wild Type and Complemented line infections (Figure 2.3A left and right). 

Importantly, we failed to observe any significant fluorescence transition in FUCCI cells infected 

with the Δhce1 Knockout line (Figure 2.3A middle). To examine the dependence of S-phase 

transition on HCE1 at the single cell level, we stained infected FUCCI cells with antibodies to the 

parasite protein GAP45 to highlight intracellular T. gondii and observed that the induction of the 

green fluorescent S-phase nuclear reporter occurred only in cells infected with Wild Type parasites 

(Figure 2.3B top) and not in the Knockout infection (Figure 2.3B bottom) [56]. The exact kinetics 

of this transition to S-phase and the dose-dependence of HCE1 on this transition, however, were 
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still unclear since our original observations relied only on a single time-point (20 hrs) and MOI 

(5:1). We next infected FUCCI cells with a range of MOIs (1:1, 5:1, 10:1 and 20:1) and assessed, 

in real-time, the rate of transition into S-phase following infection. Using automated time course 

live-cell microscopy, we assessed the kinetics of S-phase transition in host cells infected with 

increasing MOIs of Wild Type T. gondii parasites. Over a period of 20 hrs, we acquired images of 

infected FUCCI cells at 10-minute intervals and counted the total number of host cell nuclei 

expressing green fluorescent protein as a readout of S-phase transition (Figure 2.3C). We observed 

that although the total number of FUCCI cells that transitioned into S-phase was MOI dependent, 

and likely a function of infection rate, the timing of transition into S-phase was independent of 

MOI and occurred at approximately 8 hrs post-infection (Figure 2.3C arrow). Therefore, because 

of the consistency in the kinetics of S-phase induction, we reason that the quantity of secreted 

HCE1 from an individual Wild Type parasite is sufficient to promote S-phase transition at the 

maximum rate. To validate the dependence on S-phase transition kinetics on HCE1, we infected 

FUCCI cells with Wild Type, Knockout and Complemented lines as well as Δmyr1 and Δasp5 

knockout lines which are known to be defective in DG protein translocation and processing 

respectively [47, 57]. When Δhce1 parasites were allowed to infect FUCCI cells, no S-phase 

transition was observed by immunofluorescence and this phenotype was restored in the 

Complemented line with kinetics similar to the Wild Type parental strain (Figure 2.3D). 

Additionally, the loss of MYR1 or ASP5 phenocopied the loss of HCE1, further confirming their 

role in the localization and maturation of this DG protein. A quantitative analysis and comparison 

of the number of host cells in S-phase at three time points (0, 12 and 20 hours post-infection) using 

these different parasite strains demonstrated a clear dependence on secreted HCE1 for the capacity 

of T. gondii infection to drive FUCCI cells into S-phase (Figure 2.3E). These observations are 
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consistent with prior studies of parasites either lacking HCE1 or lacking the ability to effectively 

secrete dense granule proteins being unable to promote cell cycle transition in infected cells [31].  

HCE1 promotes S-phase progression via Cyclin E production.  

As observed in both our RNA-Seq analysis and prior reports on HCE1 effects on the host 

cell cycle [31], the transcription of Cyclin E (CCNE2) is highly upregulated during T. gondii 

infection. This cyclin plays a well-studied and critical role in the G1 to S-phase transition in 

replicating cells through its association and activation of the cyclin dependent kinase CDK2 

(reviewed in [58, 59]). To examine Cyclin E production at the protein level, we examined human 

foreskin fibroblasts (HFF) infected with either Wild Type, Knockout, HCE1 Complemented or 

Δmyr1 Knockout strains and assessed the relative change in Cyclin E production after 24 hrs of 

infection. We observed a clear dependence of HCE1 export for T. gondii parasites (red) to be able 

to induce the production of nuclear targeted Cyclin E (green) in infected HFFs (Figure 2.4A). 

Parasite strains lacking HCE1 (Knockout) or unable to export HCE1 into the host cell (MYR1 

Knockout) were not able to induce Cyclin E expression while the Complemented line 

demonstrated robust nuclear expression of this critical cell cycle regulator. The HCE1 dependent 

induction of Cyclin E production was also confirmed using Western blotting (Figure 2.4B). At 24 

hrs post-infection, we compared Wild Type, Knockout and HCE1 Complemented lines and 

observed a significant increase in Cyclin E. A time dependent increase in Cyclin E was also 

demonstrated in a time course analysis of cyclin production at 8, 16 and 24 hrs post-infection 

(Figure 2.4C). The use of antibodies to GAP45 highlighted the expanding number of replicating 

parasites across the time course while antibodies to the host actin protein (hActin) was used to 

ensure equal loading of uninfected (UI) and infected host cell material. The increase in parasite 

GAP45 levels also supported our prior observations that a lack of HCE1 does not appear to 
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significantly impact parasite growth in vitro (Figure 2.2A plaque assay). We finally wanted to 

determine if additional effectors from the parasite or aspects of the infection process itself were 

playing a cooperative role with HCE1 in the induction of Cyclin E expression. To achieve this, we 

conducted a heterologous expression experiment where we transfected HFF cells with an 

overexpression vector containing HCE1-Ty with GFP fused to its N-terminus as a test of 

sufficiency. We noted the localization of this protein fusion product in the nucleus of transfected 

cells, observing green fluorescence from the GFP N-terminal fusion and also labeling of the Ty-

epitope which is fused to the C-terminus of HCE1 (Figure 2.4D top). We next assessed whether 

or not the expression of the HCE1-Ty fusion protein in HFFs also activated Cyclin E production 

and observed that all HFF cells expressing HCE1 (green) also showed increased expression of 

Cyclin E (red) at 24 hrs post-transfection (Figure 2.4D bottom). This work confirmed prior 

observations that HCE1 alone is sufficient to drive the production of Cyclin E and thus an 

activation of the cell cycle transition into S-phase [31]. 

Infected HFF and FUCCI cells fail to progress through S-phase.  

Prior reports on the ability of T. gondii infection to promote host cells to enter into the cell 

cycle have, with few exceptions, concluded that infection leads to progression through S-phase 

with arrest in G2/M and with infected cells failing to undergo mitosis and cytokinesis [26, 47, 60]. 

To address this aspect of the cell cycle progression, we examined the ability of infected cells to 

replicate their genome via the incorporation of the alkyne containing thymidine analogue 5-

ethynyl-2′-deoxyuridine (EdU) and its subsequent detection by a fluorescent azide reporter through 

a copper catalyzed click-chemistry reaction [61]. Using actively dividing HFFs (i.e. sub-confluent 

monolayer growing in 20% serum) as a positive control, we saw clear incorporation of EdU 

(green), highlighting the ability of these cells to synthesize new gDNA as part of their normal 
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replication program (Figure 2.5A top). Interestingly, we found that when confluent HFFs were 

infected with Wild Type T. gondii, we observed no evidence of cells being able to transit through 

S-phase and incorporate EdU in spite of an abundance of S-phase cyclins being produced in 

response to infection (Figure 2.5A bottom). Using HFFs, we could not rule out the possibility that 

although they were producing high levels of Cyclin E as seen throughout Figure 2.4 they, unlike 

the FUCCI cells, were unable to fire their origins of replication and actually enter in S-phase. To 

examine this further, we decided to use flow cytometry to observe gDNA replication directly in 

FUCCI cells that had been infected with Wild Type parasites. We compared uninfected confluent 

G0/G1 arrested FUCCI cells (UI 1% Serum) to both actively growing uninfected FUCCI cells (UI 

20% Serum) and FUCCI cells infected with Wild Type parasites (Figure 2.5B left).  As expected, 

a significant proportion of actively growing uninfected and parasite infected FUCCI cells 

transitioned into S-phase as demonstrated by the accumulation of green fluorescence signal in 

these cells. We next gated solely on those FUCCI cells that had transitioned into S-phase (green) 

and examined the level of EdU incorporation present in these S-phase cells. Curiously, we 

observed that only the uninfected, actively growing, FUCCI cells (UI 20% Serum) appeared to be 

synthesizing new gDNA (Figure 2.5B right panel gray population). Thus, much like our 

observations in HFF cells (Figure 2.5A), there was no detectable gDNA replication in the infected 

FUCCI cells despite a clear transition into S-phase. This suggested that although the infected cells 

fired their origins of replication and increased their S-phase Geminin levels (green), they were 

blocked in their ability to effectively progress through this stage.  

As has been described in multiple cell cycle studies, there are secondary control systems 

in place to block the ability of mammalian cells to progress through S-phase despite an abundance 

of necessary cyclin-cdk complexes and growth stimuli. These negative regulation mechanisms are 
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varied and can be activated by DNA damage, stress or contact inhibition [62-64]. Although there 

are reports that T. gondii infection can induce DNA damage in infected host cells, we initially 

suspected that contact inhibition may be responsible for blocking S-phase progression [65]. To 

examine the effect of contact inhibition on this block more closely, we employed techniques 

pioneered by groups studying fibroblast wound healing to assess the effect of release from contact 

inhibition on S-phase progression [66, 67]. As depicted in Figure 2.5C, we used a four chamber 

35 mm cell culture dish containing a removable four quadrant insert for our assay. When removed, 

the resulting scar breaks contact inhibition on the monolayer and stimulates the entrance of cells 

into the barren region between quadrants in order to reestablish confluency. The use of these four 

chambered culture dishes allowed us to also ensure intraexperimental consistency as the host 

monolayer in each dish was subjected to the same media and growth conditions. For simplicity, 

we have color-coded the experimental conditions applied to each of the four regions; beginning in 

the top left quadrant and moving clockwise, we have the uninfected host cell control (UI) (blue), 

followed by the Wild Type (WT) (green), the Δhce1 Knockout (KO) (red) and the HCE1 

Complemented (Comp) infections (orange). We first sought to examine the potential effect of 

release of contact inhibition on S-phase progression and EdU incorporation using both our HFF 

and FUCCI cell lines in this four-quadrant wound healing assay format. Using HFF cells, we 

observed that irrespective of the infection status and whether the insert was present (Figure 2.5D 

top (+ contact inhibition)) or removed (Figure 2.5D bottom (- contact inhibition)), these cells could 

not effectively progress through S-phase and incorporate EdU. Using this same experimental setup 

applied to FUCCI cells (Figure 2.5E) we again found no effect of contact inhibition on S-phase 

progression at 20 hrs post-infection. Similar to wounding the monolayer, studies have 

demonstrated that ‘splitting and replating’ the cells at lower density supplemented with fresh serum 
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can quickly reinstate proliferation in contacted-inhibited cells [64]. However, when we employed 

this technique on infected HFF cells that were trypsinized, removed from the dish and replated in 

20% serum they, unlike uninfected HFF cells, failed to actively synthesize gDNA (Supplemental 

Figures 2.5A and 2.5B). This suggested the presence of either a parasite driven mechanism 

blocking S-phase progression or an as yet unknown cell-intrinsic mechanism. We repeated the 

replating experiment using Δmyr1 parasites and again observed no return to S-phase progression 

with EdU incorporation rates remaining unchanged making it unlikely that a dense granule effector 

was blocking gDNA synthesis (Supplemental Figure 2.5C) [47, 68].   

Contact inhibition is required to block S-phase progression in primary mouse 

fibroblasts.  

The cell lines we examined thus far were either high passage primary lines (HFF) or 

immortalized (FUCCI NIH-3T3), and so we decided to examine the ability of parasites to induce 

progression through S-phase in recently isolated mouse fibroblasts (MF). We first isolated primary 

MFs from C57BL/6 mouse tissue, grew cells to confluency in each quadrant of the four-chamber 

dish and subjected each quadrant to conditions analogous to those previously described (see 

Figures 2.5C, 2.5D and 2.5E). Infection was allowed to progress for 20 hrs in the presence of EdU 

in 1% serum before analysis. In the initial control experiment, the chamber insert was retained in 

order to preserve contact inhibition and we observed that regardless of the parasite strain or 

conditions used during infection, no increase in incorporation of EdU was seen (Figure 2.6A top). 

Focusing at a higher magnification on the center of the four-quadrant junction (Figure 2.6A 

bottom), we are able to assess the level of T. gondii infection using the parasite specific GAP45 

antibody (red) and the presence of DAPI stained host cell nuclei (blue) [56]. A quantitative analysis 

demonstrated no significant change in EdU incorporation irrespective of the infection condition or 
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parasite strain used (Figure 2.6B). To assess the role of contact inhibition, we again infected each 

chamber of confluent cells with their respective strains as before, however, directly following 

infection we removed the chamber insert (- contact inhibition) and allowed the infection to proceed 

overnight in the presence of EdU and 1% serum. At 20 hrs post-infection we fixed, stained cells 

and examined the level of EdU incorporation (Figure 2.6C top) with a focus on the central junction. 

Under these conditions, we observed a striking increase in EdU positive cells (green) in both the 

WT and Comp infected quadrants when contact inhibition was removed and failed to see 

comparable changes in either the uninfected (UI) or Δhce1 Knockout (KO) infected monolayers 

(Figure 2.6C top). This difference is also clearly illustrated when we focus on the central junction 

of the plate to highlight each quadrant (Figure 2.6C bottom). Quantitative analysis of three 

independent replicates demonstrated a significant increase in the percentage of cells synthesizing 

new gDNA in the WT and Comp infected MFs with no significant change in the uninfected (UI) 

or Δhce1 (KO) infected quadrants (Figure 2.6D). To visually highlight the dramatic differences 

observed, we also examined central regions of each quadrant in both the presence (Figure 2.6E) 

and absence (Figure 2.6F) of contact inhibition with each quadrant color-coded to match the 

starting quadrant. From this work, it appears that a lack of gDNA replication observed in T. gondii 

infected cells could result from either a cell line specific block as seen in HFFs and NIH-3T3 cells 

or to contact inhibition as seen with MF infections. 

 

2.4.      DISCUSSION 

The work presented here not only supports many of the prior published observations 

concerning the action of the HCE1/TEEGR effector, but also furthers our understanding of how 

T. gondii manipulates the host cell cycle in distinct ways. In our transcriptome analysis, we 
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confirmed the ability of this nuclear targeted dense granule effector to drive both the transcriptional 

activation of the cell cycle program as well as downregulation of NF-κB pro-inflammatory genes 

[31, 32]. Due to the prominence of the cell cycle pathways activated by HCE1, and because 

multiple prior studies had described this phenomenon, we focused our work primarily on 

dissecting this dimension of HCE1’s function in more detail. In our initial studies, we did not 

observe overt changes to parasite growth in vitro or virulence in mice when HCE1 was absent, 

which we suspect is likely due to distinct growth conditions and the use of the highly virulent RH 

Type I strain of T. gondii for these experiments. It seems that many of the secreted DG proteins 

studied to date, similarly do not individually contribute in a significant way to parasite growth in 

vitro and their contribution to virulence is often masked in the Type I strain due to the plethora of 

effectors it deploys to effectively defend against innate cellular defenses ([33, 34, 36, 37, 47, 68] 

and reviewed in [4]). It should be noted that in many of the preceding reports on secreted parasite 

effectors, the use of the intermediate virulent ME49 (Type II) strain was, which allowed for the 

detection of more subtle differences in growth and virulence. Our initial interest in the 

manipulation of the host cell cycle by HCE1 prompted us to use the FUCCI cell cycle reporter line 

to investigate the kinetics of S-phase transition after infection. We were led to this option after 

repeated attempts to assess the host cell cycle status using standard DNA staining and flow 

cytometry failed to produce clear distinctions between the major stages (G1, S-phase, G2). We 

suspect that the DNA content contributed by growing parasites within infected cells may have 

been confounding our ability to accurately assess changes in host DNA content. Our examination 

of the infected host cell cycle using FUCCI cells, therefore, allowed us to directly measure the 

timing of transition into S-phase that could be looked at across an infection time course. From 

these experiments, we were able to pinpoint the approximate timing of S-phase transition after the 
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beginning of infection (approximately 8 hours) and realized that this timing could not be 

accelerated by increasing the multiplicity of infection of individual host cells. This suggested that 

the amount of HCE1 secreted by a single invaded tachyzoite is sufficient to induce host cell 

transition into S-phase at the maximal rate. The RNAseq and Western blotting experiments 

confirmed prior observations showing that HCE1 induced a dramatic increase in the host transcript 

and protein levels of Cyclin E (CCNE2) over time [31]. We validated that heterologous expression 

of HCE1 in HFF cells was also sufficient to induce Cyclin E production. In our continued analysis, 

however, we noted that despite the assumption that infected cells are blocked in G2/M, we never 

observed host nuclei that appeared enlarged or even in an intermediate stage of mitosis. We 

assumed that if S-phase initiated at 8 hours post-infection, we should be seeing cells at some stage 

of mitosis 20 hrs post-infection even if cytokinesis was being hindered by parasite replication and 

potential steric hindrance. To look at this more closely, we used the click-chemistry amenable 

thymidine analogue (EdU) in order to visualize this process [69]. Curiously, we found that infected 

HFF cells failed to incorporate EdU at levels we could measure either using microscopy or flow 

cytometry and thus appeared blocked in their ability to progress through S-phase. We were unsure, 

however, if infected HFFs were in fact transitioning fully into S-phase. Conveniently, the FUCCI 

cells allowed us to resolve this issue since we had already observed that, when infected, these cells 

transition into S-phase as evidenced by the destruction of their reporter of Cdt1 (red) and the 

accumulation of the Geminin reporter (green). These fluorescent reporters gave us a window into 

the process of pre-replication complex destruction that occurs following the initiation of DNA 

replication [55]. Unexpectedly, even when pushed into S-phase the FUCCI line (mouse NIH-3T3) 

failed to synthesize new DNA, mirroring the observations from infected HFF cells. Our first 

concern was that this may be due, in part, to the negative feedback signals on cell cycle progression 
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such as contact inhibition [29]. As a result, we conducted a hybrid infection/wound healing assay 

in order to produce a controlled release from contact inhibition in infected cells. We surmised that 

following such release, this inhibitory signal would be removed and, therefore, should allow DNA 

replication to proceed [66, 70]. Instead, we found that breaking contact inhibition did not rescue 

DNA replication even when infected cells were replated at a sub-confluent concentration under 

conditions normally supporting active growth. Due to the fact that prior work examining other DG 

proteins such as GRA16 and GRA24 had demonstrated that these effectors manipulate both the 

tumor suppressor protein p53 and the mitogen activated kinase signaling pathway p38 respectively, 

it seemed plausible that additional DG effectors could be contributing to the block in DNA 

synthesis [33, 34]. We suspected that T. gondii may be both inducing entrance into S-phase with 

HCE1, while also blocking progression through S-phase via an additional unidentified effector. 

However, we observed that even when HFF cells were infected with the Δmyr1 stain of T. gondii, 

they were unable to initiate DNA replication even when replated under active growing conditions 

[47]. This suggested that the DNA replication block we observed was likely not due to the presence 

of an additional secreted DG protein effector and the fact that all of the cancer lines we have tested 

are able to progress through S-phase and replicate their genomes argued against a possible rhoptry 

effector being responsible. Other possible reasons for the block in S-phase progression were the 

presence of cell cycle inhibitors being activated due to host DNA damage or some other infection 

associated stress. The first potential cell cycle regulator we sought to investigate was the DNA 

damage responsive cyclin-cdk inhibitor p21 (Cip) and the contact inhibitor p27 (Kip) [71-74]. Due 

to the commercial availability of homozygous p21-/- knockout mice, we isolated primary 

fibroblasts (MF) from both wild type and p21-/- C57BL/6 mice in order to examine the role of p21 

on the observed block in DNA replication in T. gondii infected cells and noticed there was no 
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difference between the infected cell lines (data not shown) [75]. This suggests that p21 does not 

play a role in suppressing DNA replication in T. gondii-infected cells. We further evaluate the MF 

cells to establish the assay methodology and confirm that wild type MFs would be unable to 

replicate their DNA following infection as seen in HFFs and FUCCI cells. When confluent 

monolayers of wild type MFs were infected, we observed, as expected, an inability of these cells 

to incorporate EdU and progress through S-phase. To our surprise, however, when we removed 

contact inhibition from infected wild type MFs, we observed, for the first time, the restoration of 

DNA replication that was also completely dependent on the presence of HCE1. This observation 

demonstrated that contact inhibition was indeed playing a role in suppressing DNA replication in 

infected confluent monolayers. However, this also highlighted that there was an additional cell 

intrinsic block in S-phase progression that seemed to be operating in our HFF and FUCCI cells. 

This result raises the question as to what cell intrinsic differences are responsible for this block in 

HFFs and FUCCI NIH-3T3 cells [76]? Although still unclear, if we compare our two primary 

fibroblast cell lines (HFFs and MFs), it is worth noting that our in-house derived MFs were freshly 

isolated and at a low passage number (~1-3) while our HFFs were often used after 20+ passages. 

The effects of high passage number and continuous culture may have, unexpectedly, selected for 

primary fibroblasts that have significantly modified their cell cycle programs and thus are altered 

in their sensitivity to culture conditions or even infection. This observation does raise the 

possibility that even primary cell lines can respond differently to infection based on their origin or 

passage history. 

It still remains to be determined exactly how T. gondii benefits from driving its infected 

host cell into the cell cycle since, at least for the tachyzoite form of the parasite, the lytic cycle is 

extremely rapid. At the moment we cannot rule out the possibility that the main function of HCE1 
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is, in fact, to manipulate the NF-κB response to infection with the concomitant influence on the 

host cell cycle being simply a secondary effect. Regardless, the overlap in these pathways is 

intriguing as a number of studies have observed significant levels of crosstalk between the NF-κB 

signaling pathway and progression through the cell cycle [77]. In considering this parasites desire 

to influence its host cell cycle, it has been shown that T. gondii appears to have an innate preference 

for host cells that are in the G1 or S-phases of the cell cycle, while seeming to avoid infecting cells 

that are in G2/M [78]. Additionally, T. gondii exhibits a diminished rate of growth and tendency 

to convert into cyst-forming bradyzoites in host cells that overexpress autoantigen-1, a negative 

regulator of the cell cycle [79]. These phenomena suggest that the parasite may benefit in some 

way by choosing to infect host cells with the capacity to enter into S-phase during the lytic cycle.  

Although our studies have yet to determine the mechanistic basis for the block in DNA synthesis 

in HFF or FUCCI cells, it is likely that these phenomena are anomalous as recently derived, and 

arguably more physiologically relevant, host cell fibroblasts can be driven to replicate their 

genomes through the actions of HCE1. Further studies will be necessary to determine if the 

duplication of the host genome occurs in other low passage mammalian cell types and if this 

provides any benefit for parasite expansion or long-term persistence during in vivo animal 

infections.  
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2.6.      MATERIALS AND METHODS 

Parasite and Cell Culture  

T. gondii tachyzoites were maintained by serial passage in both human telomerase reverse 

transcriptase (hTERT) and human foreskin fibroblast (HFF) monolayers grown in complete 

Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L glucose, 4 mM L-glutamine, 

1X penicillin-streptomycin solution (Corning) with 10% cosmic calf serum (CCS) at 37°C in 5% 

CO2. Parasite strains used in this study are listed in Table S2.1. Primer sets and plasmids are 

respectively listed in Table S2.2 and S2.3. Stable transgenic parasites were selected in 25 µg/mL 

mycophenolic acid (MPA) and 25 µg/mL xanthine (Xa), 3mM pyrimethamine (Pyr), or 

fluorodeoxyribose resistance (FUDR) (Sigma). 

The CRISPR-Cas9 system was used to generate endogenous tagged, gene disrupted and 

complemented strains [43, 80]. For this study, all the CRISPR/Cas9 vectors (pSAG1::Cas9-

U6::sgRNA (variable region)) were generated in a similar fashion done by Shen et al., 2014 to 

change the UPRT targeting gRNA to other specific guide sgRNA listed in Table S2.2. To generate 

the endogenous TgRH Δku80, Δhxgprt, hce1-Ty-tagged line, the TgRH Δku80, Δhxgprt was used. 

About 1 kb of hce1 gene was amplified from the parental genomic DNA via PCR (Table S2.2). 

The resulting fragment, placed in frame with the Ty epitope tag followed by a stop codon, was 

subsequently inserted via Gibson assembly into the pLIC vector harboring the hxgprt gene that 

can be used as a selection cassette. The targeting vector along with the (pSAG1::Cas9-

U6::sgHCE1) construct were used for co-transfection hTERTs cells with parental parasites and 
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selected with the appropriate drugs (Table S2.1). This CRISPR/Cas9 vector (pSAG1::Cas9-

U6::sgHCE1) was generated with hce1 targeting sgRNA via PCR mutagenesis in the original 

CRISPR/Cas9 plasmid (pSAG1::Cas9-U6::sgUPRT). The Q5 site-directed mutagenesis kit (New 

England BioLabs) was used to perform the PCR mutagenesis with pSAG1::Cas9-U6::sgUPRT 

plasmid as template. Parasites were single-cloned into 96-well plates by limiting dilution, screened 

for endogenous integration at the correct locus via IFA (immunofluorescence imaging) and PCR 

(Table S2.2, Figure 2.1C and Supplemental Figure 2.1C).  

To generate the HCE1 knockout line TgRH Δku80, Δhxgprt, hce1-Ty-HXGPRT, Δhce1-

Ty::Pyr, the endogenous tagged line TgRH Δku80, Δhxgprt, hce1-Ty-HXGPRT was used. Firstly, 

the “pSAG1::Cas9-U6::sgUPRT” vector was altered to sgRNA targeting the hce1 gene to generate 

the CRISPR cutting vector “pSAG1::Cas9-U6::sghce1 cutting” using Q5 site-directed 

mutagenesis kit (New England BioLabs). Secondly, the DHFR drug marker amplicon with 40bp 

homology flanking region to hce1 was amplified. The resulting CRISPR cutting vector 

“pSAG1::Cas9-U6::sghce1 cutting” was used along with the DHFR amplicon to subsequently 

transfect the endogenous HCE1-Ty tagged parasites TgRH Δku80, Δhxgprt, hce1-Ty-HXGPRT. 

The parasites were then selected with Pyrimethamine (Table S1) and were screened via IFA and 

PCR for gene disruption of the hce1 gene (Table S2.2, Figure 2.1C and Supplemental Figure 2.1C).  

 

The complemented strain TgRH Δku80, Δhxgprt, hce1-Ty-HXGPRT, Δhce1-Ty::Pyr, 

Δuprt::hce1-HA-Fudr was generated using the “pUPRT-vha1 cDNA-3xHA” shuttle vector (81), a 

gift from Moreno Silvia, University of Georgia Athens, which contains the 5’ and 3’ UTR’s of the 

uprt gene [82, 83] and the corresponding CRISPR vector. A generated “pUPRT-hce1-HA” vector 

was first assembled via Gibson Assembly (NEB) using amplicon from the pUPRT-vha1 cDNA-
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3xHA vector and the amplicon from genomic DNA wild type RH Δku80, Δhxgprt for hce1. The 

CRISPR plasmid was then generated as previously described above with the corresponding 

sgRNA for the uprt gene locus to construct “pSAG1::Cas9-U6::sgUPRT”. Both plasmids were 

subsequently used to co-transfect knockout parasites TgRH Δku80, Δhxgprt, hce1-Ty-HXGPRT, 

Δhce1-Ty::Pyr, then selected for FUDR resistance in order to successfully generate the 

complemented strain TgRH Δku80, Δhxgprt, hce1-Ty-HXGPRT, Δhce1-Ty::Pyr, Δuprt::hce1-

HA-Fudr via limiting dilution. Complementation was further assessed by visualizing the effector 

translocation via IFA and PCR for gene insertion and crossover was checked for the hce1 and uprt 

(Table S2.2, Figure 2.1C and Supplemental Figure 2.1C). Additional primers were used to check 

each strain lysate for positive ROP18 Toxoplasma gondii and construct the pUltra/eGFP-HCE1-

Ty mammalian expression vector. 

Immunofluorescence Assays 

HFF cells were grown on 12mm glass coverslips to confluency and then infected.  Samples 

were fixed with 4% formaldehyde in PBS for 10 minutes, then permeabilized with 0.5% Triton X-

100 in PBS for 10 minutes and blocked in 5% cosmic calf serum (CCS) in PBS for 30 minutes. 

Cells were incubated with primary antibodies for 30 to 60 minutes and then washed three times in 

PBS (see Table S2.4 for primary antibodies used).  Secondary antibodies, goat anti-mouse IgG 

Alexa fluor 488 and goat anti-rabbit IgG Alexa fluor 594 (Life Technologies) as well as DAPI 

were added for 30 to 60 minutes followed by a PBS wash. Coverslips were mounted with Fluoro-

Gel (Electron Microscopy Sciences) and samples were examined using the Lionheart™ FX 

Automated Microscope (BioTek Instruments, Inc.).  
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Plaque Assay 

Confluent monolayers of HFF cells grown in 6 well plates were infected with 100 

tachyzoites/well.  Plates were incubated at 37˚C with 5% CO2 for 7 days without disruption. On 

day 7, the wells were washed once with PBS, incubated in 100% ethanol for 5 minutes followed 

by staining with crystal violet (CV). Plates were washed with deionized (DI) water, air-dried and 

were visualized using the ChemiDocTM MP Imaging System (Biorad).  

RNA-seq Mapping and Differential Expression Analysis 

Six Paired-end samples, corresponding to three biological replicates WT and KO were 

individually aligned to the human reference genome (GRCh38/hg38) using the software HISAT2 

(PMID: 31375807) under default parameters. For the differential expression analysis, we used 

HTseq (PMID: 25260700) and Bioconductor/DESEq2 (PMID: 25516281). HTseq-count tool was 

used to transform genetic depth information into a count of readings by gene overlapping into the 

gtf annotation of GRCh38 genome. Count output files were obtained for each replicate for each 

condition (WTs and KOs). The DESeq2 Bioconductor package version 1.26.0 was used to 

determine differentially expressed genes, data normalization was performed using the median of 

ratios method, and the default parameters were followed, the transcripts showing a log2 fold 

change > 1.5 and that they presented a statistically significant differential expression (padj = <0.05) 

were selected. The genes differentially expressed by DESeq2 were classified between down-

regulated and up-regulated. Visualization of heatmaps and volcano plots were made by using 

gplots/heatmap3 and Bioconductor EnhancedVolcano R packages. 

EdU Assay 

For flow cytometry, infected and control monolayers were cultured in DMEM complete 

media containing 2 µm EdU (5-ethynyl-2'-deoxyuridine) for 24 hours.  Immunofluorescence 
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assays were performed on HFF cells using the Click-iT® EdU Alexa Fluor® 488 kit (Invitrogen) 

and imaged with the Lionheart™ FX Automated Microscope (BioTek Instruments, Inc.). FUCCI 

(Fluorescent Ubiquitination-based Cell-Cycle Indicator) cells were stained using the Click-iT® 

EdU Alexa Fluor® 405 kit (Invitrogen) and analyzed with the CytoFLEX flow cytometer 

(Beckman Coulter) and FlowJo software (Tree Star). 

To assess DNA replication in monolayers, confluent and quiescent HFF cells were infected 

with wild type or mutants parasites for about 4 to 6 hours and positive control monolayers were 

cultured in DMEM complete media. All monolayers were washed with HBSS, trypsinized, 

resuspended with either 1 or 20% CCS DMEM depending on the condition of the experiment; the 

cells were subsequently seeded to new coverslips ranging 60 to 80% confluency per well.  Analysis 

of the percentage of cells in S-phase was determined by dividing the number of EdU incorporation 

in actively growing cells (Alexa Fluor 488) by the total number of cells labeled with DAPI nuclei. 

GAP45 antibody was used to stain parasites membrane. 

Wound Healing Assay in mouse fibroblast (MF) cells. 

Mice ears were obtained from C57BL/6 mice wild type for tissue biopsy following the 

Jaenisch Lab protocol by Kathy Hoover of the Jones Lab with few modifications done by Tarleton 

lab at University of Georgia Athens (UGA) and our group. The ears were gifts from Kim 

Klonowsky lab at UGA and the mice were purchased from Charles River Laboratories 

(Wilmington, MA). These cells were harvested and when reached confluency they were passed or 

frozen for future experiments. They were then cultured in DMEM complete media containing 10% 

CCS or FBS. All monolayers were washed with HBSS (Hanks’ Balanced Salt Solution), 

trypsinized, resuspended with either 10% CCS or FBS then the cells were subsequently seeded to 

culture-insert 4 well Ibidi u-Dish35mm ranging 60 to 80% confluency per well in 5% CO2 high-
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humidity incubator at 37°C.  The cells were infected with the appropriate parasites lines for about 

4 hours resulting to a complete monolayer invasion, then the monolayer was gently washed with 

1% CCS to be subsequently cultured with 2µM EdU (5-ethynyl-2'-deoxyuridine) for about 18 to 

20 hours for the MF cells and 24 hours for the HFF and FUCCI cells before the wound get 

completely saturated with cells if any. An immunofluorescence and a Click-iT® EdU assays were 

subsequently performed on the MF (or HFF and FUCCI cells) to analyze cells in S-phase as 

previously described above.  

Western Blotting 

HFF cells were collected at 8, 16, and 24 hours post infection. Monolayers were lysed in 

100µl of 1X laemmli buffer, resolved by SDS-PAGE, and transferred onto nitrocellulose 

membranes. Immunoblots were probed with primary antibodies in 3% milk in PBS for 1 hour (see 

Table S2.4 for antibodies used), washed in 0.5% PBS-Tween, and then incubated for 1 hour with 

secondary antibodies conjugated to IRDye 680CW (goat anti-rabbit or goat anti-mouse) or IRDye 

800CW (goat anti-rabbit or goat anti-mouse) (LI-COR Biosciences) and signals detected using the 

ChemiDocTM MP Imaging System (Biorad). 

FUCCI Cell Cycle Analysis  

Fluorescence Ubiquitination-based Cell Cycle Indicator (FUCCI) cells were seeded in 24 

well plates and grown to confluency. Cells were synchronized to G1 phase (red) by serum 

depletion 24 hours prior to infection. Parasites were collected and washed once in hanks balanced 

salt solution (HBSS). Monolayers were infected with an MOI of 20. Using the Lionheart™ FX 

Automated Microscope (BioTek Instruments, Inc.) the plate was incubated at 37˚C with 5% CO2 

and time course images were collected every 10 minutes for 20 hours. Red and green FUCCI cells 

were counted for each time point using the Gen5 3.0 software (BioTek Instruments, Inc.). 
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Phylogenetic Analysis 

Orthologs of TGGT1_239010 from reference strains of 12 different haplogroups of T. 

gondii and an out group of Hammondia hammondi were retrieved from ToxoDB 

(www.toxodb.org) and aligned using Clustal (84) with a gap opening penalty of 30 and extension 

penalty of 0.75. The evolutionary history was inferred by using the Maximum Likelihood method 

and JTT matrix-based model (85) in MEGA X (86) based on 1000 bootstrap replicates [87]. Initial 

tree(s) for the heuristic search were obtained automatically by applying the Maximum Parsimony 

method. 
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Figure 2.1. TgHCE1 is a host nuclear targeted dense granule protein.  

(A) Amino acid sequence of TgHCE1 in the GT1 Type I strain displaying a predicted signal 

peptide in red, a nuclear localization signal (NLS) in blue and two internal repeats sequences in 

yellow/orange. (B) Schematic representation of TgHCE1 comparing Type I, Type II, Type III 

strains and the closely related species H. hammondi. The signal peptide (red), the nuclear 

localization signal (blue), and the differing numbers of repeated domains (light and dark orange) 

are highlighted. (C) HFF cells infected (20 hrs) with Wild Type (TgHCE1-Ty), Knockout 

(TgΔhce1-Ty), Complement (TgΔhce1-Ty::HCE1-HA), and MYR1 Knockout (TgΔmyr1::HCE1-

Ty) expressing T. gondii. HCE1 (green), dense granule marker GRA7 (red) and DAPI nuclei (blue) 

are highlighted. Scale 10 µm. Right = merge with bright field. (D) Western blot analysis of total 

infected host lysates confirming Ty-epitope tagging of TgHCE1 and TgΔhce1-Ty, and HA-epitope 

tagging of TgHCE1 in the Complement. 
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Figure 2.2 TgHCE1 promotes activation of the host cell cycle program. 

(A) Plaque assays of Wild Type (TgHCE1-Ty), Knockout (TgΔhce1-Ty) and Complement 

(TgΔhce1-Ty::HCE1-HA) tachyzoites on HFF monolayers. Each well was infected with 100 

parasites and the monolayers were fixed seven days post infection and stained with crystal violet. 

(B) Volcano plot illustration of RNAseq data depicting fold change of genes that are statistically 

significant in TgΔhce1-Ty infected HFFs showing upregulated genes (right quadrant/red dots) and 

downregulated genes (left quadrant/red dots and triangles). Red dots represent genes that have the 

highest P-value with more than 1.5 log2 fold change. Red triangles are genes that are 

downregulated in TgΔhce1-Ty (Knockout) that are involved in the cell cycle. (C) Representation 

of top 94 differentially expressed genes that were identified with known pathway affiliations. 

Following the same parameters with transcripts showing a log2 fold change > 1.5 and representing 

a statistically significant differential expression (adjusted P-value = <0.05) they were selected and 

classified into 15 pathways of the most upregulated and downregulated genes in TgHCE1-Ty and 

TgΔhce1-Ty infected HFFs respectively using DAVID6.8 and KEGG pathway analyses. (D) 

Differential expression of the top 16 genes that are upregulated by Wild Type (TgHCE1-Ty) in 

infected HFF (yellow) for 24 hrs and downregulated in Knockout (TgΔhce1-Ty) infected HFF 

(blue). 
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Figure 2.3 TgHCE1 drives infected host cells into S-phase.  

(A) FUCCI cells infected with Wild Type (TgHCE1-Ty), Knockout (TgΔhce1-Ty), and 

Complement (TgΔhce1-Ty::HCE1-HA) at 0 (top rows) and 20 (bottom rows) hrs post infection. 

G1 phase (left column) and S-phase (right column) of the same field of FUCCI cells. Scale 

400µm. (B) FUCCI Cells infected (20 hrs) with TgHCE1-Ty (top row) and TgΔhce1-Ty (bottom 

row) expressing T. gondii. GAP45 parasite marker (red) and DAPI nuclei (blue), S-phase FUCCI 

(green). Scale 10 µm. Right = merge with bright field. (C) Multiplicity of infection (MOI) ratios 

for TgHCE1-Ty infected FUCCI cells over 20 hrs. Ratios shown are 20:1, 10:1, 5:1, and 1:1 (T. 

gondii to FUCCI cell). (D and E) G1 to S-phase conversion of FUCCI cells infected with Wild 

Type (TgHCE1-Ty) in dark green, Knockout (TgΔhce1-Ty) in red, and Complement (TgΔhce1-

Ty::HCE1-HA) in light green, MYR1 Knockout (TgΔmyr1) in blue and ASP5 Knockout 

(TgΔasp5) in purple. Representative of three experimental replicates quantified in (E). Cell count 

represents total green nuclei in host cells. Statistical analysis was done using a Student’s t-test, 

where *p<0.05, **p<0.01, ns: not significant. 
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Figure 2.4. TgHCE1 induces production of host Cyclin E.  

(A) HFF cells infected (24 hrs) with Wild Type (TgHCE1-Ty), Knockout (TgΔhce1-Ty), and 

Complement (TgΔhce1-Ty::HCE1-HA) and MYR1 Knockout expressing HCE1-Ty 

(TgΔmyr1::HCE1-T) T. gondii. Cyclin E (green), GAP45 parasite (red) and DAPI nuclei (blue). 

Scale 10 µm. Right = merge with bright field. (B) Western Blot analysis of Cyclin E expression 

from Wild Type (TgHCE1-Ty), Knockout (TgΔhce1-Ty), and Complement (TgΔhce1-

Ty::HCE1-HA) infected HFF cells after 24 hrs. (C) Western Blot analysis of Cyclin E expression 

from uninfected (UI) as well as Wild Type (TgHCE1-Ty) and Knockout (TgΔhce1-Ty) infected 

HFF cells. Nuclear lysates were collected at 8, 16, and 24 hrs post infection. (D) HFF cells 

transfected with pGFP-HCE1-Ty (24 hrs). DAPI nuclei (blue), GFP (green), Cyclin E (red-top 

panel) or Ty-epitope (red-bottom panel). Scale 20 µm. Right = merge. 
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Figure 2.5. Infected HFF and FUCCI cells in S-phase are unable to 

synthesize new DNA.  

(A) HFF cells were incubated with EdU and either left uninfected or infected 

with Wild Type (TgHCE1-Ty). Monolayers were fixed after 24 hrs and stained 

for EdU incorporation using Alexa Fluor 488 (green), parasites using α-GAP45 

(red), and nuclei using DAPI (blue). Scale 100 µm. (B) Histogram of FUCCI 

cells analyzed by flow cytometry. Cells were incubated with EdU and either 

uninfected grown in 1% or 20% serum or infected with Wild Type (TgHCE1-Ty) 

T. gondii. Cells were fixed at 24 hrs and labeled with EdU and Alexa Fluor 405. 

(C) Schematic displaying the procedure for the “Wound Healing Assay” to assess 

contact inhibition. Pink box represents area of zoom. (D and E) Wound healing 

assay either in the presence (+ Contact Inhibition) or absence (- Contact 

Inhibition) of contact inhibition using HFF (D) or FUCCI (E) cells. Cells were 

either left uninfected (UI) or infected with Wild Type (TgHCE1-Ty), Knockout 

(TgΔhce1-Ty) or Complement (TgΔhce1-Ty::HCE1-HA) lines. Monolayers were 

then incubated for 24 hrs with EdU in media containing 1% serum. Scale 3000 

µm.   
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Figure 2.6. TgHCE1 induces S-phase DNA replication in primary mouse 

fibroblasts upon removal of contact inhibition.  

(A) Wound healing assay using mouse fibroblasts (MF) in the presence of 

contact inhibition. Host cell DNA stained with DAPI (blue), parasites stained 

with GAP45 (red) and EdU (green). Top: view of all 4 quadrants with uninfected 

(UI), infected WT (TgHCE1-Ty), KO (TgΔhce1-Ty) or Comp (TgΔhce1-

Ty::HCE1-HA) parasite lines (scale 3000 µm). Bottom: zoom of central junction 

of 4 quadrant dish (scale 1000 µm). (B) Quantitation of 3 biological replicates of 

(A). (C) Wound healing assay as in (A) with contact inhibition removed. Top: all 

quadrants (scale 3000 µm). Bottom: zoom of central junction of 4 quadrant dish 

(scale 1000 µm). (D) Quantitation of 3 biological replicates of (C). (E) Zoom of 

central portion of each quadrant (A: + contact inhibition) (scale 300 µm). (F) 

Zoom of central portion of each quadrant (C: - contact inhibition) (scale 300 

µm). Confluent monolayers were then incubated for 20 hours with EdU in media 

containing 1% serum. Graphs represent three biological replicates comparing the 

different conditions in the presence or absence of Contact Inhibition. Statistical 

analysis was done using one-way Anova test, where *p<0.05, 

**p<0.01,***p<0.001 ns: not significant. 
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Supplemental Figure 2.1.  

(A) Phylogenetic analysis of HCE1 in major T. gondii strains including H. hammondi 

(B) Phylogenetic analysis of the first repeat of the T. gondii strains suggesting that the 

first repeat was the original domain prior to duplication. Specific alignment of the 

repeats from the Type I domain likely occurred after the strain divergence. Tree 

analysis of repeats from Type I (blue) and Type II (green) reveals that Repeat 1 has 

fewer substitutions per site between strains (0.03) is more similar between strains 

than Repeat 1 and Repeat 2 within strains (0.06 and 0.05). (C) PCR verification of 

genetic manipulations used for generating the Wild Type, Knockout and 

Complemented strains. Primers for PCR are listed in Table S2. (D) Schematic 

describing the generation of Wild Type, Knockout and Complement lines in the 

RHΔku80Δhxgprt background. 
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Supplemental Figure 2.2. 

(A) Virulence in the mouse model of infection. Mice were injected intraperitoneal (IP) with 100 

T. gondii and monitored for survival. Survival curve for CD1 mice infected with Wild Type and 

Knockout parasites over 9 days. (B) Global impact analysis of differentially expressed genes 

comparing both significance and fold change of upregulated and downregulated genes during Wild 

Type and Knockout infections. Three biological replicates are shown. 
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Supplemental Figure 2.5. 

(A, B) HFF cells were either uninfected or infected with Wild Type or KO T. gondii for 2 hours. 

Monolayers were then replated and seeded subconfluent and incubated with EdU in media 

containing 20% serum. Top panel represents uninfected cells that were replated as positive 

control. Parasites stained with GAP45 (red), host nuclei with DAPI (blue) and replicating DNA 

with EdU (green). Quantitation composed of three biological replicates. Statistical analysis was 

done using a Student’s t-test, where *p<0.05, **p<0.01,***p<0.01 ns: not significant. Scale 300 

µm. (C) HFF cells were infected with TgΔmyr1::HCE1-Ty for 2 hours. Monolayers were then 

replated, seeded subconfluent and incubated with EdU in media containing 20% serum. Scale 

300 µm. 
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Supplemental Figure 2.6. 

(A) Cells from various immortalized/cancerous cell lines were either uninfected (in presence of 

low or high serum) or infected with Wild Type or HCE1 Knockout T. gondii parasites for 20 

hrs in the presence of EdU. Monolayers were fixed after 20 hrs and stained for EdU 

incorporation using Alexa Fluor 488 (green). The percentage of EdU positive nuclei are shown. 

(B) Graphical representation from the data in (A). 
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TABLES 

Table S2.1. Toxoplasma gondii parasite strains used in this study. 

Common Name Genotype Drug Selection Description 

RH Δku80 

Δhxgprt 

(Parental) 

TgRH Δku80, 

Δhxgprt  

N/A Parental type I RH T. gondii 

used as background strain to 

make mutant lines.  

RH Δku80 

Δhxgprt 

TgHCE1-Ty 

(TgHCE1-Ty) 

TgRH Δku80, 

Δhxgprt, hce1-Ty-

HXGPRT 

MPA/Xan Tghce1 endogenously-tagged 

line with insertion of HXGPRT 

drug selection marker in 

Tghce1 coding region.  

 

RH Δku80 

Δhxgprt 

TgΔHCE1-Ty 

(Knockout or 

TgΔHCE1-Ty) 

TgRH Δku80, 

Δhxgprt, hce1-Ty-

HXGPRT, Δhce1-

Ty::Pyr,  

Pyr  

 

Tghce1 disruptant mutant line 

with insertion of DHFR drug 

selection marker in Tghce1 

coding region and integrants 

were selected for 

pyrimethamine resistance. 

 

RH Δku80 

Δhxgprt 

TgHCE1-HA 

(Complement) 

TgRH Δku80, 

Δhxgprt, hce1-Ty-

HXGPRT, Δhce1-

Ty::Pyr, 

FUDR The RH Tghce1 Knockout line 

is used where HA-tagged 

Tghce1 was inserted into the 

UPRT locus and integrants 
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Δuprt::hce1-HA-

Fudr 

were selected for FUDR 

resistance.  
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Table S2.2. Primers used for cloning of Toxoplasma gondii strains, vectors and PCR validation. 

Number  

& Name 

# Sequence (5’ to 3’) Polarity 

Fw for hce1 gene ~999kb 

fragment I05 

1 AACCTCAGCCTTTCGCTGTACGCCTAC

AGACTCCGCTAGA 

sense 

Rev for hce1 gene ~999kb 

fragment I04 

2 GAATGTCGGACGGATCTTCCGAGGTC

CACACGAACCAGGA 

anti-

sense 

Fw for pLIC hce1-Ty tagging 

I03 

3 GAATGTCGGACGGATCTTCCGAGGTC

CACACGAACCAGGA 

sense 

Rv for pLIC hce1-Ty tagging 

I06 

4 AACCTCAGCCTTTCGCTGTACGCCTAC

AGACTCCGCTAGA 

anti-

sense 

Fw with sgRNA for HCE1Ty 

Tagging H99 

5 CGGATCTTCCTGACATCAGTGTTTTAG

AGCTAGAAATAGC 

sense 

Rev for CRISPR HCE1Ty 

tagging F4 

6 GTAAATGGGGATGTCAAGTT anti-

sense 

A33 PCR Diagnostic Fw 7 TGCCACAGCGGCTCCCCCACAGATT sense 

A34 PCR Diagnostic Rev 8 GTCCAGGGGGTCCTGGTTGGTGTGCA

CCTC 

anti-

sense 

K80 PCR Diagnostic Fw 9 CAGTCAAAGCAAGCGCAATTTGCACC

AAGCCC 

 

sense 
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K81 PCR Diagnostic Rev 10 GCGGTATCGGCTCTCCCAGTGGTGGC

ACAAATG 

 

anti-

sense 

Fw sgRNA/hr (for hce1 cutting 

(KO)) 

11 GTTCCTTTACAGACTCCCCGTTTTAGA

GCTAGAAATAGC 

sense 

DHFR fw with 40bd HR 12 AACCTCAGCCTTTCGCTGTAATGAGG

ACCGGCGATCACCGCACAGGGGTGCG

ACTCATCA 

sense 

DHFR Rev with 40bd HR 13 TTCGAGCCGATCCCGAAGAAGAATGT

CGGACGGATCTTCCTAGAATTCATGG

TGAGCAAG 

anti-

sense 

PCR Diagnostic Fw 5’UTR + 

I12 

14 GCATTCATGTGAAGAGCTGGCGGTGT

G 

sense 

PCR Diagnostic Rev 5’UTR 

+A65 

15 GTCGAACAAAGCACGGAGGAGAGAC

GGAAAG 

Anti-

sense 

A64 (fw 3’UPRT) 16 ACGACGTCCCGGACTACGCTTAAGCT

AGCGTCTCTAGTTTTTTTGACAGACCG

CTGACGG 

sense 

A15 (Rev UPRT) 17 GACGGTTCACTCACTTCACGTTTAGAA

GCCCTGTGGACAGGTCCGACGAA 

anti-

sense 

A18 (fw hce1 gene) 18 GGCTTCTAAACGTGAAGTGAGTGAAC

CGTCGGTTCTTGAGAAAACAGGCA 

sense 
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A63 (rev hce1 gene+HA end) 19 CGAAGAAGAATGTCGGACGGATCTTC

CGGTACCTACCCGTACGACGTCCCGG

ACTACGCT 

Anti-

sense 

sgRNA for UPRT A19 20 TCTAGACTTTCAACTGACGTGTTTTAG

AGCTAGAAATAGC  

Sense 

A35 PCR Diagnostic Fw 21 GACGTGGGAGCAGGTGACGGATTACT

CGCC 

 

sense 

A36 PCR Diagnostic Rev 22 CGCCTCGTAAACATTCCCGTTACAGGT

GTA 

Anti-

sense 

C88 PCR Diagnostic Fw for 

ROP18 

23 GCGACAGAAAGCACTCGAGACGTTTC

ATTG  

Sense 

C89 PCR Diagnostic Rev for 

ROP18 

24 CTTTCAAGAGGAGGAAATTCGCCGGT

TTG  

Anti-

sense 

A90 HCE1Ty Fw pultra 25 GCATGGACGAGCTGTACAAGATGACG

CCATGGTTGGCTTTTGCAAGCGCC 

sense 

B10 HCE1Ty Rev pUltra 26 GAGGTGCACACCAACCAGGACCCCCT

GGACTGATCAGAATTCGTTCCGGA 

Anti-

sense 

A97 pUltra fw 27 TGATCAGAATTCGTTCCGGAGTCGTC

GACTCGACAATCAA 

Sense 

B6 pUltra rev 28 CCGGGATCACTCTCGGCATGGACGAG

CTGTACAAG 

Anti-

sense 
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M83 Seq primer 29 GGTGGCTCACTGGTTCATCTACAGGA

AGC 

sense 

T3 for CRISPR  

Seq + 

30 TCCCTTTAGTGAGGGTTAAT 

 

Anti-

sense 

EGFP_C_Primer 31 CATGGTCCTGCTGGAGTTCGTG sense 
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Table S2.3. Plasmids used in this study  

 

Common Name 

 

Description 

 

Source 

 

pSAG1-CAS9-

U6gRNA (UPRT)  

Vector expression a fused CRISPR/Cas9 to GFP with a 

gRNA target sequence within the UPRT locus driven by the 

U6 promoter. It was then used in mutagenesis to create 

HCE1 and UPRT targeted CRISPR cutting vectors.  

This paper  

pLIC-YFP-

HXGPRT  

 

Vector containing a ligation independent cloning site (LIC) 

fused in frame to YFP and the HXGPRT T. gondii 

selectable drug marker. 

From Vernon B. 

Carruthers’ lab  

 

 

pUltra/eGFP 

Mammalian 

Expression 

Vector  

A human ubiquitin C (hUbC) promoter driven vector used 

to clone in Tghce1- EGFP for expression in transient 

transfection in HFF cells.  

 

Gift from Silvia 

Moreno’s Lab  
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Table S2.4. Antibodies and reagents used in this study. 

Category Target 

(clone) 

Species Source Dilution Product # 

Immunofluorescenc

e Assays: Primary 

Ty-Tag mouse In house 1/1000  

 GAP45 rabbit In 

house/Lamp

ire 

Biologicals 

1/1000  

 GRA7 rabbit David 

Sibley 

1/1000  

 Cyclin E (E-

4) 

mouse Santa Cruz 1/1000 sc-377100 

 HA-Tag 

(6E2) 

mouse Cell 

Signaling 

1/1000 2367 

 GFP rabbit  Invitrogen 1/200 A6455 

Immunofluorescenc

e Assays: 

Secondary 

Mouse IgG Goat conjugated 

to Alexa488 

Life 

Technologie

s 

1/1000 A11029 

 

 Rabbit IgG Goat conjugated 

to Alexa594 

Life 

Technologie

s 

1/1000 A11037 
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Western Blotting: 

Primary 

Ty-Tag mouse In house 1/1000  

 GAP45 rabbit In house 1/1000  

 HA-Tag 

(6E2) 

mouse Cell 

Signaling 

1/1000 2367 

 GFP rabbit  Invitrogen 1/2000 A6455 

 Cyclin E 

(HE12) 

mouse Santa Cruz 1/1000 sc-247 

 hFABTM 

Rhodamine 

Anti-Actin 

human Bio-Rad 1/1000 12004163 

Western Blotting: 

Secondary 

Mouse IgG Goat conjugated 

to IRDye 

680CW 

LI-COR 

Biosciences 

1/2000  926-68070 

lot#: C80619-

05 

 Mouse IgG Goat conjugated 

to IRDye 

800CW 

LI-COR 

Biosciences 

1/1000  926-32210 

lot#: C60726-

02 

Betadine Solution   Fisher 

Scientific 

 19027132 

Liberase TM   Roche  05401020001 

Penicillin 

Streptomycin 

  Cytiva / 

Hyclone 

 SV30010 



111 

 

Hanks’ Balanced 

Salt Solution 

  Corning  55-022-PB 

Lot#: 

31420016 
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CHAPTER 3 

CHARACTERIZATION OF AN ESSENTIAL GOLGI LOCALIZED SECRETED EFFECTOR 

BINDING PROTEIN OF TOXOPLASMA GONDII 

3.1       INTRODUCTION 
 

The obligate intracellular, Toxoplasma gondii, has a remarkable ability to invade and 

replicate in a wide range of eukaryotic host cell types. While the feline family serves as its 

definitive host, it is reported to infect a wide range of ruminants, avians and mammals as 

intermediate hosts, including over two billion people worldwide, resulting in life-long chronic 

infection. The pathogenesis of human infection is due primarily to the parasite’s lytic cycle, which 

causes host cell destruction and tissue damage. Completion of the Toxoplasma lytic cycle requires 

parasite motility, host cell invasion, and egress, which are facilitated by the exocytosis of an array 

of proteins from specialized secretory organelles, known as micronemes, rhoptries and dense 

granules (DGs). Proteins from the DG are the last to discharge and participate in the structural 

modification of a host-derived membrane called the parasitophorous vacuole (PV). The secretion 

of micronemes and rhoptries appear to be tightly regulated, whereas the secretion from DGs 

displays both constitutive and regulated characteristics. To selectively release proteins whose 

functions are both temporally and spatially distinct, the parasite must first accurately sort these 

proteins into their respective organelles. Here, we show a novel, essential, parasite Golgi-resident 

protein, Secreted Effector Binding protein 1 (SEB1), co-purifies both with known secreted proteins 

and newly discovered secreted T. gondii proteins. SEB1 contains a signal sequence and a predicted 

transmembrane domain. Additionally, through co-immunoprecipitation (coIP) and mass 
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spectrometry analyses, we identify a number of known DG-targeted and secreted effectors that 

associate with SEB1. Among these proteins we discovered several highly-conserved vesicular 

trafficking proteins and a number of signal peptide-containing hypothetical proteins. 

Downregulation of SEB1 protein expression induces a disorganization of multiple parasite 

endomembranes, possibly explaining a parasite replication defect. Bioinformatic alignment of the 

SEB1 amino acid sequence from Toxoplasma gondii to the closely related coccidians Hammondia 

hammondi and Neospora caninum reveals a highly conserved cytoplasmic tail, suggesting a critical 

functional role for this domain. Thus, these data establish the function of SEB1 for parasite survival 

and present preliminary work that will help unravelling the mechanism of this protein. 

 

3.2       RESULTS 
 

Identification of a TgIST secreted effector binding protein 1: SEB1 

A previous study by Etheridge et al., 2016 demonstrated that Toxoplasma inhibitor of 

STAT1-dependent transcription (TgIST), a secreted nuclear targeted effector, downregulates IFN-

γ signaling to block immune functions [1]. As part of the inhibition of IFN-γ, TgIST and 

Toxoplasma NCoR/SMRT modulator (TgNSM) are together responsible for the induction of 

necroptotic gene expression in bradyzoite infected cells [2]. This protein recruits the Mi-2/NuRD 

complex that is known to interact with an array of transcription factors during development to 

STAT1-dependent promoters, resulting in altered chromatin and blocked transcription [1]. This 

study also showed when TgIST was utilized as bait for immunoprecipitation (IP) followed by mass 

spectrometry (MS), a number of novel hypothetical proteins were found with interesting sequence 

features, including a hypothetical protein that we termed Secreted Effector Binding protein 1. 

(SEB1). The seb1 gene encodes for a protein of 1373 amino acids with a predicted molecular 
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weight of 144 kDa and is annotated as a hypothetical protein (TGGT1_221870 on toxodb.org) 

(Figures 3.1A and 3.1B). Several different analyses of the SEB1 amino acid sequence predicted 

that it contains a signal sequence, a putative Type I transmembrane domain, and two repeat 

domains (Figures 3.1A and 3.1B).  Additionally, the seb1 gene product was analyzed using 

IUPred3 webserver and revealed regions of protein intrinsic disorder displaying its ability to have 

protein-protein interactions (Figure 3.1C) [3] . The signal sequence and transmembrane domain of 

SEB1 are indicated by the low disordered regions (Figure 3.1C). SEB1 was found to be conserved 

among the coccidia group of apicomplexan parasites as revealed by toxodb.org and blast search.  

An alignment of the amino acid sequence of SEB1 with its orthologous sequences from other 

apicomplexans and a phylogenic tree analysis show that it is only present in the coccidian group 

(Figure 3.1D and Supplemental Figure 3.1).  A conserved region of the carboxyl end of the SEB1 

amino acid sequence illustrates that this part of the protein is only found within the cyst forming 

coccidian (Figure 3.1E). This suggests that this C-terminal end may have been recently acquired 

by the coccidians.   

SEB1 is a Golgi apparatus resident protein. 

To functionally characterize and localize SEB1, the previously established CRISPR-Cas9 

protocols previously established by our lab and others in the Toxoplasma field were used [4, 5]. 

Two plasmid constructs, a pSAG1::Cas9-U6::sgRNAseb1 and a pLIC-YFP-HXGPRT plasmid 

containing 1kb 3’ fragment of the seb1 gene were generated. Both constructs were used to transfect 

the Type I RHDhxgprtDku80 parasite strain which favors homologous recombination [6]. To 

ensure proper integration into the endogenous locus of seb1, the transfected parasites were 

analyzed by Immunofluorescence assay (IFA) and confirmed to have proper SEB1 localization to 

the parasite’s Golgi apparatus of intracellular parasites within infected human foreskin fibroblast 
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(HFF) (Figure 3.2A). Additionally, a transgenic clonal population of TY-FLAG-epitopes tagged 

parasites (SEB1-TY-FLAG) were utilized along with an organellar marker to establish co-

localization analysis with the αTY labeled parasites. SEB1 co-localizes with the Golgi reassembly 

stacking protein marker GRASP55 (Figure 3.2B). This co-localization was also confirmed via IFA 

with the T. gondii Golgi marker TgSORTLR and migrates at about 160 kDa, contrary to its 

unpredicted size ~144 kDa (Figures 3.2C and 3.2D, toxodb.org). Together, these results show 

SEB1 is a Golgi resident protein. 

SEB1 interacts with multiple proteins of the parasite secretory pathway. 

 SEB1 interactors, including several known GRAs and ROPs (rhoptry proteins), were 

identified using an IP followed by MS (data not shown). To further study this association robustly, 

we firstly confirmed that the FLAG-epitope was properly expressing in SEB1-TY-FLAG tagged 

parasites and utilized these parasites to find SEB1 interactors. A western blot (WB) of the FLAG-

epitope showed a similar migration pattern as the TY-epitope WB (αTY) of the SEB1-TY-FLAG 

strain, which migrates at about 160 kDa (Figure 3.3A).  We next used the TgSEB1-Ty-FLAG-

epitope tagged strain and wild type untagged RHDhxgprtDku80 parasites (control) to identify 

proteins that coprecipitate with anti-FLAG beads nonspecifically with SEB1 followed by MS 

analysis. The IP and MS analyses demonstrated that SEB1 co-precipitates with a myriad of known 

GRA proteins, hypothetical proteins and, surprisingly, with known ER to Golgi machinery 

(Figures 3.3B, 3.3C and 3.3D and Supplemental Table S3.1). Interestingly, this collection of 

precipitated proteins from the ER to Golgi trafficking pathway are highly conserved among 

eukaryotes (Figure 3.3D). We further identified and categorized the remaining interactors based 

on their fitness conferring scores in Toxoplasma (CRISPR-fit score) and domain organization 

criteria such as presence and absence of signal sequence and transmembrane domain (data not 
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shown) [7]. Altogether, this suggests that SEB1 may play a role in the trafficking machinery of 

protein within the parasite.     

Conditional ablation of SEB1 in tachyzoites compromises parasite replication. 

Initially, we failed to generate seb1-knockout parasites using our CRISPR-Cas9 based gene 

deletion strategy, suggesting the essentiality of SEB1, which is also consistent with the fitness 

score of -4.35 for SEB1 obtained by Sidik et al., 2016 [7]. While the roles of various essential 

genes have been characterized using the anhydrotetracycline (ATc-controlled SEB1 expression) 

or the auxin-inducible degron (Indole-3-Acetic-Acid ‘IAA’ or Auxin- controlled SEB1 

expression) knockdown methods, neither of these systems were able to be used to generate a 

successful knockdown strain [8-10]. Transfection of parasites with a modified seb1 sequence to 

attempt these approaches resulted in complete lethality, suggesting that SEB1 might be refractory 

of certain genetic changes. Therefore, we successfully adopted a LoxP/U1 RNA destabilization 

strategy in a dimerizable Cre-mediated recombinase DiCre-expressing strain to knockdown the 

expression level of SEB1 upon rapamycin addition. To do this, we used the RHDku80-

Dicre:KRedfloxYFP as the parental strain [11-13]. An HA-epitope was simultaneously engineered 

in the endogenous locus of seb1, hereafter this strain is termed SEB1-KD (Figure 3.4A). Correct 

localization of SEB1 was assayed via IFA and its correct migration in WB was found at the 

expected size of 160 kDa as previously observed (Figures 3.4B and 3.4C).  Moreover, we observed 

a significant downregulation of SEB1 starting at 48 hours of rapamycin treatment via WB (Figures 

3.4D, 3.4E and Supplemental Figure 3.4). Parasites conditionally depleted of SEB1 were unable 

to form plaques on human foreskin fibroblast (HFF) monolayer cells, suggesting the inability of 

the SEB1 mutant to efficiently complete the life cycle compared to the parental DiCre strain 

parasite (Figures 3.5A and 3.5B).  Because the replicative cycle of the parasite consists of a series 
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of events such as host cell attachment, invasion, parasite replication, and egress, we sought to 

determine specific aspect of the parasite’s life cycle affected by the loss of SEB1. During our 

routine parasite culturing, we observed a clear invasion process after knockdown of SEB1. To 

determine the impact of loss of SEB1 on the parasites, we conducted a two-color IF-based 

intracellular invasion study using pre-treated parasites that were allowed to infect HFFs for 

approximately 48 hours. We used freshly lysed parasites to infect new HFF cell monolayers as 

described in the schematic Figure 3.5C to assess the invasion process [14, 15]. It is noteworthy to 

mention the limitation of the color choice for this proposed assay because it is slightly different 

than the original Red/Green assay [16]. We initially chose RHDku80-Dicre:KRedfloxYFP as the 

parental strain, therefore, these parasites are simultaneously changing color from red to green in 

the presence of rapamycin as the constitutive p5RT70 promoter drives the Killer red (KRed) 

expression [11]. Therefore, we resorted to using a red and blue two-color invasion IF-based assay. 

We took advantage of the outer surface of the plasma membrane of uninvaded parasites, which is 

fully exposed, and labelled it directly using an antibody against the surface antigen protein 1 

(SAG1). Conversely, invaded parasites can only be labelled after the host cell permeabilization 

utilizing another antibody against SAG1 from a different animal. SEB1-KD parasites revealed a 

mild invasion defect in comparison to the wild type DiCre strain (Figures 3.5D and 3.5E). To 

continue with the investigation on the impact of SEB1 in the lytic cycle of the parasite, we next 

assessed its impact upon depletion on parasite replication. For this, we followed the same pre-

treatment protocol described on Figure 3.5C and let the parasites invade HFF cell monolayers on 

coverslips for follow-up parasite replication studies. Interestingly, for the SEB1-KD strain, the 

percentage of vacuoles containing 2 parasites after treatment with rapamycin in HFFs was 

significantly higher than the other strains (untreated SEB1-KD parasites, the parental treated and 
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untreated strains). Concomitantly, the percentage of vacuoles containing 8 parasites for SEB1-KD 

treated with rapamycin line was considerably lower than all the other conditions (Figure 3.5F). 

This suggests that there is an early block of parasite replication in mother cells, with vacuoles 

containing 2 mothers being unable to undergo endodyogeny properly. These results strongly imply 

a replication defect in parasites lacking SEB1. 

Depletion of SEB1 expression level shows a disorganization of the endomembranes of 

T. gondii.  

Following 72 hours of rapamycin treatment, the intracellular growth of SEB1-deficient 

tachyzoites led to a severe impairment in parasites vacuoles containing 2 mothers, (Figure 3.5F). 

A parasite sample preparation was obtained as described in Figure 3.6A and intracellular 

tachyzoites were subjected to a morphological analysis using transmission electron microscopy 

(TEM). Multiple ultrathin sections of SEB1-KD parasites exhibited a significant disorganization 

of their vesicles compared to wild type parasites (Figure 3.6B). Because SEB1 is a Golgi-resident 

protein, we noted what appeared to be “collapsed or disturbed” Golgi in SEB1-KD parasites 

(Figure 3.6B), potentially explaining why KD parasites failed to replicate (Figure 3.5F). This 

overall observed disruption of the parasite endomembranes, especially the impairment of the Golgi 

apparatus, could be the cause of the lethal phenotype. Therefore, we next investigated the dynamic 

nature of parasite vesicles during endodyogeny. We took advantage of the morphological markers, 

IMC1 and IMC3, capable of tracking the cell cycle during daughter parasite formation [17-19]. 

Additionally, it has been demonstrated that the development of the daughter IMC begins with the 

encapsulation of centrioles and Golgi, followed by the apicoplast, nucleus, and ER, to ultimately 

acquire the plasma membrane of the mother while leaving all the unencapsulated materials as a 

residual body [19, 20].  Thus, we used IFA to characterize Golgi duplication and distribution in 
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daughter-forming SEB1-KD tachyzoites at 72 hours post rapamycin treatment. Although it appears 

that these parasites featured some mis-segregation or odd partition of the Golgi during earlier 

replication of daughter parasite elongation (data not shown), a quantitative analysis of SEB1-KB 

treated and untreated fluorescence parasites stained with IMC and Golgi markers confirmed no 

significant difference between the two strains (data not shown). This apparent mis-segregation of 

the Golgi seems to be normal and a rare morphological anomaly that has also been seen in the 

previous report by Dinkorma T. Ouologuem and David S. Roos in 2014 during their observation 

of daughter parasite elongation while investigating the IMC membrane dynamics during parasite 

replication [21]. However, the authors did not mention any Golgi distribution abnormality after 

binary fission, as after about 4 hours post-initiation it was seen that some mother cells contained 

their Golgi while developing daughters received theirs after their emergence from the mother 

parasite [21]. To be specific, a total of three Golgi apparati was identified: one in the mother and 

one in each emerging daughter [21]. We therefore concluded that there was no aberrant Golgi 

organelle division nor its partition when comparing both SEB1-KB treated and untreated parasites. 

Moreover, using IFA, we assayed the duplication of the centriole, the nucleus, and the Golgi 

apparatus of parasite undergoing endodyogeny and noticed that these structures were unperturbed 

(Figures 3.6C and 3.6D). Concomitantly, the effect of SEB1-KO on the localization of secretory 

proteins, which are dependent on Golgi trafficking, was investigated in intracellular and 

extracellular SEB1-KD tachyzoites. We examined the localization of transmembrane protein 

MIC2 to the micronemes, GRA2 to the dense granules, and ROP7 to the rhoptries in presence and 

absence of rapamycin and they showed no trafficking disruption upon the downregulation of SEB1 

(Supplemental Figures S3.6A, S3.6B, S3.6C). We also showed that trafficking of ATrx1 to its 

destination membrane-bound apicoplast organelle not affected (Supplemental Figure S3.6D). 
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ATrx1 is a protein that does not required Golgi-trafficking to reach its final destination. In sum, 

although we noticed a clear disorganization of the endomembranes of T. gondii in downregulated 

SEB1 parasites using a TEM approach, we were unable to observe a phenotype via 

immunofluorescence assay after knockdown of SEB1. 

 

3.3      DISCUSSION 
 

This work reports our continuing progress in characterizing novel Golgi resident protein, 

termed SEB1, that we found to be essential for T. gondii lytic cycle. Using an in silico 

bioinformatic approach, we determined that SEB1 contained an amino acid sequence which is 

preserved within the apicomplexan group, and specifically to the coccidian branch. That sequence 

may be important for the function of this protein and so far, remains uncharacterized. To identify 

the phenotypic consequences of SEB1 knockdown, we used a Cre-mediated recombinase system 

to regulate seb1 expression. Downregulation of the seb1 gene inhibited parasite replication in the 

PV and induced a disorganization of the endomembranes of T. gondii as it has been demonstrated 

by TEM. This insinuated that SEB1 may be important for maintaining the endomembrane 

structures in T. gondii. Importantly, at the moment we cannot verify through additional observation 

the defect in morphology that we observed in TEM in downregulated SEB1 parasite. Uncovering 

the SEB1 mechanism(s) promoting the survival of T. gondii remains an important goal. Failure of 

T. gondii to maintain its physiology can cause the parasite death, especially if the Golgi is 

compromised which can eventually lead to multiple effect such as a dysregulation of protein 

trafficking. Initial studies by IFA did not detect any defects in the gross morphology of T. gondii 

secretory vesicles. Surprisingly, in these studies, the Golgi apparatus was able to partition correctly 

in daughter parasites subsequent to their emergence from the mother in SEB1 knockdown 
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parasites. In sum, our IFA approach was unable to explain the observed TEM phenotype; 

nonetheless, our goal remains to understand the contribution of SEB1 for parasite survival and the 

defective endomembranes in SEB1-KD parasite. Chapter 4 of this dissertation presents future 

approaches that will be taken to continue deciphering the role of SEB1.   

 

3.4      MATERIALS AND METHODS 
 

Parasite and Cell Culture 

Both human telomerase reverse transcriptase (hTERT) and human foreskin fibroblast 

(HFF) cells are used in this research. T. gondii tachyzoites were maintained in these two cell line 

monolayers by serial passage in and were grown in complete Dulbecco’s modified Eagle’s medium 

(DMEM) containing 4.5 g/L glucose, 4 mM L-glutamine, 1X penicillin-streptomycin solution 

(Corning) with either 10% or 1% (when necessary) cosmic calf serum (CCS) at 37°C in 5% CO2. 

Primer sets are listed in Table S3.2. Stable transgenic parasites were selected in 50 µg/mL 

mycophenolic acid (MPA) and 50 µg/mL xanthine (Xa), 3mM pyrimethamine (Pyr), (Sigma). 

Alignment analysis of selected SEB1 homologs 

The homologs of SEB1 were found using toxoDB and a blast search tool 

(https://toxodb.org/toxo/app and https://blast.ncbi.nlm.nih.gov/Blast.cgi). Protein sequences for 

the homologs of SEB1 were aligned using the bioinformatics software platform Geneious Prime 

(https://www.geneious.com). 

Cloning of plasmids and parasite cloning 

To generate SEB1-TY-FLAG parasite strain, the CRISPR-Cas9 system was similarly used 

as on chapter 2. The vector pSAG1::Cas9-U6::sgRNA was used with seb1 gene specific guide 

RNA. Primer set 1 and 2 was used to generate this construct. Next, an 1kb of seb1 gene was 
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amplified from the parental genomic DNA via PCR using primers 3 (forward) and 4 (reverse).  A 

PCR fragment of pLIC vector was amplified using primers 5 (forward) and 6 (reverse). The 

resulting PCR fragments were used to construct a pLIC-SEB1-TY-FLAG vector. Both constructs 

were used for co-transfection hTERTs cells with parental parasites TgRH Δku80, Δhxgprt, and 

parasites were selected with the 50 µg/mL mycophenolic acid (MPA) and 50 µg/mL xanthine (Xa) 

for HXGPRT [22]. The parasites were then single-cloned into 96-well plates by limiting dilution, 

screened for endogenous integration at the correct locus via IFA (immunofluorescence imaging) 

as described on chapter 2. Correct C-terminal tags were confirmed by IFAs and western blots. 

To generate the SEB1 knockdown strain (SEB1-KD), we used the RHΔku80::KRedflox-

YFP DiCre generated strain from Pieperhoff et al., 2015 as parental strain [11]. In absence of 

rapamycin the constitutive p5RT70 promoter drives Killer Red (KRed) expression and SAG1 

drives HXGPRT expression. Upon addition of rapamycin, in one hand, the floxed open reading 

frame of kred and HXGPRT are excised by Cre/loxP site specific recombination and replaced by 

YFP and 4U1 respectively. The same vector pSAG1::Cas9-U6::sgRNA above was used with seb1 

gene specific guide RNA to target seb1. We next inserted 1 kb of seb1 into a U1 LoxP knockdown 

vector to generate the plasmid pSEB1-HA-(3’UTRSAG1-5’UTRDHFR-HXGPRT-

3’UTRDHFR)floxLoxP-4xU1. Primers 7, 8, 9, 10 were used to generate this plasmid. The parental line 

was stably transfected with both plasmids (50µg each) into the parental strain. Transfectants were 

selected for HXGPRT with 50 µg/mL mycophenolic acid (MPA) and 50 µg/mL xanthine (Xa) for 

HXGPRT and were subsequently cloned using limiting dilution [22]. Integration was confirmed 

by IFAs and western blots. 

Parasite immunofluorescence assay and microscopy Immunofluorescence Assays 

For intracellular tachyzoites: 
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HFF cells were grown on 12mm glass coverslips to confluency and then infected.  Samples 

were fixed with 4% paraformaldehyde in PBS for 10 minutes, then permeabilized with 0.5% Triton 

X-100 in PBS for 10 minutes and blocked in 5% cosmic calf serum (CCS) in PBS for 30 minutes. 

Cells were incubated with primary antibodies for 60 minutes and then washed three times in PBS 

(see Table S3.3 for primary antibodies used).  Secondary antibodies, goat anti-mouse IgG Alexa 

fluor 488 and goat anti-rabbit IgG Alexa fluor 594 (Life Technologies) as well as DAPI were 

added for 60 minutes followed by a PBS wash. Coverslips were mounted with Fluoro-Gel 

(Electron Microscopy Sciences) and images were acquired with the Lionheart™ FX Automated 

Microscope (BioTek Instruments, Inc.).  

For extracellular tachyzoites: 

Freshly lysed tachyzoites were collected, centrifuged and washed with Buffer A with 

glucose (BAG: 116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 50 mM HEPES, and 5.5 mM 

Glucose). The extracellular parasites were fixed to pre-coated coverslips with polylysine-L and 

fixed in 4% paraformaldehyde in PBS for 15 min. After fixation, the extracellular parasites were 

similarly treated as the intracellular parasites (see above paragraph).  

Plaque Assay 

Plaque assays were performed using protocols in our laboratory as previously described 

with some modifications (referred to chapter 2 this thesis).  A total of 100 freshly egressed 

tachyzoites, pre-treated with rapamycin or untreated was added to each well of a 6-well plate 

containing confluent HFF cells monolayer. Plates were incubated undisturbed at 37˚C with 5% 

CO2 for 7 days. The pre-treated parasites were incubated with corresponding incubation medium 

supplemented with the 50nM of rapamycin concentration while the untreated parasites were 

incubated with medium without rapamycin. On day 7, the wells were washed once with PBS, 
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incubated in 100% ethanol for 5 minutes followed by staining with crystal violet (CV). Plates were 

washed with deionized (DI) water, air-dried and were visualized using the ChemiDocTM MP 

Imaging System (Biorad).  

Red/Blue Invasion assay 

The Red/Blue invasion assay was performed following the well-established Red/Green 

colorimetric immunofluorescence-based (IF-based) invasion assay developed by Leung et al., 

2017 with a few modifications [16]. SEB1-KD and the DiCre parental (RHDKu80-

DiCre:KRedfloxYFP) line in presence and absence of rapamycin were used for this experiment. 

The parasites were prepared as described in Figure 3.5C. Freshly lysed parasites were used to 

assess the invasion process in HFF monolayers. All parasites were cultured to be at the same stage 

at the time of harvest and infection. The parasites were filtered to remove any host cell debris, 

were resuspended in ice-cold invasion media (3% cosmic calf serum ‘CCS’ and 10 mM HEPES 

in DMEM-HG) and were kept at 4°C on ice to allow them to settle on the host cell monolayer that 

was pre-chilled on ice. The media from the pre-chilled 24 well plate was aspirated and replaced 

with 300 µl of invasion media plus 200 µl of the parasite suspension (suspension stock: 1 x 108 

parasites in 1 ml) and the plate was incubated on ice for 20 minutes. Furthermore, the 24 well plate 

was transferred to a 37°C water bath and parasites were allowed to invade host cells for 5 minutes. 

The invasion was stopped by washing each well with PBS twice, immediately fixed with 4% 

paraformaldehyde, and blocked in 5% CCS in PBS for 30 minutes. Extracellular parasites are 

labeled with rabbit anti-SAG1 polyclonal antibody (1:1000) (a generous gift from Silvia Moreno 

lab at University of Georgia Athens) for 60 minutes at room temperature. Wells were washed with 

PBS 3 times to remove antibody (5 minutes incubation at room temperature between each wash) 

and were permeabilizated with 0.5% Triton X-100 in PBS for 10 minutes and washed 3 times with 
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PBS. Parasites were then probed with mouse anti-SAG1 monoclonal antibody (1:1000) (ATCC: 

NR50255) for 60 minutes at room temperature. Cells were washed with PBS 3 times to remove 

antibody. Secondaries against rabbit (blue; 1,1000) and mouse (red; 1:1000) were used to 

distinguish invasion from attachment. Secondaries were incubated for 60 minutes at room 

temperature and washed with PBS 3 times. Counting of red and blue labeled parasites was 

compiled from three independent experiments via fluorescence microscopy by counting 15 fields 

of view selected at random and Graph Pad Prism Software was used to make the graph. 

Immunofluorescence assay for intracellular replication assay  

The intracellular replication assays were performed as previously described above in the 

“Parasite immunofluorescence assay and microscopy Immunofluorescence Assays” for 

intracellular tachyzoites section. In addition to that, parasites were prepared in a similarly fashion 

to the “Red/Blue invasion assay” where they were first cultured for 48 hours in T25 cm2 flask 

containing HFF monolayers in presence and absence of rapamycin as depicted in Figure 3.5C. 

Next, freshly lysed parasites were used to inoculate coverslips with HFF monolayers for 24 hours 

in presence and absence of rapamycin. Then, the infected cells were processed for 

immunofluorescence as described above, using antibodies for marker of the parasite surface 

(SAG1 and the fluorescent nucleic acid stain (DAPI) to count the number of parasites per vacuole 

and to assess the percentage of replication defects. The number of parasites per vacuole was 

determined as 2, 4, 8, ≥16; (the number of parasites that was not an integral power of 2 was not 

part of the counting process). Vacuoles numbers were assessed for each parasite line and condition 

in each of three independent biological replicates. The data were analyzed using two-way ANOVA 

multiple comparisons tests with GraphPad Prism v7. Statistically significant, multiplicity 

adjusted P values for comparisons are indicated with asterisks. Other antibodies such as marker 
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for parasite surface (SAG1), for the mother and daughter cortex (IMC1 and IMC3), centrioles 

(CEN1), apicoplast (Atrx1), GRA2, MIC2, ROP7 were used to assess intracellular parasite protein 

secretion.  

Transmission Electron Microscopy. 

Transmission electron microscopy was done using SEB1-KD and the Dicre parental line 

in presence and absence of rapamycin. The parasites were prepared as described Figure 3.6A. The 

flasks were incubated in 1% cosmic calf serum (CCS) in DMEM media at 37°C in 5% CO2. Host 

infected HHF monolayers were gently and manually scraped post 24 hours of infection for a total 

of 72 hours of rapamycin incubation. Furthermore, parasites were fixed for 1 hour at room 

temperature with 2.5% glutaraldehyde in 0.1 M Cacodylate-HCl buffer, pH 7.2 and the samples 

were sent to the Department of Molecular Microbiology, Washington University School of 

Medicine, St. Louis, MO 63110. Sample preparation and images were lastly performed by Dr. 

Wandy Beatty. 
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Figure 3.1. Identification of a TgIST secreted effector binding protein 1 (SEB1). 

(A) Amino acid sequence of TGGT1_221870. The predicted signal peptide is highlighted in red 

(Signal-3L prediction), while the predicted transmembrane domains are indicated by underlines 

(Orange – Phobius prediction, Olive green – SMART prediction). (B) Schematic representation of 

the SEB1 protein with SMART predicted domains. The transmembrane domain (TM domain) is 

shown in olive green, and two internal repeat sequences are shown in green. The putative signal 

sequence is shown in red (as predicted by Signal-3L). (C) Results from IUPred3 short disorder 

prediction of TGGT1_221870 protein intrinsic disorder is displayed using medium smoothing. 

The score indicates regions of low and high disorder. (D) Phylogenetic tree showing the 

relationship of the Type I (GT1), II (ME49), III (VEG) strains of Toxoplasma gondii amino acid 

sequences with SEB1 homologues in Apicomplexans. The tree was constructed using Geneious. 

(E) An alignment of C-terminal end of SEB1 with the three clonal lineages of T. gondii (T.g.), 

Hammondia h. (H.h.) and Neospora c. (N.c.) depicts high conservation at the C-terminal end of 

the protein. The alignment was done using Geneious. 
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Supplemental Figure 3.1 

(A) SEB1 amino acid sequence alignment. The alignment was done using Geneious with the 

predicted amino acid sequence for the primary translation product of the SEB1 gene for the three 

clonal lineages of T. gondii Type I (GT1), II (ME49) and III (VEG), Hammondia h. (H.h.) and 

Neospora c. (N.c.); and two internal repeat sequences are underlined in black 

A 
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Figure 3.2. SEB1 is a parasite Golgi apparatus resident protein. 

(A) HFF cells infected (24hrs) with wild type and SEB1-TY-FLAG expressing T. gondii (Red). 

rabbit monoclonal anti-SAG1 for parasite surface marker (red), mouse monoclonal anti-TY 

antibody TY-tagged parasites (green) and DAPI nuclei (blue). Scale 30µm. Right = merge with 

bright field. (B) HFF cells infected (24hrs) with tachyzoites (wild type and SEB1-TY-FLAG 

expressing T. gondii) transiently expressing GRASP55-RFP and mouse monoclonal anti-TY 

antibody. GRASP55 (red), mouse monoclonal anti-TY antibody TY-tagged parasites (green) and 

DAPI nuclei (blue). Scale 30µm. Right = merge with bright field. (C) HFF cells infected (24hrs) 

with wild type and SEB1-TY-FLAG. mouse monoclonal anti-TgSORTLR antibody TgSORTLR 

(red), rabbit monoclonal anti-FLAG antibody FLAG-tagged parasites (green) and DAPI nuclei 

(blue). Scale 30µm. Right = merge with bright field. (D) Western blot comparing parental strain 
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(wild type) and SEB1-TY-FLAG expressing parasites: mouse monoclonal anti-TY antibody was 

used to detect the tagged line and rabbit monoclonal anti-GAP45 was used as control. 
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Figure 3.3. SEB1 interacts with multiple proteins of the parasite secretory pathway and 

trafficking.  

(A)  Western blot comparing parental strain (Wild Type) and SEB1-TY-FLAG expressing 

parasites: mouse monoclonal anti-FLAG antibody was used to detect the tagged line and rabbit 

monoclonal anti-GAP45 was used as control. (B) Western blot (i) and oriole stain (ii) analyses of 

total nuclear lysates confirming FLAG-epitope tagging of SEB1, SEB1 is indicated with blue 

arrow (WC: Whole Cell Lysate; InP: Input; FT: Flow Through; SE: Specific Elution; S: Empty 

Space). (C) Venn diagram showing 3 independents pull down Mass Spectrometry results of the 

number of proteins and their commonality within the experiments. Those proteins are presented in 

a table format on supplemental figure 3S and the proteins were identified by two or more peptides 

with a confidence above 95 % (Scaffold) from the analysis. (D) Known Toxoplasma gondii 

proteins that interact with SEB1, identified by mass spectrometry analysis. Proteins were identified 

by two or more peptides with a confidence above 95 % (Scaffold) from the analysis. 
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Figure 3.4. Conditional ablation of SEB1 gene in T. gondii.  

(A) Schematic of SEB1 knockdown line (SEB1-KD) using the RHΔku80::KRedflox-YFP DiCre 

generated strain from Pieperhoff et al., 2015. In absence of rapamycin the constitutive p5RT70 

promoter drives Killer Red (KRed) expression and SAG1 drives HXGPRT expression. Upon 

addition of rapamycin, the floxed open reading frame of kred and HXGPRT are excised by 

Cre/loxP site specific recombination and then replaced by YFP and 4U1 respectively. The snRNP 

U1 mediates adjacent to the termination codon of SEB1 leading to its conditional knockdown in 

presence of rapamycin-induction. (B) HFF cells infected (24hrs) with wild type RHΔku80 DiCre 

strain and SEB1-KD expressing T. gondii: rabbit monoclonal anti-SAG1 for parasite surface 
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marker (red), mouse monoclonal anti-HA hemagglutinin antibody (green) and DAPI nuclei (blue). 

Scale 30µm. Right = merge with bright field. (C) Western blot comparing parental strain RHΔku80 

DiCre strain and SEB1-KD expressing parasites: mouse monoclonal anti-HA hemagglutinin 

antibody was used to detect the tagged line and rabbit monoclonal anti-GAP45 was used as control. 

(D) Western blot time course displaying the decrease expression level of SEB1 upon rapamycin 

treatment: mouse monoclonal anti-HA hemagglutinin antibody was used to detect the tagged line 

and rabbit monoclonal anti-GAP45 was used as control. (E) Quantification of western blot of 3 

biological replicates and each densitometry RHΔku80 DiCre strain and SEB1-KD expressing T. 

gondii was compared with two-way ANOVA test, ***P < 0.0001, ***P = 0.0004 and ***P = 

0.0001. Mouse monoclonal anti-HA hemagglutinin antibody was used to detect the tagged line.  
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Figure 3.5. SEB1 downregulation affects parasite replication.  

(A) Plaque assay of SEB1-KD (SEB1 knockdown line) and RHΔku80 (DiCre ku80::KRedflox-

YFP generated strain from Pieperhoff et al., 2015) tachyzoites on HFF monolayers in presence 

and absence of rapamycin. Each well was infected with 100 parasites and the monolayers were 

fixed seven days post-infection and stained with crystal violet. (B) Plaque assay quantification of 

the size of plaque area. Multiple comparisons were performed using one-way ANOVA test, **P = 
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0.0096, **P = 0.0062 and *P = 0.028. (C) Schematic displaying the procedure for the invasion 

and replication assays. (D) Representative wide-field fluorescence images of invasion by SEB1-

KD parasites in presence and absence of rapamycin. (E) Quantification of the mean±s.e.m. number 

of invaded parasites per field for SEB1-KD parasites in presence and absence of rapamycin, n=3, 

*P = 0.041. (F) Comparison of intracellular growth of SEB1-KD and RHΔku80 parasites in 

presence and absence of rapamycin: percentage (mean±s.e.m.) of vacuoles containing number of 

parasites with a replication defect, 4 biological replicates were compared with two-way ANOVA 

test, ***P < 0.0001 
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Figure 3.6. Depletion of SEB1 expression level shows a disorganization of the 

endomembranes of T. gondii. 

(A) Schematic displaying the procedure for the transmission electron microscopy (TEM) assay. 

(B) Thin Section of electron micrographs of T. gondii tachyzoites comparing SEB1-KD line in 

absence of rapamycin ‘SEB1-KD (-Rap)’ and presence of rapamycin ‘SEB1-KD (+Rap)’: CO, 

conoid; RO, rhoptries; MI, micronemes; DG, dense granules; GA, Golgi apparatus, M, 

mitochondrion; ER, endoplasmic reticulum; NU, nucleus. Scale bar, 0.5µm. (C) HFF cells infected 

(24hrs) with SEB1-KD line in absence of rapamycin ‘SEB1-KD (-Rap)’ and presence of 
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rapamycin ‘SEB1-KD (+Rap)’ expressing T. gondii (Green): mouse monoclonal anti-IMC1 for 

parasite inner membrane complex marker (green), rabbit monoclonal anti-CEN1 antibody for 

parasite centrin1 (red) and DAPI nuclei (blue). Scale 30µm. Right = merge with bright field. (D) 

HFF cells infected (24hrs) with SEB1-KD line in absence of rapamycin ‘SEB1-KD (-Rap)’ and 

presence of rapamycin ‘SEB1-KD (+Rap)’ expressing T. gondii (Green): rabbit monoclonal anti-

IMC3 for parasite inner membrane marker (green), mouse monoclonal anti-TgSORTLR antibody 

for parasite Golgi apparatus (red) and DAPI nuclei (blue). Scale 30µm. Right = merge with bright 

field. 
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Supplemental Figure 3.4. Conditional ablation of SEB1 gene in T. gondii.  

(A) Quantification of western blot of 3 biological replicates and each densitometry RHΔku80 

DiCre strain and SEB1-KD expressing T. gondii was compared with two-way ANOVA test, ns: 

non-significant p. value. Rabbit monoclonal anti-GAP45 was used for this experiment as control. 
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Supplemental Figure 3.6. Depletion of SEB1 expression level does not affect 

protein trafficking of the secretory organelles of T. gondii. 

(A) HFF cells infected (24hrs) with SEB1-KD line in absence of rapamycin ‘SEB1-

KD (-Rap)’ and presence of rapamycin ‘SEB1-KD (+Rap)’ expressing T. gondii: 

mouse monoclonal anti-MIC2 for parasite micronemes marker (red), rabbit 

monoclonal anti-SAG1 antibody for parasite surface (green) and DAPI nuclei 

(blue). Scale 30µm. Left = Extracellular parasites; Right = Intracellular parasites. 

(B) HFF cells infected (24hrs) with SEB1-KD line in absence of rapamycin ‘SEB1-

KD (-Rap)’ and presence of rapamycin ‘SEB1-KD (+Rap)’ expressing T. gondii 

(Green): mouse monoclonal anti-ROP7 for parasite rhoptries marker (red), rabbit 

monoclonal anti-SAG1 antibody for parasite surface (green) and DAPI nuclei 

(blue). Scale 30µm. Left = Extracellular parasites; Right = Intracellular parasites. 

(C) HFF cells infected (24hrs) with SEB1-KD line in absence of rapamycin ‘SEB1-

KD (-Rap)’ and presence of rapamycin ‘SEB1-KD (+Rap)’ expressing T. gondii 

(Green): mouse monoclonal anti-GRA2 for parasite dense granules marker (red), 

rabbit monoclonal anti-SAG1 antibody for parasite surface (green) and DAPI nuclei 

(blue). Scale 30µm. Left = Extracellular parasites; Right = Intracellular parasites. 

(D) HFF cells infected (24hrs) with SEB1-KD line in absence of rapamycin ‘SEB1-

KD (-Rap)’ and presence of rapamycin ‘SEB1-KD (+Rap)’ expressing T. gondii 

(Green): rabbit monoclonal anti-IMC3 for parasite inner membrane complex marker 

(green), mouse monoclonal anti-ATrx1 antibody for parasite apicoplast (red) and 

DAPI nuclei (blue). Scale 30µm.  
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TABLE 

Table S3.1. Number of peptides found for all proteins identified by mass spectrometry with two 

or more peptides with a confidence above 95 %(Scaffold) from the analysis. 

 

    Total unique spectrum count 

  

  

  

  

Exp.1  

E

x

p.

1  

Exp.2  

E

x

p.

2  

Exp.3  

E

x

p.

3  

Identif

ied 

Protei

n 

Gene annotation 

Access

ion 

Numb

erb 

M

W 

(kD

a) 

SEB1

-TY-

Flag 

W

T 

SEB1

-TY-

Flag 

W

T 

SEB1

-TY-

Flag 

W

T 

SEB1 hypothetical protein  

TGGT

1_2218

70 

144 110 0 113 0 85 0 

Sec24 
putative transport protein 

Sec24  

TGGT

1_2770

00 

108 3 0 4 0 3 0 

_ 

ribosomal protein RPL13  

TGGT

1_2630

50 

40 4 0 2 0 2 0 
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ROP5 rhoptry protein ROP5  

TGVE

G_442

220 

61 18 0 16 0 0 0 

Rab1 
putative small GTP 

binding protein rab1a  

TGGT

1_2147

70 

23 2 0 2 0 0 0 

_ 

hypothetical protein  

TGGT

1_3012

50 

96 4 0 2 0 0 0 

GRA2 
dense granule protein 

GRA2  

TGGT

1_2276

20 

20 8 0 0 0 0 0 

WD 

domain 

WD domain, G-beta 

repeat domain containing 

protein  

TGGT

1_3202

10 

56 2 0 0 0 2 0 

_ 

ribosomal protein RPL3  

TGGT

1_2273

60 

44 5 0 0 0 2 0 

_ 
protein phosphatase 2C 

domain-containing protein  

TGGT

1_2375

00 

97 2 0 0 0 2 0 
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_ 

ribosomal protein RPL14  

TGGT

1_2670

60 

18 3 0 0 0 4 0 

Sec23/

Sec24 

Sec23/Sec24 trunk 

domain-containing protein 

TGGT

1_2916

80 

88 0 0 5 0 4 0 

_ 

ribosomal protein RPL10 

TGGT

1_2887

20 

25 0 0 2 0 3 0 

_ 
hypothetical protein | 

location 

TGGT

1_2092

10 

167 2 0 0 0 0 0 

_ 
DnaJ domain-containing 

protein  

TGGT

1_2674

30 

49 4 0 0 0 0 0 

_ 

hypothetical protein  

TGGT

1_2697

10 

170 4 0 0 0 0 0 

_ 

ribosomal protein RPS6  

TGGT

1_2106

90 

29 4 0 0 0 0 0 
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GRA12 
dense granule protein 

GRA12  

TGGT

1_2886

50 

48 3 0 0 0 0 0 

_ 
putative ATPase synthase 

subunit alpha 

TGGT

1_2044

00 

62 6 0 0 0 0 0 

_ 
RNA recognition motif-

containing protein 

TGGT

1_3047

60 

147 4 0 0 0 0 0 

ROP1 rhoptry protein ROP1  

TGGT

1_3095

90 

50 3 0 0 0 0 0 

BiP chaperonin protein BiP  

TGGT

1_3117

20 

73 4 0 0 0 0 0 

_ 

hypothetical protein  

TGGT

1_3133

50 

47 4 0 0 0 0 0 

_ 
RNA recognition motif-

containing protein 

TGGT

1_2626

20 

32 14 0 0 0 0 0 
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_ 

hypothetical protein  

TGVE

G_212

955 

64 2 0 0 0 0 0 

_ 
putative DNA replication 

licensing factor  

TGGT

1_2149

70 

117 2 0 0 0 0 0 

_ 

beta-tubulin  

TGGT

1_2669

60 

50 4 0 0 0 0 0 

SPM1 
microtubule associated 

protein SPM1 

TGGT

1_2635

20 

39 0 0 2 0 0 0 

TgSRT

LR 
putative sortilin 

TGGT

1_2901

60 

114 0 0 3 0 0 0 

IMC4 

alveolin domain 

containing intermediate 

filament IMC4 

TGGT

1_2316

30 

53 0 0 3 0 0 0 

ROP4 ROP4 

TGGT

1_2951

25 

40 0 0 2 0 0 0 
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ROP7 ROP7 

TGGT

1_2951

10 

63 0 0 4 0 0 0 

GRA6 GRA6 

TGGT

1_2754

40 

23 0 0 3 0 0 0 

GAPD

H1 

glyceraldehyde-3-

phosphate dehydrogenase 

GAPDH1 

TGGT

1_2896

90 

53 0 0 2 0 0 0 

_ 

ribosomal protein RPS16  

TGGT

1_2630

40 

24 0 0 4 0 0 0 

_ 

ribosomal protein RPS8 

TGGT

1_2454

60 

23 0 0 2 0 0 0 

_ 

ribosomal protein RPL8 

TGGT

1_2040

20 

28 0 0 5 0 0 0 

_ 

hypothetical protein  

TGGT

1_2791

00 

48 0 0 4 0 0 0 
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_ 

hypothetical protein  

TGGT

1_2152

20 

55 0 0 6 0 0 0 

_ 
putative eukaryotic 

initiation factor-4A 

TGGT

1_2507

70 

47 0 0 2 0 0 0 

LDH1 
lactate dehydrogenase 

LDH1  

TGGT

1_2323

50 

36 0 0 4 0 0 0 

_ 
cAMP-dependent protein 

kinase regulatory subunit 

TGGT

1_2420

70 

43 0 0 2 0 0 0 

_ 

ribosomal protein RPS7  

TGGT

1_2391

00 

23 0 0 3 0 0 0 

_ 

ribosomal protein RPL30 

TGGT

1_2322

30 

12 0 0 2 0 0 0 

_ 

hypothetical protein 

TGGT

1_2629

35 

77 0 0 2 0 0 0 
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_ 

FUSE-binding protein 2 

TGGT

1_2166

70 

100 0 0 2 0 0 0 

_ 

hypothetical protein 

TGGT

1_2974

30 

25 0 0 3 0 0 0 

_ 

hypothetical protein 

TGGT

1_2400

60 

89 0 0 2 0 0 0 

GRA5 
dense granule protein 

GRA5  

TGGT

1_2864

50 

13 0 0 0 0 3 0 

Rab11 Ras-related protein Rab11  

TGGT

1_2896

80 

25 0 0 0 0 2 0 

Toxofil

in  
Toxofilin  

TGGT

1_2140

80 

27 0 0 0 0 2 0 

HSP90 heat shock protein HSP90  

TGGT

1_2883

80 

82 0 0 0 0 2 0 



153 

 

_ 

histone H2Bv 

TGGT

1_2099

10 

14 0 0 0 0 3 0 

_ 

eukaryotic porin protein  

TGGT

1_2633

00 

31 0 0 0 0 2 0 

_ 
thioredoxin domain-

containing protein  

TGGT

1_2473

50 

34 0 0 0 0 3 0 

_ putative eukaryotic 

translation initiation factor 

4A, isoform 3 

TGGT

1_2567

70 

45 0 0 0 0 3 0 

_ 

hypothetical protein 

TGGT

1_2865

80 

107 0 0 0 0 3 0 

_ 

14-3-3 protein 

TGGT

1_2630

90 

37 0 0 0 0 3 0 

_ putative protein disulfide 

isomerase-related protein 

(provisional) 

TGGT

1_2492

70 

60 0 0 0 0 2 0 
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_ 

ribosomal protein RPL32  

TGGT

1_2674

00 

16 0 0 0 0 3 0 

_ 

ribosomal protein RPSA  

TGGT

1_2660

60 

32 0 0 0 0 3 0 

_ 
fructose-1,6-bisphosphate 

aldolase 

TGGT

1_2360

40 

47 0 0 0 0 2 0 

_ 
ribosomal protein 

RPL23A  

TGGT

1_2380

10 

19 0 0 0 0 2 0 

_ 

ribosomal protein RPL7  

TGGT

1_3148

10 

30 0 0 0 0 2 0 

_ 
putative eukaryotic 

initiation factor-4E 

TGGT

1_2234

10 

26 0 0 0 0 4 0 

_ DEAD/DEAH box 

helicase domain-

containing protein  

TGME

49_284

050 

282 0 0 0 0 4 0 
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_ domain K- type RNA 

binding proteins family 

protein 

TGGT

1_2359

30 

64 0 0 0 0 4 0 

_ 
ribosomal protein 

RPL13A 

TGGT

1_2921

30 

33 0 0 0 0 3 0 

_ 

splicing factor SF2 

TGGT

1_3195

30 

54 0 0 0 0 2 0 

_ 
putative transmembrane 

protein 

TGGT

1_4103

70 

48 0 0 0 0 4 0 

_ 
RNA recognition motif-

containing protein  

TGGT

1_2706

40 

25 0 0 0 0 2 0 

_ 
ribosomal protein 

RPL10A 

TGGT

1_2154

70 

25 0 0 0 0 2 0 

_ 
protein disulfide 

isomerase 

TGGT

1_2116

80 

53 0 0 0 0 4 0 
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_ 
putative vacuolar ATP 

synthase subunit A 

TGGT

1_2569

70 

68 0 0 0 0 2 0 
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Table S3.2. Primers used in this study. 

Primer Primer Sequence 

1 CCAAAATGGACACTCGAGACGTTTTAGAGCTAGAAATAGC 

2 AACTTGACATCCCCATTTAC 

3 TCCAATTTAATTAAGAACCTCAGCCTTTCGCTGTAGTTGGACAGGAGGA

GAGCGCGAGAA 

4 TACAGCGAAAGGCTGAGGTTCTTAATTAAATTGGATTGGAAGTAC 

5 GAGGTCCACACGAACCAGGACCCGCTCGATGACTATAAAGACGATGACG

ATAAG 

6 ATCGAGCGGGTCCTGGTTCGTGTGGACCTCAAAGTCCATCCCTGAAGAG

AGAGGTGCACT 

7 CCCTGTACTTCCAATCCAATCAGCGTGCATCAGTCGAGCGCGGGCACAA

GCTCAGTTGGA 

8 TCTGGAACATCGTATGGGTAAAAGTCCATCCCTGAAGAGAGAGGTGCAC

TCGGTGGTGGG 

9 TACCCATACGATGTTCCAGATTACGCTGCTGACTA 

10 ATTGGATTGGAAGTACAGGGTACGATCTCGACGCA 
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Table S3.3. Antibodies used in this study. 

Category Target 

(clone) 

Species Source Diltution Product # 

Immunofluorescence 

Assays: Primary 

Ty-Tag mouse  1/1000  

 GAP45 rabbit  1/1000  

 HA-Tag mouse  1/500  

 IMC3 rabbit  1/2000  

 IMC1 mouse  1/1000  

 Cen1 rabbit  1/1000  

 Atrx1 mouse  1/1000  

 SORTLR mouse  1/1000  

 MIC2 mouse  1/1000  

 ROP7 mouse  1/1000  

 GRA2 mouse  1/1000  

 SAG1 mouse  1/1000  

 SAG1 rabbit  1/1000  

Immunofluorescence 

Assays: Secondary 

Mouse IgG Goat 

conjugated to 

Alexa488 

Life 

Technologies 

1/1000 A11029 

 

 Rabbit IgG Goat 

conjugated to 

Alexa594 

Life 

Technologies 

1/1000 A11037 
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Western Blotting: 

Primary 

Ty-Tag mouse  1/1000  

 GAP45 rabbit  1/1000  

 HA-Tag mouse Cell 

Signaling 

1/10000  

Western Blotting: 

Secondary 

Mouse IgG Goat 

conjugated to 

IRDye 

680CW 

LI-COR 

Biosciences 

1/2000  926-68070 

lot#: 

C80619-05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



160 

 

3.6     REFERENCES 
1. Olias, P., et al., Toxoplasma Effector Recruits the Mi-2/NuRD Complex to Repress STAT1 

Transcription and Block IFN-gamma-Dependent Gene Expression. Cell Host Microbe, 

2016. 20(1): p. 72-82. 

2. Rosenberg, A. and L.D. Sibley, Toxoplasma gondii secreted effectors co-opt host repressor 

complexes to inhibit necroptosis. Cell Host Microbe, 2021. 29(7): p. 1186-1198 e8. 

3. Erdős, G., M. Pajkos, and Z. Dosztányi, IUPred3: prediction of protein disorder enhanced 

with unambiguous experimental annotation and visualization of evolutionary 

conservation. Nucleic Acids Res, 2021. 49(W1): p. W297-w303. 

4. Sidik, S.M., et al., Efficient genome engineering of Toxoplasma gondii using 

CRISPR/Cas9. PLoS One, 2014. 9(6): p. e100450. 

5. Shen, B., et al., Development of CRISPR/Cas9 for Efficient Genome Editing in Toxoplasma 

gondii. Methods Mol Biol, 2017. 1498: p. 79-103. 

6. Huynh, M.H. and V.B. Carruthers, Tagging of endogenous genes in a Toxoplasma gondii 

strain lacking Ku80. Eukaryot Cell, 2009. 8(4): p. 530-9. 

7. Sidik, S.M., et al., A Genome-wide CRISPR Screen in Toxoplasma Identifies Essential 

Apicomplexan Genes. Cell, 2016. 166(6): p. 1423-1435 e12. 

8. Meissner, M., et al., Modulation of myosin A expression by a newly established tetracycline 

repressor-based inducible system in Toxoplasma gondii. Nucleic acids research, 2001. 

29(22): p. e115-e115. 

9. Mital, J., et al., Conditional expression of Toxoplasma gondii apical membrane antigen-1 

(TgAMA1) demonstrates that TgAMA1 plays a critical role in host cell invasion. Molecular 

Biology of the Cell, 2005. 16: p. 4341–4349. 



161 

 

10. Long, S., et al., Calmodulin-like proteins localized to the conoid regulate motility and cell 

invasion by Toxoplasma gondii. PLoS Pathog, 2017. 13(5): p. e1006379. 

11. Pieperhoff, M.S., et al., Conditional U1 Gene Silencing in Toxoplasma gondii. PLoS One, 

2015. 10(6): p. e0130356. 

12. Andenmatten, N., et al., Conditional genome engineering in Toxoplasma gondii uncovers 

alternative invasion mechanisms. Nat Methods, 2013. 10(2): p. 125-7. 

13. Hunt, A., et al., Differential requirements for cyclase-associated protein (CAP) in actin-

dependent processes of Toxoplasma gondii. Elife, 2019. 8. 

14. Carey, K.L., et al., A small-molecule approach to studying invasive mechanisms of 

Toxoplasma gondii. Proc Natl Acad Sci U S A, 2004. 101(19): p. 7433-8. 

15. Mital, J. and G.E. Ward, Current and emerging approaches to studying invasion in 

apicomplexan parasites. Subcell Biochem, 2008. 47: p. 1-32. 

16. Leung, J.M., et al., Stability and function of a putative microtubule-organizing center in 

the human parasite Toxoplasma gondii. Mol Biol Cell, 2017. 28(10): p. 1361-1378. 

17. Hu, K., D.S. Roos, and J.M. Murray, A novel polymer of tubulin forms the conoid of 

Toxoplasma gondii. J Cell Biol, 2002. 156(6): p. 1039-50. 

18. Kono, M., et al., Evolution and architecture of the inner membrane complex in asexual and 

sexual stages of the malaria parasite. Mol Biol Evol, 2012. 29(9): p. 2113-32. 

19. Nishi, M., et al., Organellar dynamics during the cell cycle of Toxoplasma gondii. J Cell 

Sci, 2008. 121(Pt 9): p. 1559-68. 

20. Pelletier, L., et al., Golgi biogenesis in Toxoplasma gondii. Nature, 2002. 418(6897): p. 

548-552. 



162 

 

21. Ouologuem, D.T. and D.S. Roos, Dynamics of the Toxoplasma gondii inner membrane 

complex. J Cell Sci, 2014. 127(Pt 15): p. 3320-30. 

22. Donald, R.G., et al., Insertional tagging, cloning, and expression of the Toxoplasma gondii 

hypoxanthine-xanthine-guanine phosphoribosyltransferase gene. Use as a selectable 

marker for stable transformation. J Biol Chem, 1996. 271(24): p. 14010-9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



163 

 

 

 

CHAPTER 4 

CONCLUSIONS AND FUTURE WORK 

4.1       INTRODCUTION 
 

Over the past decades, many significant studies have increased our knowledge of the 

biology of Toxoplasma gondii and how it dramatically remodels a myriad of important cell 

pathways including the cell cycle. However, many aspects of this host-parasite interaction are 

unresolved, such as the lack of identified parasite molecules responsible for altering the host cell 

cycle phase. Dissecting the molecular function of a protein responsible for modulating the host 

cell cycle was partially the aim of the work presented in this dissertation.  Herein we describe the 

role of HCE1 in cyclin E upregulation. HCE1 is responsible for driving host cell to transit from 

G1 phase to S-Phase. We further validate that there was a block in S-phase progression and host 

cell DNA synthesis in many cell lines normally used in the study of Toxoplasma. Over the course 

of these studies we found, among the cell types tested, only infected primary mouse fibroblasts 

were able to synthesize their genome and could do so only when contact inhibition was removed. 

Additionally, we also present an essential Golgi resident protein termed SEB1 that is required for 

parasite replication. As shown by electron microscopy, loss of SEB1 leads to a disorganization of 

the vesicles in T. gondii such as the micronemes, rhoptries, dense granules, and Golgi apparatus. 

Altogether, this work helps to address the specificity of a discharged molecular weapon regulating 

the host cell cycle progression as well as the importance of a unique coccidian protein for the 

parasite lytic cycle and lays the foundation for further characterization of SEB1. 
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4.2       THE MODULATION OF THE HOST CELL CYCLE BY TOXOPLASMA GONDII  
 

HCE1: a sharp inducer of the cell cycle. 

Among the diverse groups of pathogenic microorganisms, intracellular invaders have 

evolved distinct ways of promoting their survival within the host cell by controlling multiple 

processes. An eminent example of this is the regulation of host cell cycle progression in different 

means by many infectious agents, such as viruses (human cytomegalovirus ‘HCMV’ and chicken 

anemia virus ‘CAV’ apoptin) and parasites (Toxoplasma gondii and Theileria annulata) [1-9].  

This often results in an array of effects, including abnormal proliferation of the host cell and 

inhibition of the growth of the host cell by affecting its cellular DNA synthesis. This thesis 

demonstrates that T. gondii upregulates expression of the host cyclin E to induce the progression 

of the infected cell from G0/G1 into S-phase, which also reveals a block in host DNA synthesis in 

multiple commonly used host cells in the study of Toxoplasma. Our observation that infected 

mouse fibroblast cells initiate DNA synthesis upon the removal of contact inhibition (CI) is, 

however, far from complete. The cyclin-cdk inhibitors p21 and p27 are usually the proteins 

involved in CI and DNA damage, however, so far, we show that p21 protein was not responsible 

for the restoration of the DNA synthesis in infected MF cells as this phenomenon was solely 

dependent on HCE1. The role of p27 in MF-p27-deficient cells infected with Toxoplasma, 

however, remains unresolved. Hence, identifying host-specific intrinsic factors capable of 

responding to Toxoplasma infection and circumventing the parasite reprogramming highlights 

significant questions about the parasite and host interaction. It has been demonstrated, in other 

organisms, that loss of CI in the infected cell can pathologically lead to uncontrolled cell growth 

resulting to some tumorous characteristics, the aspects of which also need to be unraveled in the 

context of infection of  Toxoplasma into primary host cells [10-12]. Additionally, future 
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investigation using other primary cells, such as primary cells from humans or other warmed-

blooded mammals, can also provide valuable information about the role of CI in this process. This 

could be evaluated by freshly harvesting primary host cells, infecting them with Toxoplasma, and 

assessing their genome synthesis using an EdU incorporation assay upon the removal of CI as was 

performed on the primary infected mouse fibroblasts (Chapter 2). Also, it is noteworthy to mention 

that even freshly primary cells if cultured too long may confine some aberrant phenotypes. In fact, 

cells may continue to proliferate, and as the passage number increases their phenotype and 

genotype may change. Thus, certain intrinsic acquired mechanism may obscure some analyses. 

Therefore, further investigation of this specific aspect of host-parasite interaction may increase our 

understanding about the response of host cell reprogramming by the manipulation of T. gondii 

considering different host cell types.   

 

4.3       SEB1 GOLGI RESIDENT PROTEIN: ITS ROLE IN THE COCCIDIAN 
 

      4.3.1 Determining the role of SEB1 in subset of GRA protein translocation: 

Data presented in chapter 3 of this dissertation demonstrates that the essential role of SEB1 

is not related to protein trafficking, at least considering the subset of proteins for which localization 

in KD-conditions were tested. Furthermore, in KD conditions, microneme and rhoptry proteins 

appeared to function normally, as determined in the parasite invasion assay indicating that the 

invasion machinery was not impaired. Additionally, IFA demonstrated that the canonical proteins 

from each of the three secretory vesicles were able to properly reach their endomembranes in the 

parasite.  Notably, dense granules proteins can be divided into four classes based on their 

localization: PV, PVM, host cytosol and host nucleus (Figure 1.4). However, it remains unresolved 

whether or the nuclear targeted GRAs are able to properly reach their destination in knockdown 
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parasites. Thus, we speculate that the trafficking of these GRAs may be affected in knockdown 

parasites. This aforementioned group of GRA proteins translocation experiment in SEB1-KD line 

should be examined for further characterization of SEB1. 

      4.3.2 Determining SEB1 topology and orientation: 

Based on the predicted structure from the amino acid sequence, we speculate that SEB1 is 

a type I transmembrane protein. To further investigate membrane localization and orientation,  a 

peptide protease protein assay could be employed, which utilizes  the established fluorescence 

protease protection (FPP) assay [13]. For this approach, C-terminal tagged SEB1-TY-FLAG 

parasites could be allowed to invade HFF monolayers which would be then be subjected to 

selective permeabilization using the detergent digitonin. Digitonin is a cholesterol binding drug 

that has the ability to selectively permeabilize the plasma membrane, while leaving intracellular 

organelles intact due to their low cholesterol content [14, 15]. A digitonin concentration titration 

process could be used to establish the optimal conditions for disrupting both the host and parasite 

plasma membranes, without perturbing the Golgi membrane. A cytosolic-tagged protein and 

markers of Golgi GRASP or Sortilin ‘TgSORTLR’ could serve as controls. We would take 

advantage of the digitonin permeabilization which would also allow the entry of exogenous 

molecules, such as proteinase K or trypsin, to cleave any peptides present in the cytosol of the host 

and parasite. Through an immunofluorescence assay, we could then assess if the TY and FLAG 

peptides cleave off from both cytosolic control and SEB1-TY-FLAG, but not on our control Golgi 

marker. This could be achieved in the presence of both digitonin permeabilization and proteinase 

K or trypsin treatment. This would suggest that the C-terminal of SEB1 is in the cytosol while the 

N-terminal end resides in the lumen of the Golgi of the parasite. In that case, SEB1 would be 

confirmed as a type I transmembrane topology. If the TY and FLAG peptides are still present after 



167 

 

treatment, this would deduce that the C-terminal of SEB1 is in the lumen of the Golgi while the 

N-terminal end resides in the cytosol, making SEB1 a type II transmembrane protein.   

       4.3.3 Carboxyl end (C-terminal) requirement for SEB1 function: 

In chapter 3 of this dissertation, I showed that the C-terminal end of SEB1 is conserved 

across cyst-forming coccidia (Figure 3.3E).  We postulate that the C-terminal end of SEB1 plays 

a role in parasite survival as well as in the observed vesicles disorganization phenotype upon 

depletion of this protein. Further characterization is needed to investigate the importance of this 

C-terminal end on parasite survival and its overall function. The SEB1 nucleotide sequence lacks 

its conserved C-terminal amino acid sequence from Toxoplasma. cDNA should be isolated to 

generate an inducible mutant “SEB1ΔC-terminal-end”. This mutant could be used in the TATi 

system encoding the gene promoter TgSAG4 where SEB1ΔC- terminal-end mutant expression 

will be controlled in the absence and presence of anhydrotetracycline [16]. This construct could 

be transfected in TATi-RH T. gondii tachyzoites that constitutively express TATi protein (TetR + 

TATi transactivator) by means of a pT/5Rf70 or p5RT70 promoter [16].  A clonal population could 

be isolated, and the resulting parasite mutant line would serve as a dominant negative. We should 

subsequently examine the role of SEB1 using the previous assays discussed in chapter 3 for 

assessing parasite survival (plaque assay, fitness assays ‘invasion, replication, egress, protein 

secretion), protein trafficking, and EM analysis to examine the biogenesis of parasite key 

organelles (Golgi, micronemes, rhoptries and dense granules).  

 

4.4      CONCLUSION 
 

In summary, by elucidating the role of HCE1 to modulate the infected host, this dissertation 

solves a longstanding mystery in the field of T. gondii biology. As it has been postulated in the 
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field that T. gondii controls the progression of the cell cycle from G1 to S-phase, direct evidence 

for a molecular protein responsible for this aspect has remained an enigma. This thesis 

demonstrates the role of HCE1, a secreted host nuclear targeted effector, responsible for regulating 

the host cell cycle progression from G0/G1 into S-phase and ultimately blocks DNA synthesis in 

the infected host cell. Removal of contact inhibition (CI) using recently derived primary infected 

mouse fibroblast cells plays a critical role in restoring this observed DNA synthesis blockage and 

is found to be HCE1 dependent. Future investigation in search of mechanical signal for intrinsic 

key molecules controlling this host CI specificity is therefore left to be unraveled. Additionally, 

we showed the essential function of the Golgi resident protein, termed SEB1, for parasite 

replication and viability. However, more studies are needed to dissect the functional role of SEB1 

as the key attributes of the observed endomembranes disorganization and parasite replication 

defects. Moreover, because of its distinct and enthralling conserved C-terminal end found across 

the cyst forming coccidians, we can speculate that this feature could be a hallmark of evolutionary 

process employed by the parasite to aid cyst formation. Altogether, I hope that the work presented 

in this dissertation provides a better understanding of how Toxoplasma regulates its host cell cycle 

and displays the importance of a Golgi resident protein for the physiology of the parasite and 

survival. How specific host-parasite interact remains a perpetual significance in the biology of 

Toxoplasma and it is imperative to understand for finding ways to control Toxoplasma infection 

in humans. Additional studies are needed to decipher the function of HCE1 in acute and chronic 

infections. HCE1/TEEGR is suggested to have a positive contribution to T. gondii persistence 

when mice chronically infected with knockout parasites showed a lower number of cysts in their 

brain when compared to the parental strain. We can speculate that promoting cell cycle progression 

could efficiently support bradyzoites conversion rate. Furthermore, SEB1 requires a more vigorous 
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characterization involving its molecular mechanism that could ultimately give rise to novel 

strategies to limit the parasite’s transmission and dissemination.        
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APPENDIX 

 

A       MASS SPECTROMETRY DATA OF SEB1 IMMUNOPRECIPITATION ASSAYS. 
 

Data from mass spectrometry analysis of three replicates of SEB1 immunoprecipitation 

assays. To validate mass spectrometry analyses based on peptide and protein identifications for 

the overall result, the accepted peptides were established when they are greater than 99% 

probability using Scaffold (version Scaffold_4.10.0, Proteome Software Inc., Portland, OR) [1]. 

The list of proteins presented in the tables was identified by peptides count with a confidence 

above 95% (Scaffold) and an abundance of one peptide minimum. Determining interacting 

partners of SEB1 is described as proteins that are present in SEB1-TY-FLAG strain and absent in 

wild type strain. These interactors were identified using the abundance ratio of presence of two or 

more peptides with a confidence above 95% and are highlighted in bold.  

 

Mass spectrometry data analysis: experiment 1 

Protein name Gene ID 

Molecular 

Weight (kDa) 

SEB-

TY-

FLAG 

Wild 

Type 

Hypothetical protein  

TGGT1_2

21870 144 110 0 

Hypothetical protein  

TGGT1_2

33220 160 42 17 



173 

 

Isoleucyl-tRNA synthetase family protein  

TGGT1_2

07640  141 39 12 

RNA recognition motif-containing protein 

TGGT1_2

62620  32 14 10 

Rhoptry protein ROP5  

TGVEG_

442220 61 18 0 

Sjogren's syndrome/scleroderma autoantigen 

1 (Autoantigen p27) protein  

TGGT1_2

12260 38 17 7 

SAG-related sequence SRS29B  

TGGT1_2

33460 35 14 5 

Ribosomal protein RPL4  

TGGT1_3

09120  46 10 4 

Splicing factor SF2  

TGGT1_3

19530  54 12 3 

Alveolin domain containing intermediate 

filament IMC4  

TGGT1_2

31630  50 9 7 

Glyceraldehyde-3-phosphate dehydrogenase 

GAPDH1  

TGGT1_2

89690  53 6 1 

Putative ATPase synthase subunit alpha  

TGGT1_2

04400  62 6 1 

Putative eukaryotic initiation factor-4E  

TGGT1_2

23410  26 8 4 
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Hypothetical protein  

TGGT1_2

63320  42 7 2 

Hypothetical protein  

TGGT1_2

69710  170 4 1 

Dense granule protein GRA2  

TGGT1_2

27620  20 8 0 

Ribosomal protein RPS14  

TGGT1_2

63700  16 4 4 

RecName: Full=Ig kappa chain C region P01837.1 12 1 0 

Dense granule protein GRA7 

TGGT1_2

03310 26 7 3 

Ribosomal protein RPL3  

TGGT1_2

27360  44 5 0 

DnaJ domain-containing protein 

TGGT1_2

67430  49 4 0 

Chaperonin protein BiP 

TGGT1_3

11720  73 4 0 

RNA recognition motif-containing protein  

TGGT1_3

04760  147 4 1 

Actin  

TGGT1_4

11760 32 4 3 

Ribosomal protein RPL5  

TGGT1_3

20050  35 1 0 
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Ribosomal protein RPL13  

TGGT1_2

63050  40 4 0 

Dense granule protein GRA12 

TGGT1_2

88650  48 3 2 

Rhoptry protein ROP8  

TGGT1_3

63030  64 1 0 

Putative heat shock protein 90 

TGGT1_2

44560  98 1 0 

3xFLAG-MCS-3xFLAG [Expression vector 

pQF] 

AGU9985

5.1 8 1 1 

Ribosomal protein RPL12  

TGGT1_2

54440  18 2 2 

Actin ACT1  

TGGT1_2

09030  42 1 0 

Hypothetical protein  

TGGT1_2

20950 36 5 0 

Dense granule protein GRA8  

TGGT1_2

54720  29 3 1 

Beta-tubulin  

TGGT1_2

66960  50 4 0 

Rribosomal protein RPS6 

TGGT1_2

10690  29 3 0 
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Rypothetical protein  

TGGT1_3

13350  47 4 0 

Ribosomal protein RPP0  

TGGT1_2

18410  34 3 0 

Subtilisin SUB1  

TGGT1_2

04050  85 2 0 

Ribosomal protein RPS2  

TGGT1_3

05520  29 3 2 

Ribosomal protein RPL10A  

TGGT1_2

15470  25 1 1 

Ribosomal protein RPL19  

TGGT1_2

89530  22 2 1 

Hypothetical protein  

TGGT1_3

01250  96 4 0 

Ribosomal protein RPL14  

TGGT1_2

67060  18 3 1 

WD domain, G-beta repeat domain 

containing protein  

TGGT1_3

20210  56 2 0 

Ribosomal protein RPS25  

TGGT1_2

31140  19 1 2 

Ribosomal protein RPL18A 

TGGT1_2

62670  21 2 1 
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Putative transmembrane protein  

TGGT1_4

10360 38 1 0 

RNA recognition motif-containing protein  

TGGT1_3

06600  21 2 2 

CorA family Mg2+ transporter protein  

TGGT1_2

35402  128 2 0 

Hypothetical protein  

TGGT1_2

48160  122 1 1 

Hypothetical protein  

TGVEG_

212955  64 2 1 

Desmoglein 1 preproprotein [Homo sapiens] 

NP_0019

33.2 114 1 1 

Rhoptry protein ROP1  

TGGT1_3

09590 50 3 0 

Putative eukaryotic translation initiation 

factor 4A, isoform 3  

TGGT1_2

56770  45 1 0 

Junction plakoglobin [Homo sapiens] 

NP_0022

21.1  82 3 3 

RNA recognition motif-containing protein  

TGGT1_2

09850  171 1 0 

Ribosomal protein RPS24 | location 

TGGT1_2

15460  30 1 0 



178 

 

Putative phosphate carrier 

TGGT1_2

78990  53 1 0 

Heat shock protein HSP70  

TGGT1_2

73760  72 1 0 

Elongation factor 1-alpha (EF-1-ALPHA), 

putative  

TGME49

_286420  49 2 1 

Ribosomal protein RPL22 | location 

TGGT1_2

39760  15 1 1 

Ribosomal protein RPS26  

TGGT1_2

43570  13 2 2 

Putative sortilin  

TGGT1_2

90160  114 2 2 

Ribosomal protein RPS15  

TGGT1_3

16110  74 1 2 

Histone H2A1  

TGGT1_2

61250  20 1 0 

Nuclear factor NF2  

TGGT1_2

86790  36 1 0 

Hypothetical protein  

TGGT1_2

09210 167 2 0 

Putative transport protein Sec24  

TGGT1_2

77000  108 3 0 



179 

 

Protein disulfide-isomerase domain-

containing protein  

TGGT1_2

38040A  126 1 0 

Putative small GTP binding protein rab1a  

TGGT1_2

14770  23 2 0 

Putative mago nashi family protein 2  

TGGT1_2

67420  24 1 1 

Ribosomal protein RPL26  

TGGT1_2

48390  16 1 0 

Ribosomal protein RPL7A  

TGGT1_2

61570  31 2 0 

Ribosomal protein RPS11  

TGGT1_2

26970  19 2 0 

Microtubule associated protein SPM1 

TGGT1_2

63520 39 1 2 

Myb family DNA-binding domain-

containing protein  

TGGT1_2

75480  99 2 1 

Small nuclear ribonucleoprotein  

TGGT1_2

09690  25 1 1 

Ribosomal protein RPS18  

TGGT1_2

25080  18 2 1 

Nuclear factor NF7  

TGGT1_2

48810  54 2 0 



180 

 

Rhoptry neck protein RON5  

TGGT1_3

11470 187 1 1 

Dense granule protein GRA6  

TGGT1_2

75440  23 1 1 

Protein phosphatase 2C domain-containing 

protein  

TGGT1_2

37500 97 2 0 

Putative DNA replication licensing factor  

TGGT1_2

14970  117 2 0 

Pre-mRNA processing splicing factor PRP8  

TGGT1_2

31970  292 1 0 

SKIP/SNW domain-containing protein  

TGGT1_2

33190  62 1 0 

Splicing factor, CC1 family protein 

TGGT1_3

12530  69 1 0 

Ribosomal protein RPS3A  

TGGT1_2

32710  29 1 0 

Domain K- type RNA binding proteins 

family protein 

TGGT1_2

35930  64 1 0 

Product=toxofilin  

TGGT1_2

14080 27 1 0 

Rhoptry protein ROP7  

TGGT1_2

95110  63 1 0 



181 

 

Amylo-alpha-1,6-glucosidase  

TGGT1_2

26910  208 1 0 

Putative vacuolar ATP synthase subunit b  

TGGT1_2

19800  57 1 0 

Rhoptry neck protein RON4  

TGGT1_2

29010 107 1 0 

Ribosomal protein RPL9 

TGGT1_2

84560  21 1 0 

Dermcidin preproprotein [Homo sapiens] 

NP_4445

13.1 11 2 2 

Sec61beta family protein  

TGGT1_2

11040  10 1 1 

Hypothetical protein  

TGGT1_2

54570  224 1 0 

SAG-related sequence SRS34A  

TGGT1_2

71050  19 1 0 

Alpha tubulin TUBA1 

TGGT1_3

16400B  48 2 0 

DEAD/DEAH box helicase domain-

containing protein  

TGGT1_2

84050  281 2 0 

Hypothetical protein  

TGGT1_2

63080  14 1 0 



182 

 

CBS domain-containing protein  

TGGT1_3

07580  126 1 1 

Sec23/Sec24 trunk domain-containing 

protein  

TGGT1_2

91680  88 1 0 

Desmoplakin isoform II [Homo sapiens] 

NP_0010

08844.1  260 1 1 

Hypothetical protein  

TGGT1_2

06670  218 1 0 

Alba 2  

TGGT1_2

18820  15 1 0 

Hypothetical protein  

TGGT1_2

22300  159 1 0 

Putative activating signal cointegrator 1 

complex subunit 3 family 1 ASCC3L1  

TGGT1_2

23390  248 1 0 

Sec23/Sec24 trunk domain-containing 

protein  

TGGT1_2

26510  165 1 0 

Inner membrane complex protein IMC2A  

TGGT1_2

28170  182 1 0 

Myosin A  

TGGT1_2

35470  93 1 0 

Surp module domain-containing protein  

TGGT1_2

46500  72 1 0 



183 

 

Hypothetical protein  

TGGT1_3

08870  75 1 0 

Putative DnaJ family chaperone 

TGGT1_3

11240  47 1 0 

Helicase associated domain (ha2) protein 

TGGT1_3

18440  237 1 0 

Hypothetical protein  

TGGT1_2

08350  40 1 0 

DEAD (Asp-Glu-Ala-Asp) box polypeptide 

DDX3X  

TGGT1_2

26250  79 1 0 

Putative RNA binding protein  

TGGT1_2

03540  119 1 0 

Hypothetical protein  

TGGT1_3

13070  36 1 0 

Rhoptry metalloprotease toxolysin TLN1  

TGGT1_2

69885B 62 1 0 

Ribosomal protein RPL8  

TGGT1_2

04020  28 1 0 

Putative ethylene inducible protein  

TGGT1_2

37140  33 1 0 

 

 

 



184 

 

 

 

Mass spectrometry data analysis: experiment 2 

Protein name Gene ID 

Molecular 

Weight (kDa) 

SEB-

TY-

FLAG 

Wild 

Type 

Hypothetical protein  

TGGT1_2

21870  144 113 0 

IGH1M_MOUSE RecName: Full=Ig 

gamma-1 chain C region, membrane-bound 

form P01869.2 43 41 99 

IGKC_MOUSE RecName: Full=Ig kappa 

chain C region P01837.1 12 15 40 

Isoleucyl-tRNA synthetase family protein  

TGGT1_2

07640 141 32 14 

Chaperonin protein BiP  

TGGT1_3

11720  73 26 18 

Hypothetical protein  

TGGT1_2

33220  160 31 22 

Rhoptry protein ROP5  

TGGT1_3

08090  61 20 21 

Putative ATPase synthase subunit alpha 

TGGT1_2

04400  62 25 18 



185 

 

SAG-related sequence SRS29B  

TGGT1_2

33460 35 19 22 

Putative heat shock protein 90  

TGGT1_2

44560  98 14 17 

ATP synthase beta subunit ATP-B  

TGGT1_2

61950  60 11 13 

Dense granule protein GRA7  

TGGT1_2

03310 26 11 16 

RNA recognition motif-containing protein  

TGGT1_2

62620  32 11 13 

Alpha tubulin TUBA1  

TGGT1_3

16400B  48 11 10 

Beta-tubulin  

TGGT1_2

66960  50 9 8 

SAG-related sequence SRS34A  

TGGT1_2

71050  19 11 12 

Ribosomal protein RPL3 

TGGT1_2

27360  44 6 5 

Actin  

TGGT1_4

11760 32 9 7 

Dense granule protein GRA12  

TGGT1_2

88650  48 9 6 



186 

 

Elongation factor 1-alpha (EF-1-ALPHA), 

putative  

TGME49_

286420  49 6 7 

Sjogren's syndrome/scleroderma autoantigen 

1 (Autoantigen p27) protein 

TGGT1_2

12260  38 6 9 

Ribosomal protein RPS14  

TGGT1_2

63700  16 9 7 

Putative vacuolar ATP synthase subunit b  

TGGT1_2

19800  57 9 6 

Heat shock protein HSP70  

TGGT1_2

73760  72 8 5 

Actin ACT1  

TGGT1_2

09030  42 7 7 

Dense granule protein GRA2  

TGGT1_2

27620  20 4 5 

Ribosomal protein RPS6  

TGGT1_2

10690  29 3 4 

Ribosomal protein RPL10A  

TGGT1_2

15470  25 3 4 

Histone H2Bb  

TGGT1_2

51870  13 6 2 

Ribosomal protein RPL4  

TGGT1_3

09120  46 7 8 



187 

 

Ribosomal protein RPL18A 

TGGT1_2

62670  21 2 3 

Hypothetical protein  

TGGT1_2

63320  42 7 3 

DnaJ domain-containing protein 

TGGT1_2

67430  49 4 7 

Dense granule protein GRA3  

TGGT1_2

27280  24 0 2 

Putative eukaryotic translation initiation 

factor 4A, isoform 3  

TGGT1_2

56770  45 5 5 

Toxofilin  

TGGT1_2

14080 27 5 4 

Ribosomal protein RPS16  

TGGT1_2

63040  24 4 1 

Rhoptry protein ROP7  

TGGT1_2

95110  63 4 2 

Ribosomal protein RPS8  

TGGT1_2

45460  23 2 1 

Hypothetical protein  

TGGT1_2

63080  14 3 3 

Ribosomal protein RPS2  

TGGT1_3

05520  29 5 3 



188 

 

Putative polyadenylate binding protein  

TGGT1_2

24850  83 3 3 

Rhoptry protein ROP1  

TGGT1_3

09590 50 6 2 

Rhoptry protein ROP8  

TGGT1_3

63030  64 2 3 

Dense granule protein GRA6 

TGGT1_2

75440  23 3 2 

Dense granule protein GRA8  

TGGT1_2

54720  29 8 1 

Hypothetical protein  

TGGT1_2

20950 36 3 4 

Myosin A  

TGGT1_2

35470  93 4 5 

Hypothetical protein  

TGGT1_3

13350  47 3 2 

Protein disulfide isomerase  

TGGT1_2

11680  53 2 4 

Acid phosphatase GAP50  

TGGT1_2

19320  47 5 3 

Putative vacuolar ATP synthase subunit A  

TGGT1_2

56970 68 4 3 



189 

 

Ribosomal protein RPL13A  

TGGT1_2

92130 33 4 2 

DEAD/DEAH box helicase domain-

containing protein 

TGGT1_2

84050 281 4 4 

Ribosomal protein RPP0  

TGGT1_2

18410  34 2 5 

Ribosomal protein RPL14 

TGGT1_2

67060  18 3 3 

Dense granule protein GRA5  

TGGT1_2

86450 13 1 3 

WD domain, G-beta repeat domain 

containing protein  

TGGT1_3

20210  56 4 3 

Ribosomal protein RPL7A 

TGGT1_2

61570  31 3 2 

Hypothetical protein  

TGGT1_2

15220  55 6 0 

RNA recognition motif-containing protein  

TGGT1_2

70640  25 0 3 

Ribosomal protein RPL8  

TGGT1_2

04020  28 5 1 

Hypothetical protein  

TGGT1_2

79100  48 4 0 



190 

 

Ribosomal protein RPL5  

TGGT1_3

20050  35 0 1 

Lactate dehydrogenase LDH1  

TGGT1_2

32350  36 4 1 

Putative eukaryotic initiation factor-4A  

TGGT1_2

50770  47 2 1 

Ribosomal protein RPL24 (RPL24) 

TGME49_

244320 33 3 1 

Ribosomal protein RPL11  

TGGT1_3

09820  20 2 1 

Subtilisin SUB1  

TGGT1_2

04050  85 2 2 

RNA recognition motif-containing protein 

TGGT1_2

17540 38 3 3 

Ribosomal protein RPS7  

TGGT1_2

39100  23 3 0 

Sec23/Sec24 trunk domain-containing 

protein  

TGGT1_2

91680  88 5 0 

Microneme protein MIC4  

TGGT1_2

08030  63 3 2 

Splicing factor SF2  

TGGT1_3

19530  54 1 2 



191 

 

Hypothetical protein  

TGGT1_2

69710  170 1 0 

Sec61beta family protein  

TGGT1_2

11040  10 2 2 

Putative mago nashi family protein 2  

TGGT1_2

67420  24 2 4 

Putative translation elongation factor 2 

family protein  

TGGT1_2

05470  93 1 1 

Product=ribosomal protein RPS11  

TGGT1_2

26970  19 3 2 

RNA recognition motif-containing protein  

TGGT1_3

21500  51 3 3 

Glyceraldehyde-3-phosphate dehydrogenase 

GAPDH1  

TGGT1_2

89690  53 2 2 

Nuclear factor NF2  

TGGT1_2

86790  36 0 1 

Histone H2A1  

TGGT1_2

61250  20 2 2 

Myosin light chain MLC1  

TGGT1_2

57680  24 2 2 

Ribosomal protein RPL13  

TGGT1_2

63050  40 2 1 



192 

 

Alba 2  

TGGT1_2

18820  15 2 3 

Hypothetical protein  

TGGT1_2

30160  16 2 3 

Nuclear factor NF7  

TGGT1_2

48810  54 3 2 

RNA recognition motif-containing protein  

TGGT1_2

09850  171 2 1 

Ribosomal protein RPS20 

TGGT1_2

23050  26 0 4 

Ribosomal protein RPS26 

TGGT1_2

43570  13 2 3 

Putative sortilin  

TGGT1_2

90160  114 3 0 

Vacuolar atp synthase subunit e, putative  

TGME49_

305290  39 2 2 

RNA recognition motif-containing protein  

TGGT1_2

36540  53 1 0 

Ribosomal protein RPS25  

TGGT1_2

31140  19 1 1 

Ribosomal protein RPS3  

TGGT1_2

32300  29 1 1 



193 

 

Putative phosphate carrier  

TGGT1_2

78990  53 0 1 

Ribosomal protein RPL19  

TGGT1_2

89530  22 2 1 

Ribosomal protein RPS13 

TGGT1_2

70380  17 1 0 

RNA recognition motif-containing protein  

TGGT1_3

06600  21 2 2 

ATPase/histidine kinase/DNA gyrase 

B/HSP90 domain-containing protein  

TGGT1_2

97780  148 1 0 

Putative transport protein Sec24  

TGGT1_2

77000  108 4 0 

cAMP-dependent protein kinase regulatory 

subunit  

TGGT1_2

42070  43 2 0 

Rhoptry neck protein RON3  

TGGT1_2

23920  223 2 2 

Hypothetical protein  

TGGT1_2

97430  25 3 1 

Putative small GTP binding protein rab1a 

TGGT1_2

14770  23 2 2 

Fructose-1,6-bisphosphate aldolase  

TGGT1_2

36040  47 1 2 



194 

 

Protein phosphatase 2C domain-containing 

protein  

TGGT1_2

37500 97 1 0 

Cyclophilin precursor  

TGGT1_2

05700  38 0 1 

Rhoptry neck protein RON4  

TGGT1_2

29010 107 1 0 

CorA family Mg2+ transporter protein  

TGGT1_2

35402  128 2 0 

Actin depolymerizing factor ADF 

TGGT1_2

20400  13 2 1 

Putative eukaryotic initiation factor-4E  

TGGT1_2

23410  26 2 2 

Ribosomal protein RPL23A  

TGGT1_2

38010  19 2 2 

Alveolin domain containing intermediate 

filament IMC4  

TGGT1_2

31630  50 3 0 

RNA recognition motif-containing protein  

TGGT1_3

05850  39 1 2 

Hypothetical protein  

TGGT1_2

40060 89 2 0 

Ribosomal protein RPL30  

TGGT1_2

32230  12 2 1 



195 

 

Heat shock protein  

TGGT1_2

51780  78 1 2 

Microtubule associated protein SPM1 

TGGT1_2

63520 39 2 1 

Ribosomal protein RPL10  

TGGT1_2

88720  25 2 1 

Heat shock protein  

TGGT1_3

24600  20 0 2 

FUSE-binding protein 2 / KH-type splicing 

regulatory protein  

TGGT1_2

16670  100 2 1 

GAP45 protein (GAP45)  

TGGT1_2

23940  27 0 2 

Hypothetical protein  

TGGT1_2

62935  77 2 1 

Hypothetical protein  

TGGT1_2

15980  24 0 1 

Asparaginyl-tRNA synthetase (NOB+tRNA 

synthase)  

TGGT1_2

70510  75 0 1 

Ribosomal protein RPL7 

TGGT1_3

14810  30 1 0 

Alveolin domain containing intermediate 

filament IMC1 

TGGT1_2

31640  70 0 1 



196 

 

Hypothetical protein  

TGGT1_2

12960B  43 2 1 

Domain K- type RNA binding proteins 

family protein 

TGGT1_2

35930  64 1 1 

Rhoptry neck protein RON5 

TGGT1_3

11470 187 1 1 

Ribosomal protein RPS15  

TGGT1_3

16110  74 2 1 

Ribosomal protein RPL22  

TGGT1_2

39760  15 1 0 

Dynein, axonemal, heavy chain 2 family 

protein  

TGGT1_2

35920  514 0 1 

Hypothetical protein  

TGGT1_3

01250  96 2 0 

Redoxin domain-containing protein  

TGGT1_2

86630  31 1 0 

Peptidase M16, alpha subunit, putative  

TGME49_

202680 62 0 1 

Hypothetical protein  

TGGT1_3

06400  152 1 0 

Enolase 2  

TGGT1_2

68850  52 1 0 



197 

 

Hypothetical protein  

TGGT1_2

64040  25 1 0 

Ribosomal protein RPS3A  

TGGT1_2

32710  29 1 1 

Putative ubiquinol cytochrome c 

oxidoreductase  

TGVEG_

320220 55 1 1 

Hypothetical protein  

TGGT1_2

68835  76 0 1 

Chain C, Porcine E-Trypsin 1EPT_C 10 1 1 

Ribosomal protein RPS17  

TGGT1_2

07840  15 1 1 

SKIP/SNW domain-containing protein  

TGGT1_2

33190  62 1 1 

Heat shock protein HSP60  

TGGT1_2

47550  61 1 1 

Ribosomal protein RPL12 

TGGT1_2

54440  18 1 1 

Putative myosin heavy chain  

TGGT1_2

58060  23 1 1 

Profilin PRF  

TGGT1_2

93690 ( 18 1 1 

Putative DnaJ family chaperone  

TGGT1_3

11240  47 1 1 



198 

 

Plakophilin 1 isoform 1b [Homo sapiens] 

NP_00029

0.2  83 1 0 

Keratin 80 isoform b [Homo sapiens] 

NP_00107

4961.1  47 1 0 

Protein disulfide-isomerase domain-

containing protein  

TGGT1_2

38040A  126 1 0 

Ribosomal protein RPL35A  

TGGT1_2

49250  13 1 0 

Casein alpha s1 [Bos taurus] 

NP_85137

2.1 25 1 0 

Ribosomal protein RPS18  

TGGT1_2

25080  18 1 0 

Ribosomal protein RPS24  

TGGT1_2

15460  30 0 1 

DEAD (Asp-Glu-Ala-Asp) box polypeptide 

17  

TGGT1_2

36650  60 1 0 

Splicing factor, CC1 family protein  

TGGT1_3

12530  69 0 1 

Hypothetical protein  

TGGT1_3

08870  75 1 0 

Hypothetical protein  

TGGT1_3

06650  31 0 1 



199 

 

3xFLAG-MCS-3xFLAG [Expression vector 

pQF] 

AGU9985

5.1 8 0 1 

Desmocollin 1 isoform Dsc1b preproprotein 

[Homo sapiens] 

NP_00493

9.1  94 0 1 

cAMP-dependent protein kinase  

TGGT1_2

09985  30 0 1 

Hypothetical protein  

TGGT1_2

15430  28 0 1 

Putative ATP synthase  

TGGT1_2

26000  19 0 1 

Nuclease and tudor domain-containing 

protein  

TGGT1_2

38050  114 0 1 

Ribosomal protein RPP1 

TGGT1_2

60260  19 0 1 

RNA recognition motif-containing protein  

TGGT1_2

64610  45 0 1 

Glyceraldehyde-3-phosphate dehydrogenase 

GAPDH2  

TGGT1_2

69190  105 0 1 

Hypothetical protein  

TGGT1_2

82180  35 0 1 

SAG-related sequence SRS20A  

TGGT1_2

85870  35 0 1 



200 

 

SAG-related sequence SRS52A  

TGGT1_3

15320 34 0 1 

Splicing factor U2AF family SnRNP 

auxilary factor large subunit, RRM domain-

containing protein  

TGGT1_3

19850  52 0 1 

Putative alternative splicing type 3  

TGGT1_2

10980  65 1 0 

Dihydrolipoyllysine-residue 

succinyltransferase component of 

oxoglutarate dehydrogenase  

TGGT1_2

19550  50 1 0 

Sarco/endoplasmic reticulum Ca2+-ATPase  

TGGT1_2

30420  119 1 0 

Hypothetical protein  

TGGT1_2

37015  29 1 0 

Putative ethylene inducible protein  

TGGT1_2

37140  33 1 0 

Hypothetical protein  

TGGT1_2

46580  43 1 0 

Hypothetical protein  

TGGT1_2

47770  19 1 0 

Dense granule protein GRA9  

TGGT1_2

51540 35 1 0 



201 

 

Parasite porphobilinogen synthase PBGS  

TGGT1_2

53900  71 1 0 

Hypothetical protein  

TGGT1_2

54570 224 1 0 

Putative DnaJ protein  

TGGT1_2

58390  45 1 0 

Myb family DNA-binding domain-

containing protein 

TGGT1_2

75480  99 1 0 

Emp24/gp25L/p24 family protein  

TGGT1_3

10750  65 1 0 

Hypothetical protein  

TGGT1_2

29470  45 0 1 

Hypothetical protein  

TGGT1_2

29920  35 1 0 

LSM domain-containing protein  

TGGT1_3

00280  18 0 1 

Hypothetical protein  

TGME49_

257430  239 1 0 

Hypothetical protein  

TGGT1_3

15570  9 1 0 

Hypothetical protein  

TGGT1_2

26380  43 1 0 



202 

 

Hypothetical protein  

TGGT1_3

10790  25 0 1 

 

 

Mass spectrometry data analysis: experiment 3. The asterisk sign * indicates that this sample was 

a non-specific elution.  

Protein name Gene ID 

Molecular 

Weight 

(kDa) 

SEB-

TY-

FLAG 

*SEB-

TY-

FLAG 

Wild 

Type 

Hypothetical protein  

TGGT1_2

21870  144 85 40 0 

Isoleucyl-tRNA synthetase family 

protein  

TGGT1_2

07640 141 28 28 42 

Hypothetical protein  

TGGT1_2

33220 160 21 24 31 

Rhoptry protein ROP5  

TGGT1_3

08090  61 8 24 20 

SAG-related sequence SRS29B 

TGGT1_2

33460 35 8 23 24 

Beta-tubulin  

TGGT1_2

66960  50 15 13 23 

Ribosomal protein RPS20 

TGGT1_2

23050  26 0 15 17 



203 

 

DnaJ domain-containing protein  

TGGT1_2

67430  49 7 10 13 

Alpha tubulin TUBA1 (TUBA1)  

TGME49

_316400  50 9 14 15 

ATP synthase beta subunit ATP-B 

TGGT1_2

61950  60 6 12 14 

Putative ATPase synthase subunit 

alpha  

TGGT1_2

04400  62 6 13 10 

Sjogren's syndrome/scleroderma 

autoantigen 1 (Autoantigen p27) 

protein  

TGGT1_2

12260 38 5 11 13 

Chaperonin protein BiP  

TGGT1_3

11720  73 10 10 6 

Elongation factor 1-alpha (EF-1-

ALPHA), putative  

TGME49

_286420  49 5 15 11 

Actin ACT1  

TGGT1_2

09030  42 5 8 10 

RNA recognition motif-containing 

protein  

TGGT1_2

62620  32 10 7 7 

Glyceraldehyde-3-phosphate 

dehydrogenase GAPDH1  

TGGT1_2

89690  53 1 5 9 

SAG-related sequence SRS34A  

TGGT1_2

71050  19 6 8 8 



204 

 

Actin 

TGGT1_4

11760 32 2 5 8 

Putative vacuolar ATP synthase 

subunit b  

TGGT1_2

19800  57 5 7 6 

Dense granule protein GRA12  

TGGT1_2

88650  48 2 7 6 

Myosin A  

TGGT1_2

35470  93 1 7 8 

Putative heat shock protein 90  

TGGT1_2

44560  98 4 5 7 

Dense granule protein GRA7 

TGGT1_2

03310 26 5 7 5 

Heat shock protein HSP70  

TGGT1_2

73760  72 5 4 2 

Alveolin domain containing 

intermediate filament IMC4  

TGGT1_2

31630  50 3 8 6 

Histone H2Ba  

TGGT1_3

05160  13 4 2 0 

Ribosomal protein RPP0  

TGGT1_2

18410  34 2 5 5 

Putative transmembrane protein  

TGGT1_4

10360  38 5 5 4 



205 

 

Alveolin domain containing 

intermediate filament IMC1 

TGGT1_2

31640  70 1 6 3 

Putative sortilin  

TGGT1_2

90160  114 4 2 6 

Dense granule protein GRA2 

TGGT1_2

27620  20 0 4 1 

Histone H4  

TGGT1_2

39260  11 1 4 5 

Ribosomal protein RPS18  

TGGT1_2

25080  18 1 5 3 

Ribosomal protein RPS14  

TGGT1_2

63700  16 3 3 4 

Ribosomal protein RPS13  

TGGT1_2

70380  17 2 3 4 

Microtubule associated protein SPM1  

TGGT1_2

63520 39 1 4 7 

Ribosomal protein RPS25  

TGGT1_2

31140  19 3 2 4 

Rhoptry protein ROP1  

TGGT1_3

09590 50 2 6 5 

Ribosomal protein RPS6  

TGGT1_2

10690  29 2 3 2 
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Ribosomal protein RPS11  

TGGT1_2

26970  19 1 4 2 

Myosin light chain MLC1  

TGGT1_2

57680  24 1 6 5 

Ribosomal protein RPL4 

TGGT1_3

09120  46 6 2 3 

Heat shock protein  

TGGT1_3

24600  20 1 4 4 

Putative transmembrane protein 

TGGT1_4

10370 48 0 4 1 

Ribosomal protein RPL3 

TGGT1_2

27360  44 2 3 2 

Histone H3.3 

TGGT1_2

18260  15 0 1 0 

Hypothetical protein  

TGGT1_2

15980  24 3 2 2 

Putative polyadenylate binding protein  

TGGT1_2

24850  83 1 2 4 

Hypothetical protein  

TGGT1_2

63320 42 1 3 2 

Putative eukaryotic translation 

initiation factor 4A, isoform 3  

TGGT1_2

56770  45 3 2 1 
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ATP synthase F1, delta subunit protein  

TGGT1_2

84540  28 0 0 2 

Sec23/Sec24 trunk domain-containing 

protein  

TGGT1_2

91680  88 4 3 0 

Putative vacuolar ATP synthase 

subunit A  

TGGT1_2

56970  68 2 2 1 

Ribosomal protein RPS4  

TGGT1_2

07440  36 1 1 2 

Ribosomal protein RPL10A  

TGGT1_2

15470  25 1 2 0 

RNA recognition motif-containing 

protein  

TGGT1_2

70640  25 0 2 1 

Ribosomal protein RPL9  

TGGT1_2

84560  21 1 2 0 

Histone H2Bv  

TGGT1_2

09910  14 3 3 1 

Histone H2AZ  

TGGT1_3

00200  16 0 3 4 

Protein disulfide isomerase  

TGGT1_2

11680  53 0 4 1 

Rhoptry protein ROP7 

TGGT1_2

95110  63 1 3 3 
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Putative vacuolar atp synthase subunit 

e  

TGGT1_3

05290  39 1 2 4 

NAC domain-containing protein  

TGME49

_257090  39 0 2 4 

Ribosomal protein RPS3A 

TGGT1_2

32710  29 0 2 2 

Ribosomal protein RPL23A  

TGGT1_2

38010  19 2 1 1 

PDI family protein  

TGGT1_2

32410  25 2 4 2 

CorA family Mg2+ transporter protein  

TGGT1_2

35402  128 3 3 3 

Ribosomal protein RPS17  

TGGT1_2

07840  15 1 2 2 

Acid phosphatase GAP50 

TGGT1_2

19320  47 2 3 3 

Ribosomal protein RPS23 

TGGT1_2

29670  16 1 1 3 

Hypothetical protein  

TGGT1_2

30160  16 2 3 3 

Dense granule protein GRA8  

TGGT1_2

54720  29 0 2 3 
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Ribosomal protein RPL14 

TGGT1_2

67060  18 1 4 1 

Enolase 2 

TGGT1_2

68850  52 1 3 4 

Ribosomal protein RPS3  

TGGT1_2

32300  29 2 3 3 

Ribosomal protein RPL8  

TGGT1_2

04020  28 1 2 2 

Ribosomal protein RPS19  

TGGT1_2

12290 35 2 1 2 

Ribosomal protein RPL7  

TGGT1_3

14810  30 2 1 0 

Ribosomal protein RPL10  

TGGT1_2

88720  25 3 2 1 

Dense granule protein GRA3  

TGGT1_2

27280  24 1 2 2 

Ribosomal protein RPL13  

TGGT1_2

63050  40 1 2 1 

Ribosomal protein RPL18A  

TGGT1_2

62670  21 2 0 0 

Putative eukaryotic initiation factor-4E 

TGGT1_2

23410  26 4 2 1 
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Leucyl aminopeptidase LAP  

TGGT1_2

90670  83 1 3 2 

Hypothetical protein  

TGGT1_3

13350  47 1 2 3 

Splicing factor SF2 

TGGT1_3

19530  54 2 2 1 

Ribosomal protein RPL6 (RPL6)  

TGME49

_313390  31 0 1 1 

NAC domain-containing protein  

TGGT1_2

05558  21 0 2 4 

Putative translation elongation factor 2 

family protein  

TGGT1_2

05470  93 0 2 3 

Hypothetical protein  

TGGT1_2

31410  65 0 2 3 

DEAD/DEAH box helicase domain-

containing protein  

TGME49

_284050 282 4 1 1 

GAP45 protein (GAP45)  

TGGT1_2

23940  27 0 1 2 

Ribosomal protein RPS24  

TGGT1_2

15460  30 1 2 2 

Hypothetical protein  

TGGT1_2

69710  170 0 0 2 
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Ribosomal protein RPS7  

TGGT1_2

39100  23 1 1 2 

Ribosomal protein RPL17  

TGGT1_2

99050  22 0 0 1 

Ribosomal protein RPS16  

TGGT1_2

63040  24 1 0 1 

Ribosomal protein RPL27 

TGGT1_2

62690  16 0 1 1 

Putative phosphate carrier  

TGGT1_2

78990  53 0 1 1 

Domain K- type RNA binding proteins 

family protein 

TGGT1_2

35930  64 4 1 0 

Putative transport protein Sec24  

TGGT1_2

77000  108 3 0 0 

Ribosomal protein RPL13A  

TGGT1_2

92130  33 3 0 0 

Thioredoxin domain-containing 

protein  

TGGT1_2

47350  34 0 3 0 

RNA recognition motif-containing 

protein 

TGGT1_2

09850 171 0 1 2 

Eukaryotic porin protein  

TGGT1_2

63300  31 0 2 1 
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Ribosomal protein RPS5  

TGGT1_2

42330  22 0 0 1 

Ribosomal protein RPL11  

TGGT1_3

09820  20 1 2 2 

Putative adenine nucleotide 

translocator  

TGGT1_2

49900  35 0 1 0 

Rhoptry protein ROP8  

TGGT1_3

63030  64 0 1 1 

Toxofilin  

TGGT1_2

14080 27 0 2 0 

14-3-3 protein  

TGGT1_2

63090  37 0 3 0 

Hypothetical protein  

TGGT1_2

86580  107 0 3 1 

SAG-related sequence SRS25  

TGGT1_2

13280  21 0 0 1 

Ribosomal protein RPL32  

TGGT1_2

67400  16 0 3 1 

WD domain, G-beta repeat domain 

containing protein  

TGGT1_3

20210  56 2 0 1 

Heat shock protein HSP90  

TGGT1_2

88380  82 1 2 1 
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Putative DnaJ protein  

TGGT1_2

58390  45 1 1 2 

Putative protein disulfide isomerase-

related protein (provisional)  

TGGT1_2

49270  60 0 2 1 

Putative small GTP binding protein 

rab1a  

TGGT1_2

14770  23 0 2 2 

Ribosomal protein RPSA  

TGGT1_2

66060  32 0 3 1 

Alba 2  

TGGT1_2

18820  15 1 1 1 

ENO1_YEAST Enolase 1 - 

Saccharomyces cerevisiae (Baker's 

yeast) P00924.2 46 1 0 0 

MAG1 protein (MAG1)  

TGGT1_2

70240  49 1 1 0 

Ribosomal protein RPL12  

TGGT1_2

54440  18 1 1 1 

RNA recognition motif-containing 

protein  

TGGT1_3

05850  39 0 1 1 

Glutaredoxin domain-containing 

protein  

TGGT1_2

38070  26 0 1 0 

Ribosomal protein RPS26  

TGGT1_2

43570  13 0 1 1 
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Ribosomal protein RPL24 (RPL24)  

TGME49

_244320 33 0 1 1 

Dense granule protein GRA5  

TGGT1_2

86450 13 0 3 0 

SAG-related sequence SRS57  

TGGT1_3

08020  42 0 0 2 

SAG-related sequence SRS51  

TGGT1_3

08840  38 0 0 2 

Fructose-bisphospatase II  

TGGT1_2

47510  42 0 1 0 

GTP-binding nuclear protein ran/tc4  

TGGT1_2

48340  26 0 1 2 

Ras-related protein Rab11  

TGGT1_2

89680  25 0 2 1 

Hypothetical protein  

TGGT1_2

01800  29 0 0 2 

Photosensitized INA-labeled protein 

PHIL1  

TGGT1_2

58410  19 0 1 0 

Rhoptry protein ROP18  

TGGT1_2

05250 62 1 0 0 

Putative polyubiquitin UbC  

TGGT1_2

19820  34 1 0 1 
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Dense granule protein GRA6 

TGGT1_2

75440  23 0 0 1 

Rhoptry neck protein RON1 

TGGT1_3

10010  128 0 0 1 

Casein alpha-S2 [Bos taurus] 

NP_7769

53.1 35 1 0 1 

Rhoptry kinase family protein ROP39  

TGGT1_2

62050  65 0 1 1 

Hypothetical protein  

TGGT1_3

12150 61 0 0 1 

Ribosomal protein RPL19  

TGGT1_2

89530  22 2 1 0 

SAG-related sequence SRS52A  

TGGT1_3

15320  34 0 0 2 

Protein phosphatase 2C domain-

containing protein  

TGGT1_2

37500 97 0 2 0 

Ribosomal protein RPP2  

TGGT1_3

09810  12 0 1 0 

Putative DnaJ family chaperone  

TGGT1_3

11240  47 0 1 0 

Heat shock protein  

TGGT1_2

51780  78 1 0 0 
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cAMP-dependent protein kinase 

regulatory subunit  

TGGT1_2

42070  43 0 1 1 

Putative alternative splicing type 3 and  

TGGT1_2

10980  65 0 1 1 

Hypothetical protein  

TGGT1_2

86600  43 0 0 1 

Rhoptry neck protein RON8  

TGGT1_3

06060 329 0 0 1 

Hypothetical protein  

TGGT1_2

31160  18 0 1 1 

Hypothetical protein  

TGGT1_2

40060 89 0 1 1 

Cytochrome c1, heme protein  

TGGT1_2

46540  46 0 0 1 

Hypothetical protein  

TGGT1_2

49780  36 0 1 1 

RNA recognition motif-containing 

protein  

TGGT1_2

17540  38 0 1 1 

Phosphofructokinase PFKII  

TGGT1_2

26960  131 0 1 0 

Ribosomal protein RPL26 

TGGT1_2

48390  16 0 1 1 



217 

 

Putative myosin heavy chain  

TGGT1_2

58060  23 1 1 0 

Hypothetical protein  

TGGT1_2

97430  25 1 1 0 

Ribosomal protein RPS2  

TGGT1_3

05520  29 1 1 0 

RNA recognition motif-containing 

protein  

TGGT1_3

21500  51 0 1 0 

Putative eukaryotic initiation factor-

4A  

TGGT1_2

50770  47 1 1 0 

Putative DNA replication licensing 

factor  

TGGT1_2

14970  117 1 0 0 

Ribosomal protein RPL5  

TGGT1_3

20050  35 1 0 0 

Subtilisin SUB1  

TGGT1_2

04050 85 0 0 1 

Translation initiation factor 3 subunit  

TGGT1_2

94670  32 0 1 1 

RNA recognition motif-containing 

protein  

TGGT1_3

06600  21 0 0 1 

Hypothetical protein  

TGGT1_3

15610  16 0 1 0 
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Ribosomal protein RPL21 

TGGT1_2

45680  18 0 0 1 

Rhoptry neck protein RON2  

TGGT1_3

00100  166 0 1 1 

Alveolin domain containing 

intermediate filament IMC10  

TGGT1_2

30210  61 0 1 0 

Fructose-1,6-bisphosphate aldolase 

TGGT1_2

36040  47 0 2 0 

Tryptophanyl-tRNA synthetase 

(TrpRS2)  

TGGT1_2

88360  77 0 1 0 

Ribosomal protein RPS15  

TGGT1_3

16110 74 0 1 0 

Putative ethylene inducible protein  

TGGT1_2

37140  33 1 0 0 

Putative citrate synthase  

TGGT1_2

63130  69 0 0 1 

Peroxiredoxin PRX3  

TGGT1_2

30410  30 0 1 0 

Hypothetical protein  

TGGT1_2

21510  18 0 0 1 

PDI family protein  

TGGT1_2

25790  22 0 0 1 
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Putative ATP synthase  

TGGT1_2

26000  19 0 0 1 

DnaJ domain-containing protein  

TGGT1_2

26068  50 0 0 1 

Hypothetical protein  

TGGT1_2

54570  224 0 0 1 

Splicing factor, CC1 family protein  

TGGT1_3

12530  69 0 0 1 

Amylo-alpha-1,6-glucosidase  

TGME49

_226910 208 0 0 1 

Hypothetical protein  

TGGT1_2

14575  10 0 1 0 

Lactate dehydrogenase LDH1  

TGGT1_2

32350  36 0 1 0 

Putative prohibitin  

TGGT1_2

43950  30 0 1 0 

Putative importin alpha  

TGGT1_2

52290  59 0 1 0 

Hypothetical protein  

TGGT1_2

58870B 52 0 1 0 

Hypothetical protein  

TGGT1_2

67500  26 0 1 0 
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Hypothetical protein  

TGGT1_3

13380  32 0 1 0 

Chain C, Porcine E-Trypsin 1EPT_C ? 1 0 0 

ATP synthase F1 gamma subunit  

TGGT1_2

31910  35 1 0 0 

RNA-binding protein 8A family 

protein  

TGGT1_2

33230  18 1 0 0 

Ribosomal protein RPL35A 

TGGT1_2

49250  13 1 0 0 

cAMP-dependent protein kinase  

TGVEG_

209985 44 1 0 0 

Sec61beta family protein  

TGGT1_2

11040  10 1 0 0 

Dehydrogenase E1 component family 

protein 

TGGT1_2

39490  64 1 0 0 

Nuclease and tudor domain-containing 

protein  

TGGT1_2

38050  114 1 0 0 

Dihydropteroate synthase  

TGGT1_2

59550  83 0 0 1 

 

 

 

 



221 

 

REFERENCE 

1. Keller, A., et al., Empirical statistical model to estimate the accuracy of peptide 

identifications made by MS/MS and database search. Anal Chem, 2002. 74(20): p. 5383-

92. 

 

 

 

 


