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ABSTRACT OF THE DISSERTATION 

 

Deciphering the Organization of Protein Complexes in Toxoplasma gondii using a  

Photoactivated Unnatural Amino Acid Crosslinking System 

 

by 

 

Charles Paul Choi 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2019 

Professor Peter John Bradley, Chair 

 

 The phylum Apicomplexa consists of obligate intracellular parasites, many of which are 

prevalent pathogens of medical and veterinary importance. Toxoplasma gondii is one of the most 

successful parasites in the world, estimated to infect one-third of the human population, and poses 

potentially life-threatening complications in immunocompromised individuals and during a 

primary infection of a developing fetus. T. gondii also serves as a model organism for other 

apicomplexans such as Plasmodium spp., the causative agent of malaria, due to its ease of culture, 

high rate of transformation, and a rich set of tools available for genetic manipulation. 

A common structure found in this phylum is the inner membrane complex (IMC), which 

is made of both membrane and cytoskeletal components and lays underneath the plasma membrane 

to provide a framework for replication and motility. An intermediate filament layer confers rigidity 

and tensile strength to the cell and these filaments are believed to be composed of a family of 
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proteins called the alveolins. However, the exact organization of the proteins that make up this 

network is unknown and traditional methods for studying protein interactions are inadequate due 

to the detergent-insoluble nature of the IMC cytoskeleton. 

Here, I successfully implement an unnatural amino acid (UAA) system in T. gondii using 

the photoactivated crosslinking UAA p-azidophenylalanine to study the IMC and other 

macromolecular complexes. This technique takes advantage of an orthogonal amber stop codon 

suppressor tRNA and cognate mutant aminoacyl-tRNA synthetase pair. In this system, the 

endogenous translational machinery directly incorporates Azi into the primary structure of a 

protein of interest. Upon exposure to ultraviolet light, Azi forms a covalent crosslinking between 

bait and prey proteins, enabling precise identification of the binding partner and overcoming the 

limitations of other protein interaction methods. Site-specific incorporation of Azi also maps the 

binding interface on the bait protein, providing structural information of the interaction. 

After confirming that the requisite amber suppressor tRNA and aminoacyl-tRNA 

synthetase function properly and Azi can be used to crosslink protein complexes in the parasite, I 

applied this system towards IMC-localizing protein 1 (ILP1), which is a critical IMC protein 

involved in cytoskeletal integrity. I determine that ILP1 binds to three alveolins and one other 

cytoskeletal IMC protein, which is the first demonstration of interaction between components of 

the IMC intermediate filament network. I also explore the application towards a key protein 

complex that anchors the rhoptries, the secretory organelle that apicomplexans use to actively 

invade their host cell. This site-specific photoactivated UAA crosslinking system is a completely 

new approach to studying important protein complexes in T. gondii and provides new insight into 

apicomplexan biology. 
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1.1 – The Apicomplexan Toxoplasma gondii 

1.1.1 - Significance 

Toxoplasma gondii is one of the most successful parasites in the world. The sole member 

of its genus, it belongs to the phylum Apicomplexa, a broad group of parasitic organisms with 

substantial medical and zoonotic impact. Estimated to have infected at least one-third of the human 

population, it is acquired through the consumption of cyst forms present in inadequately cooked 

or raw meat from an infected animal or feline feces (Flegr et al., 2014). A primary infection can 

also be vertically transmitted from a pregnant mother to her developing child. Depending on many 

conditions such as eating habits, water purity, hygiene standards, and climate, the rates of infection 

vary widely, with as low as 3% in East Asian countries and up to ~70% in tropical areas of South 

American and African countries (Flegr et al., 2014). Compared to the United States (22.5%), 

countries where undercooked meat is commonly eaten, such as France (47%) and Germany (50%), 

exhibit elevated seroprevalence (Flegr et al., 2014; Jones et al., 2001). 

Non-congenital infection is typically innocuous in healthy individuals, but clinical 

toxoplasmosis can manifest in certain scenarios. During an acquired acute infection, mild flu-like 

symptoms may occur as a normal course of adaptive immunity. In more severe cases, pulmonary 

toxoplasmosis results in atypical pneumonia, mimicking the more common etiologic agents 

Mycoplasma pneumoniae and Chlamydia pneumoniae (de Souza Giassi et al., 2014). While the 

chronic infection is normally rendered latent by a competent immune system, the immune 

privileged nature of the eye also enables necrotic proliferation of the parasite, causing retinal 

scarring and potential blindness (Holland et al., 2002). This ocular toxoplasmosis is estimated to 

affect 2% of all infected individuals, regardless of immune status (Holland, 2003; Jones et al., 

2006). However, the most severe complication can arise from reactivation of a chronic infection 



3 
 

that has laid dormant for years in immunocompromised or immunosuppressed patients (CD4 count 

below 100/mL), where toxoplasmic encephalitis can lead to neurological complications or death 

(Luft & Remington, 1992). Historically, toxoplasmic encephalitis posed a substantial danger to 

AIDS patients, observed in 24% of cases in 1990 (Grant et al., 1990). However, with the advent 

of effective antiretroviral therapies, HIV-associated toxoplasmosis hospitalizations in the United 

States reduced from 10583 cases in 1995 down to 3643 cases in 2001, and 2985 cases in 2008 

(Jones & Roberts, 2012). Nevertheless, toxoplasmic encephalitis remains the leading cause of 

brain mass lesions in AIDS patients (Marra, 2018). Prophylaxis for toxoplasmosis must also be 

considered for non-HIV immunodeficiencies such as lymphomas, related immunosuppressive 

chemotherapies, and even solid organ transplants (Khurana & Batra, 2016). 

Congenital toxoplasmosis is most commonly developed when a pregnant mother contracts 

a primary T. gondii infection, although rare instances of a seropositive mother either becoming 

immunocompromised or infected with a more virulent strain have been reported (Maldonado et 

al., 2017). Chorioretinitis, intracranial calcifications, and hydrocephaly are common indicators for 

afflicted infants, while premature birth, miscarriage, or stillbirth may happen in severe cases. The 

gestational age of the fetus at the time of infection factors into the severity of the disease; first 

trimester infections, although rarer, are more devastating than those in the later trimesters (Lindsay 

& Dubey, 2011). The seroprevalence among women of childbearing age in the United States is 

estimated to be around 15%. Therefore, the remaining 85% of seronegative women are at risk of 

contracting a primary Toxoplasma infection during pregnancy and thus are at danger of 

transmitting congenital toxoplasmosis to their unborn child (Jones et al., 2001). Administration of 

antibiotics such as spiramycin or pyrimethamine-sulfadiazine to a newly infected mother is 

recommended to mitigate the incidence or effects of vertically transmitted toxoplasmosis 
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(Montoya & Liesenfeld, 2004). In France, due to the increased risk of T. gondii infection, monthly 

screens for seroconversion of at-risk mothers enables a rapid response to start treatment upon 

infection (Peyron et al., 2017). In summary, T. gondii is a globally prevalent opportunistic 

pathogen that poses potentially life-threatening risks if untreated. 

 

1.1.2 - Discovery and history 

First described in 1908 independently by Nicolle and Manceaux in the tissue of the gundi 

(Ctenodactylus gundi), a small desert rodent, and by Splendore in the tissue of a rabbit, this 

eukaryotic parasite was first called Leishmania gondii due to the presence of a large and small 

chromatin body, with the smaller of the two thought to be a Leishmania kinetoplast but now known 

to be the apicoplast organelle (Morrissette & Ajioka, 2009; Nicolle & Manceaux, 1908; Splendore, 

1908). Subsequent morphological studies by the two groups eventually lead to the classification 

of this parasite as the new species Toxoplasma gondii, named after the unique shape (toxon being 

Greek for “bow”) and the original source (gundi). The first human infection was described when 

T. gondii was cultured from postmortem central nervous system samples from a neonatal infant 

who suffered from seizures, respiratory issues, and chorioretinitis (Wolf et al., 1939). Discovery 

of the oocyst form of the parasite in the definitive cat host in the 1970s conclusively categorized 

T. gondii as a coccidian pathogen (Dubey, 2009). Since then, infections have been identified in 

hundreds of mammalian and avian species, indicating that any warm-blooded animal can serve as 

an intermediate host (Hill et al., 2005). 

Genotyping of isolated strains of T. gondii resulted in the initial identification of three 

lineages in North America and Europe: types I, II, and III (Howe & Sibley, 1995). Type I is 

considered the most virulent genotype (LD100 of 1 parasite in a laboratory mouse infection) and 
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has been associated with the more severe presentations of toxoplasmosis while only composing 

around 20% of the 106 strains analyzed. The RH strain, first described by Albert Sabin and named 

after the child from which it was isolated, has become the de facto type I strain used in the 

laboratory and is the parent strain used in this dissertation (Sabin, 1941). Type II is the most 

commonly encountered genotype of Toxoplasma in human infection and is attributed to more 

muted yet still potentially life-threatening manifestations (Boothroyd & Grigg, 2002). These 

strains, with an LD50 of ~103 parasites in mice and an ability to form brain cysts (unlike the lab-

adapted hypervirulent type I strains), are used for in vivo animal studies. Type III parasites are the 

least virulent genotype (LD50 of ~104) and mostly associated with animal infections (Lim et al., 

2013). More recently, a new lineage designated type 12 has been defined as endemic to many 

animal species in North America (Khan et al., 2011). Phylogenetically divergent from type II, this 

new genotype nevertheless shares similar pathogenicity (i.e. moderate virulence and development 

of a dormant chronic infection). With the advent of improved serological testing, it has become 

clear that the global prevalence of particular genotypes has a substantial effect on clinical 

presentation. For example, type I and type III parasites are more prevalent in the United States, 

where there is a higher incidence of congenital toxoplasmosis-related prematurity and disease 

compared to European countries, where type II is the dominant lineage (McLeod et al., 2012). The 

first high-throughput gene mapping effort for T. gondii was the generation of expressed sequence 

tags (EST) from complementary DNA (cDNA) (Ajioka et al., 1998; Wan et al., 1996). Whole 

genome sequencing of the T. gondii type II strain ME49 followed and revealed a ~65 Mbp genome 

composed of 14 chromosomes (Khan et al., 2005). The online resource ToxoDB 

(http://ToxoDB.org) was initiated to organize the new genomic sequences and other rapidly 

progressing omics, and has proven to become an invaluable resource for the T. gondii research 
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community (Gajria et al., 2008; Kissinger et al., 2003). Since then, this database has been regularly 

updated with transcriptomics, RNA-Seq, and proteomic evidence to assemble a comprehensive 

archive of knowledge about T. gondii and closely related apicomplexans. During the span of my 

predoctoral work, useful datasets such as cell cycle expression profiles and a genome-wide 

CRISPR/Cas9 knockout screen had been instrumental in my experimental design (Behnke et al., 

2010; Sidik et al., 2016). 

 

1.1.3 – Life cycle 

 

Figure 1-1. Toxoplasma gondii life cycle. T. gondii can infect a wide range of mammals and 

birds as intermediate hosts, but only felids can act as definitive hosts. Infection is acquired 

through ingestion of encysted forms of the parasite, either as dormant bradyzoite tissue cysts, 

or oocysts. In intermediate hosts, parasites invade intestinal epithelial cells, cross the 

epithelium, and proliferate to other regions of the body, such as the brain. Eventual suppression 

by the immune system induces formation of immune-evasive bradyzoite cysts. In the definitive 

host, parasites undergo sexual reproduction in the intestine and differentiate into oocysts, 

which are shed in the feces and are extremely resilient to environmental conditions. 

 

T. gondii is facultatively heteroxenous, with both domestic and wild cats (family Felidae) 

acting as the definitive host and warm-blooded animals as intermediate hosts (Figure 1-1). In both 

cases, infection is caused by the ingestion of either bradyzoite (“slow growing”) tissue cysts or 

feline-derived oocysts (Robert-Gangneux & Dardé, 2012). Both encysted forms are resistant to the 
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gastric environment of the stomach and rupture when they reach the intestines. The parasites which 

emerge from the oocysts are called sporozoites, while reactivated bradyzoites differentiate back 

into tachyzoites (“fast growing”). Although both sporozoites and tachyzoites are capable of 

intracellularly infecting host cells, it has been shown that sporozoites have comparatively more 

invasion-related secretory organelles, suggesting that this life stage is specialized for rapid 

infection (Dubey et al., 1998). In the cat gut, the parasite infects an intestinal epithelium cell and 

undergoes schizogony, where cytokinesis of a multinucleated schizont gives rise to merozoites 

(Sheffield, 1970). Subsequently, merozoites differentiate into micro (male) or macro (female) 

gametes and undergo sexual reproduction, giving rise to oocysts. The immature oocysts (the sole 

diploid life stage) are excreted in cat feces and undergo meiosis in the environment to become 

fully infective (Sibley et al., 2009). Millions of oocysts are shed within a short period of time 

following an infection and are incredibly resilient, unaffected by strong disinfectants such as 

bleach and being able to survive years in soil and water (Jones & Dubey, 2010). 

 In intermediate hosts, ingested oocysts or tissue cysts infect intestinal epithelial cells, but 

do not undergo the sexual reproduction process for reasons which are unknown (Robert-Gangneux 

& Dardé, 2012). Instead, the sporozoites and bradyzoites differentiate into tachyzoites, which 

repeatedly infect and replicate until the host cell is ruptured, in a race against the host immune 

system. They rapidly access other tissue by traveling paracellularly through the intestinal 

epithelium (Barragan & Sibley, 2002). Infection of motile cells like macrophages allow the 

parasite to disseminate throughout the body, reaching immune privileged sites such as the brain 

(Carruthers & Suzuki, 2007). IFN-γ-dependent immunity eventually suppresses the acute 

tachyzoite infection but also induces the formation of the immune-evasive bradyzoite tissue cysts, 
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resulting in a prolonged chronic infection that can persist for the life of the host (Skariah et al., 

2010). 

 

1.1.4 – Tachyzoite morphology and replication 

 

Figure 1-2. Morphology of a Toxoplasma gondii tachyzoite. In addition to having the normal 

eukaryotic organelles, T. gondii and other apicomplexans exhibit a unique secretory apparatus 

called the apical complex. The contents of the membrane-bound micronemes and rhoptries are 

released through this complex to initiate host cell invasion. Dense granules are then secreted 

to remodel the parasitophorous vacuole and modify host cell behavior. The inner membrane 

complex, which is the apicomplexan adaptation of the alveoli, is essential for motility and 

replication. Most apicomplexans also have an apicoplast, a plastid organelle involved in 

essential metabolic pathways. 

 

The tachyzoite is the most widely studied life cycle stage of T. gondii due to the ease of 

cell culture, high genetic tractability, and rapid proliferation. Its morphology resembles a teardrop 

or banana shape and is roughly 5 μm long (Figure 1-2). All of the normal eukaryotic organelles 

are present: a nucleus containing a haploid genome is surrounded by an endoplasmic reticulum, 

with the Golgi apparatus situated immediately anterior to the nucleus, and a single mitochondrion 

(Joiner & Roos, 2002; Melo et al., 2000). However, as intracellular parasites, T. gondii and other 

apicomplexans have evolved several specialized organelles involved in host cell invasion and 

modulation of the host to optimize its intracellular niche. 

The organization of the parasite cell is highly polarized, with the pointed apical end 

containing the densely packed secretory invasion machinery called the apical complex. This 
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intricate assembly of organelles enables the apicomplexan-specific process of active invasion and 

formation of a non-fusogenic parasitophorous vacuole (PV) in the host. The micronemes are small 

rod-shaped organelles containing numerous transmembrane adhesins that are released to the 

parasite plasma membrane to form a stable contact upon encountering a host cell (Soldati et al., 

2001). The rhoptries are a bundle of approximately 8-10 individual club-shaped organelles also 

positioned at the apical end with a bulbous base and a narrow neck. The rhoptry necks are extended 

towards the extreme tip of the cell where they release their contents through the middle of a 

microtubule-based structure called the conoid (Dubey et al., 1998). The rhoptry proteins that are 

injected into the host membrane form the moving junction (MJ), a unique complex that serves as 

the anchor for penetration. Following successful invasion, the dense granules are released to 

modify the parasitophorous vacuole and hijack host cell function, making an environment suitable 

for parasite growth. The process of active invasion is reviewed in greater detail in section 1.2. 

 The apicoplast is a non-photosynthetic plastid organelle with a 35 kb genome located 

anterior to the Golgi apparatus. A vestige of endosymbiosis between a chromalveolate ancestor 

and red algae, the apicomplexan apicoplast has lost photosynthetic capabilities (Lim & McFadden, 

2010). Nevertheless, this organelle remains essential for proper growth, serving as the site for fatty 

acid, isoprenoid, iron-sulfur cluster, and heme synthesis. Due to these important functions, this 

parasite-specific organelle has been a target for therapeutics (Mukherjee & Sadhukhan, 2016; 

Soldati, 1999). 

 The inner membrane complex (IMC) is a large structure composed of both membrane and 

supporting cytoskeletal layers that are situated directly underneath the plasma membrane. An 

evolution of the alveoli, or the layer of flattened membrane sacs that is a defining characteristic of 

the infrakingdom Alveolata, the IMC has been adapted to support the parasitic lifestyle of 
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apicomplexans (Gould et al., 2008). An accompanying intermediate filament network provides 

structural stability and tensile strength (Tremp et al., 2008). The IMC houses the glideosome, the 

actomyosin motor complex that is critical for both host cell seeking and invasion. In addition, it 

plays an essential role during replication, serving as a scaffold for daughter formation during a 

unique process of asexual reproduction called endodyogeny (Figure 1-3). The IMC is reviewed in 

greater detail in section 1.3. 

 

Figure 1-3. The asexual forms of T. gondii replicate by endodyogeny. When infecting an 

intermediate host, the asexual stages of T. gondii proliferate through a unique process where 

two daughters form internally in the maternal cytoplasm. Replication initiates with the 

formation of an IMC scaffold, which grows and serves as an organization center for the de 

novo production of invasion organelles (i.e. micronemes, rhoptries, and dense granules) and 

division of other organelles like the nucleus, apicoplast, and mitochondrion. As division 

progresses, the maternal secretory organelles and IMC are degraded. Developing daughter 

buds adopt the maternal plasma membrane and divide into two separate cells. 

 

  



11 
 

1.2 – Active host cell invasion 

1.2.1 – Gliding motility and host cell attachment 

 Movement of apicomplexans is achieved through a unique process called gliding motility. 

Unlike their distant alveolate relatives, T. gondii lack cilia or flagella, except for the sexual 

microgamete stage. Instead, extracellular parasites secrete surface adhesins, which provide an 

anchor for the internal actomyosin motors of the glideosome to generate a pulling force through 

hydrolysis of ATP, either along surfaces or to forcibly enter a host cell. Movement by gliding is 

fairly rapid (1-10 μm/s) compared to ameboid motility (1-10 μm/min), suggesting that T. gondii 

may be able to avoid phagocytosis by an immune cell simply by being faster at invasion 

(Håkansson et al., 1999; Morisaki et al., 1995). This form of motility may also facilitate penetration 

of host epithelial barriers better than ciliary/flagellar propulsion. For example, parasites are able 

to utilize human intercellular adhesion molecule 1 (ICAM-1) on endothelial cells as a receptor for 

paracellular migration (Barragan et al., 2005; Gubbels & Duraisingh, 2012). The molecular 

mechanisms of the glideosome are reviewed in greater detail in section 1.3.2. 

 Host cell attachment signifies the first stage of active invasion by T. gondii. The initial 

contact is mediated, at least in part, by the SAG1-related sequence (SRS) surface antigens, a family 

of over 120 homologous GPI-anchored proteins that abundantly coat the outer surface of the 

parasite (Jung et al., 2004; Mineo et al., 1993; Wasmuth et al., 2012). Although these proteins were 

mainly thought to be responsible for eliciting a host immune response, one member, SAG3, was 

found to bind host heparan sulfate proteoglycans, which are ubiquitous cell surface markers, with 

low micromolar affinity (Jacquet et al., 2001). Following the initial low affinity attachment, the 

micronemes release their adhesins in a Ca2+-dependent manner, establishing a strong connection 

at the apical region of the parasite and orienting the invasion machinery towards the host (Lovett 
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& Sibley, 2003). Many micronemal adhesins exhibit known ligand-binding domains, including 

thrombospondin-1 repeat, von Willebrand A, PAN/Apple, EGF-like, and lectin domains 

(Carruthers & Tomley, 2008). The multiplicity of distinct attachment proteins may be a 

contributing factor for the ability of T. gondii to infect a broad range of hosts (Soldati et al., 2001). 

The apical membrane antigen (AMA) proteins are a set of micronemal adhesins that interact with 

the rhoptry protein RON2 to form the MJ complex that drives active invasion (Lamarque et al., 

2014). 

 

1.2.2 – Rhoptries and the moving junction 

 The rhoptries contain proteins and lipids that are densely packed into a crystalline lattice 

and delimited into two regions (i.e. the neck and the bulb) despite a lack of any physical boundary 

(Bradley et al., 2005; Lebrun et al., 2014). Following host cell attachment, the contents are secreted 

into the host cell to initiate invasion. While the trigger for rhoptry exocytosis is unknown, the 

microneme protein MIC8 is essential for this process, suggesting a signaling cascade initiated by 

micronemal release (Kessler et al., 2008). Unlike micronemes, rhoptry secretion is not induced by 

elevated calcium levels (using the ionophore A23187), although recent work shows that it is 

dependent on the Ca2+-sensing ferlin protein FER2 (Carruthers & Sibley, 1999; Coleman et al., 

2018). In support of this, release of rhoptry proteins in Plasmodium merozoites has been linked to 

a return of calcium concentration to basal levels, which may function similarly in T. gondii (Singh 

et al., 2010). 

The mechanism of rhoptry release has not been determined, but the prevailing model 

involves a porosome-like opening at the extreme apical tip of the plasma membrane surrounding 

the conoid (Jena, 2009; Nichols et al., 1983). While a single parasite has several rhoptry organelles, 
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only four rhoptry necks at most can fit within the hollow interior of the conoid, and only one 

rhoptry is believed to be able to interface with the porosome for release at a time (Paredes-Santos 

et al., 2012). Once secreted into the host, rhoptry proteins can be visualized as either soluble or 

packaged in membranous assemblies that originate from the lipidic material stored in the rhoptries 

(Boothroyd & Dubremetz, 2008; Håkansson et al., 2001). 

 A subset of proteins stored in the anteriorly located rhoptry neck (RONs) are released and 

assemble the MJ, a ring-shaped macrostructure embedded in the host plasma membrane that 

encircles the parasite as it rapidly invades (25-40 seconds) the host cell using force generated by 

the glideosome (Morisaki et al., 1995). The parasites enter the host cell by invaginating the host 

plasma membrane, but this process is distinct from the endocytic methods employed by other 

intracellular pathogens, as the MJ complex selectively excludes host transmembrane proteins to 

establish a PV that is non-fusogenic with the host endolysosomal system (Charron & Sibley, 2004; 

Mordue et al., 1999). One of the MJ proteins secreted into the host membrane, RON2, is a single-

pass transmembrane protein with a short extracellular C-terminus that tightly interacts with the 

micronemal AMA1 ectodomain to form the link between parasite and host (Tonkin et al., 2011; 

Tyler & Boothroyd, 2011). RON4, RON5, and RON8 are soluble proteins tethered by the RON2 

N-terminus to the cytoplasmic-face of the host plasma membrane and serve roles in stabilizing the 

complex and binding to host components. RON4 and RON5 have been shown to interact with 

human proteins ALIX, CIN85/CD2AP, and TSG101, which are involved in endosomal membrane 

remodeling and actin assembly, and are important for firmly anchoring the MJ to the host 

cytoskeleton (Guérin et al., 2017). RON8 functions similarly through a currently unknown 

mechanism, but has also been associated with proper scission of the nascent PV once the parasite 

is fully inside, possibly by mimicking or recruiting dynamins (Ferguson & De Camilli, 2012; 
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Straub et al., 2011). Elucidating other possible functions of these proteins is difficult, as disruption 

of one subunit causes either degradation or mislocalization of the others, implying that the core 

MJ complex is preformed and must be intact for correct trafficking to the rhoptry (Beck et al., 

2014; Lamarque et al., 2014; M. Wang et al., 2017). This codependence is exhibited by RON2/4/5, 

which (along with AMA1) are conserved in Apicomplexa and played an early role in enabling a 

parasitic lifestyle, whereas RON8, a newer coccidian-only evolution, is an exception and does not 

impact biogenesis of the other MJ proteins (Besteiro et al., 2011; Straub et al., 2011). 

 

1.2.3 – Host cell modulation, growth, and egress 

 During the process of invasion, proteins stored within the rhoptry bulb (ROPs) are also 

discharged into the host cell. While the functions of many ROPs are unknown, some are 

responsible for modulating host cell immunity during the initial stages of infection (Boothroyd & 

Dubremetz, 2008). Although these activities are important for parasite growth, many of the ROPs 

are individually dispensable in vitro, suggesting either redundancy from paralogs or importance in 

in vivo contexts (Sidik et al., 2016). An example of this are the rhoptry kinases (ROPKs), of which 

there are at least 44 known members, and are defined by a conserved C-terminal protein kinase-

like domain (El Hajj et al., 2006; Peixoto et al., 2010). This family can be split into two clades, the 

first containing the majority of putatively active kinases with an intact lysine-aspartate-aspartate 

catalytic triad motif. The best understood of these kinases, ROP16, induces phosphorylation and 

activation of host transcription factors STAT3 and STAT6, thereby limiting IL-12 production and 

subverting a Th1 pro-inflammatory response (Robben et al., 2004; Saeij et al., 2007). Interestingly, 

a single amino acid polymorphism of ROP16 in type II parasites severely reduces this protective 

activity and partially explains their reduced virulence (Yamamoto et al., 2009). 
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 The other ROPK clade consists of the inactive pseudokinases ROP2/4/5/7/8 (with 

incomplete catalytic triads) and a sole kinase ROP18. The function of ROP5 and ROP18 have been 

scrutinized as the main determinants of parasite virulence for murine models. In mice, immunity 

against intracellular pathogens is mediated by IFN-γ-inducible p47 immunity related GTPases 

(IRGs) and p65 guanylate-binding proteins (GBPs) (Shenoy et al., 2007). During a T. gondii 

infection, IRGs Irgb6 and Irgb10 are the first to load (in a matter of minutes) onto the cytoplasmic 

face of the parasitophorous vacuolar membrane (PVM), and they proceed to recruit other IRGs 

and multimerize in a GTP-dependent manner (Khaminets et al., 2010). They function to kill the 

parasite by vesiculation of the T. gondii PVM, disruption of the parasite plasma membrane, and 

eventual lysosomal degradation (Ling et al., 2006; Taylor et al., 2007). In virulent type I parasites, 

this loading of IRGs is considerably reduced, increasing parasite survivability against IFN-γ-

mediated immunity. This phenotype can be attributed to ROP18, which localizes to the outer PVM 

surface via arginine-rich amphipathic helices conserved in the ROPK family (Reese & Boothroyd, 

2009). ROP18 directly phosphorylates both Irgb6 and Irgb10 in vitro, and crystal structures of 

Irgb6 reveal that this phosphorylation occurs in the switch I loop of the GTP-binding domain, 

blocking homodimerization, which is necessary to form a functional complex (Fentress et al., 

2010; Ghosh et al., 2004; Steinfeldt et al., 2010). 

Surprisingly, ROP18 by itself is not sufficient to confer virulence, but instead is highly 

dependent on the catalytically-inactive psuedokinase ROP5 (Behnke et al., 2012; Fleckenstein et 

al., 2012). ROP5 is arranged in the genome as a cluster of tandem polymorphic alleles, and deletion 

of the entire locus in type I RH parasites renders them completely avirulent in vivo in mice and 

severely growth-inhibited in vitro in IFN-γ treated mouse embryonic fibroblasts (Behnke et al., 

2011; Fleckenstein et al., 2012; Reese et al., 2011). These paralogs are divergent among the three 
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lineages, and while the type II genome contains more copies (11 vs. 6 in type I and III), these 

isoforms are relatively ineffective at reducing IRG load despite the parasite expressing functional 

ROP18 (Niedelman et al., 2012). Investigation of a type I ROP5 allele revealed that it binds to the 

IRG Irga6, forcing this protein in a GDP-bound inactive state while also blocking the dimer 

interface (Fleckenstein et al., 2012). During this non-catalytic interaction, ROP18 may then 

irreversibly phosphorylate the IRG, although the more severe avirulence phenotype seen with 

ROP5-deficient parasites implies that ROP5 may be sufficient for the majority of IRG 

immobilization or involved in other immunity pathways (Behnke et al., 2012). Complementation 

of two different isoforms of ROP5 into RHΔrop5 parasites leads to a greater recovery of virulence 

compared to two copies of the same allele, suggesting that polymorphic divergence promotes 

protection against a broader range of host response proteins (Reese et al., 2011). This assemblage 

of kinase and psuedokinase pairs serve to efficiently abolish host cell immunity in the murine 

model. 

It is important to note that unlike mice, humans lack IFN-γ-dependent IRGs, and neither 

ROP5 nor ROP18 play a significant role for survival in IFN-γ-treated human foreskin fibroblasts 

(HFF) (Niedelman et al., 2012). However, humans do express seven GBPs that are involved in 

innate immunity against intracellular pathogens (Tripal et al., 2007). The rhoptry kinase ROP54 

was the first parasite effector protein shown to limit PVM loading of murine GBP2, although 

similar activity was not assessed in human cells (Kim et al., 2016). GBPs function to eliminate the 

pathogen through multiple pathways including ubiquitination of the vacuole, inflammasome 

activation, and xenophagy (Coers & Haldar, 2015). Unfortunately, it is currently unclear to what 

extent these GBPs confer an immune response against T. gondii, as variability is seen in the method 
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of parasite destruction, between mouse and human models, and even between different human cell 

types (Praefcke, 2018). 

After successful invasion, constitutive secretion of the dense granules is responsible for the 

maturation of the newly formed PV to maintain a replication-permissive niche for the parasite. 

This continued release of these organelles during the span of intracellular growth contrasts with 

the single burst of rhoptry effector secretion coinciding with the start of invasion. The dense 

granules are released to the PV through fusion with the plasma membrane, although how they 

bypass the underlying IMC is unclear (Cesbron-Delauw, 1994; Dubremetz et al., 1993; Heaslip et 

al., 2016). Within the PV, dense granule proteins either remain soluble in the lumen, or associate 

with membranes through hydrophobic or amphipathic alpha-helices or transmembrane domains 

(Lebrun et al., 2014). A network of membranous nanotubules called the intravacuolar network 

(IVN) is formed, which is hypothesized to increase host-parasite boundary surface area (Sibley et 

al., 1995). Biogenesis of the IVN is dependent on a subset of dense granule proteins with tubulating 

properties, including GRA2 and GRA6. Intriguingly, these GRAs only properly associate with 

membranes when phosphorylated by the recently described coccidian-specific With-No-Gly-loop 

(WNG) kinases (Beraki et al., 2019). In addition to being involved in IVN formation, GRA2 and 

GRA6 have also been linked to sequestration of lipid-containing host Rab vesicles (Mercier et al., 

2002; Romano et al., 2017). Similarly, GRA39 appears to be involved in lipid import into the 

parasite, as disruption causes accumulation of lipid deposits in the PV (Nadipuram et al., 2016). 

The GRA protein MAF1 induces association of the PVM to host mitochondria, a phenomenon 

seen with many intracellular pathogens (Pernas et al., 2014). A subset of GRAs (GRA16, GRA24, 

GRA28, TgIST) are able to traverse the PVM and traffic to the host nucleus, where they alter 

transcription continuously during the span of intracellular growth (Krishnamurthy & Saeij, 2018). 
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GRA17 and GRA23 form a nonspecific small molecule (up to ~1.9 kDa) pore complex at the PVM 

that is necessary for osmoregulation and exchange of both nutrients and waste products (Gold et 

al., 2015; Schwab et al., 1994). MYR1, MYR2, and MYR3 appear to comprise a cross-PVM 

protein translocation machinery, but unlike the well-characterized Plasmodium translocon of 

exported proteins (PTEX), more work is needed to confirm the composition of the translocon and 

how it functions in protein export into the host cell (Ho et al., 2018; Marino et al., 2018). 

Once established in the PV, T. gondii grows by scavenging host glucose, lipids, and amino 

acids (Blader & Koshy, 2014). The parasite replicates exponentially by endodyogeny, yielding 

two progeny per maternal cell every 6 to 8 hours in vitro (Black & Boothroyd, 2000). Once the 

vacuole contains 64 to 128 parasites, they actively egress from the host cell, lethally rupturing it 

in the process, and begin searching for new hosts by gliding motility. Egress is triggered by 

multiple factors that reflect the intracellular environment. Abscisic acid, a small molecule hormone 

responsible for calcium release in plants, is constantly produced by intracellular T. gondii and 

induces egress when sufficient levels are accumulated (Nagamune et al., 2008). Acidification of 

the PV lumen late in infection is also linked to egress, as artificially lowering the vacuolar pH can 

prematurely start this process (Roiko et al., 2014). Recent work suggests that residual bodies, 

which are composed of material that was not taken up by the daughter cells after endodyogeny, 

contains accumulated acidocalcisome organelles that eventually release into the PV to both lower 

pH and increase calcium concentration (Attias et al., 2019). In response to these signals, Ca2+-

dependent microneme secretion releases perforin-like protein 1 (PLP1) (Kafsack et al., 2009). In 

low pH environments, PLP1 assembles into pore-forming complexes that permeabilize and 

weaken the PV and host membrane, similar to perforins used by cytotoxic lymphocytes and 

cytolysins used by pathogenic bacteria (Kafsack et al., 2009; Roiko et al., 2014). 
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1.3 – The inner membrane complex 

1.3.1 – Morphology of the T. gondii IMC 

 
 

Figure 1-4. The IMC is composed of a membrane and cytoskeletal layer. (A) The IMC is 

peripherally located under the parasite plasma membrane. It consists of flattened membrane 

vesicles called alveoli and a supporting intermediate filament network. This cytoskeletal 

network provides tensile strength to the cell in conjunction with the subpellicular microtubules. 

The IMC serves as a scaffold for the unique process of endodyogeny as well as hosting the 

glideosome complex needed for motility. (B) The IMC is longitudinally separated into an 

apical cap, a body that is composed of an array of rectangular alveolar membranes, and a 

posterior basal cup. 

 

 The T. gondii IMC is situated underneath the plasma membrane and is composed of an 

array of membranous vesicles supported by a rigid cytoskeletal network (Fig 1-4A). The IMC is 

delineated longitudinally into an anterior apical cap, central body region, and the posterior basal 

complex (Hu et al., 2006). While a single large cone-shaped membrane vesicle composes the apical 

cap, the membrane organization in the IMC body, which makes up the majority of the organelle, 

can be strikingly seen as a series of rectangular plates in freeze-fracture electron micrographs 

(Figure 1-4B, Porchet & Torpier, 1977). A combined microtubule and intermediate filament-based 

IMC cytoskeleton tightly associates with the membrane layer through protein-protein interactions 

and fatty acylations to govern morphology and tensile strength (Chen et al., 2015; Tremp et al., 

2017, 2013). A classic method to determine IMC residency is treatment of parasites with 

Clostridium septicum alpha-toxin, which causes osmotic distention that separates the plasma 
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membrane from the IMC and can be easily visualized by immunofluorescence assay (IFA) (Beck 

et al., 2010; Wichroski et al., 2002). This process does not disrupt co-localization of the 

cytoskeletal and membrane portions of the IMC. 

 The alveolar vesicles contain several membrane-associated proteins that are anchored by 

either transmembrane domains or lipid post-translational modifications. The transmembrane 

gliding-associated proteins GAP40 and GAP50 are embedded in the layer facing the plasma 

membrane and are indispensable components of the glideosome, as well as playing an important 

role in daughter formation (Frénal et al., 2010; Gaskins et al., 2004; Harding et al., 2016). Another 

family of transmembrane IMC proteins, the glideosome-associated proteins with multiple-

membrane spans (GAPMs), localize to the cytoplasmic face of the alveoli (Bullen et al., 2009). 

These proteins co-immunoprecipitate (co-IP) components of the IMC cytoskeleton and depletion 

of some members causes loss of IMC integrity, suggesting a role in linking the membrane and 

cytoskeletal layers together (Bullen et al., 2009; Harding et al., 2016, 2019). 

Proteins lacking hydrophobic domains also associate with the IMC membrane through N-

myristoyl and S-palmitoyl lipid modifications. Along with one general N-myristoyltransferase, T. 

gondii has 18 protein S-acyltransferases (called TgDHHCs for the conserved catalytic motif) of 

which two, TgDHHC2 and TgDHHC14, localize to the IMC membranes (Frénal et al., 2013). 

Attempts to knockout these two genes were unsuccessful, indicating that palmitoylation is essential 

for proper IMC function (Frénal et al., 2013). One myristoylated and palmitoylated protein, IMC 

sub-compartment protein 2 (ISP2), results in multiple daughter formation and aberrant growth 

when disrupted (Beck et al., 2010). However, this effect does not explain the lethal phenotype seen 

with the TgDHHC proteins, indicating that other acylated targets play more central roles in IMC 

functions. 
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 The cytoskeletal network underlying the membrane alveoli are composed of 8-10 nm 

interlaced filaments (Mann & Beckers, 2001). This network is composed of 14 proteins called 

alveolins (IMC1 and IMC3-15), which are not particular conserved except for a loosely defined 

proline and valine-rich alveolin repeat domain. These alveolins have differing localizations in T. 

gondii, both between subcompartments (i.e. apical cap, body, and basal complex) and between 

maternal and daughter IMC during replication, but the exact organization of these proteins is 

unknown (Dubey et al., 2017; Gould et al., 2008). The alveolin domain of IMC3 and IMC8 alone 

appears to be mostly sufficient for correctly targeting to the IMC, suggesting that this low 

complexity region can assemble into insoluble macromolecular structures with other alveolin 

proteins (Anderson-White et al., 2011). However, partial mislocalization to the cytoplasm does 

occur for these two protein mutants and is resolved by restoring the N-terminal and C-terminal 

flanking regions, implying that these domains are also important for proper trafficking or other 

functions. Interestingly, 5 of the 14 alveolins are also strongly predicted to be N-terminally 

palmitoylated, indicating that elements other than the alveolin domain are needed for faithful 

targeting and that there is a direct link between the IMC membrane and cytoskeleton (Ren et al., 

2008). 

 The IMC is further supported by 22 subpellicular microtubules extending roughly two-

thirds of the length of the parasite from the apical end (Leung et al., 2017). The polymer structure 

is stabilized and made detergent-insoluble through a coating of accessory proteins like SPM1 (Tran 

et al., 2012). Additionally, thioredoxin-like proteins TrxL1 and TrxL2 bind to SPM1, and although 

their purpose is not known, this opens up the possibility of a catalytic function in the IMC 

cytoskeletal milieu (Liu et al., 2013). These microtubules extend from a unique microtubule-

organizing center (MTOC) called the apical polar ring (APR), which is positioned at the edge of 
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the IMC apical cap (Russell & Burns, 1984). Within the APR center is the conoid, made up of 14 

tubulin polymers, two additional intraconoid microtubules, and two preconoidal ring MTOCs from 

which these tubulin structures originate (Leung et al., 2017; Nichols & Chiappino, 1987). In 

extracellular parasites, the position of the conoid is dynamic, transitioning between a retracted 

state surrounded by the subpellicular microtubules below the APR and an extended state past the 

APR, and this activity is suspected to be associated with invasion (Carey et al., 2004). The protein 

RNG2 spans the APR and conoid, and interestingly, movement of the conoid can be visualized as 

a flip in the orientation of the RNG2 N- and C-termini. Disruption of RNG2 does not affect conoid 

extrusion but does limit microneme secretion, and there is likely a close relationship between the 

two phenomena, as both are Ca2+-dependent and important for host invasion (González Del 

Carmen et al., 2009; Katris et al., 2014; Mondragon & Frixione, 1996). 

 

1.3.2 – The glideosome 

At its core, the glideosome complex that drives gliding motility is an actomyosin motor 

situated in the cortical space between the IMC and plasma membranes. This activity is driven by 

myosin A (MyoA), an atypical myosin (class XIVa) with a short neck and tail domain, degenerate 

IQ motifs, and lack of several highly conserved residues (Foth et al., 2006; Heaslip et al., 2010b; 

Heintzelman & Schwartzman, 1997; Herm-Götz et al., 2002). Even without these features, this 

motor protein functions in vitro as efficiently as fast skeletal muscle myosins (Herm-Götz et al., 

2002). MyoA directly binds to the EF-hand domain-containing myosin light chain 1 (MLC1) and 

two essential light chains (ELC1/2), despite missing the canonical IQ motifs that govern 

calmodulin interaction in conventional myosins (Bähler & Rhoads, 2002; Herm-Götz et al., 2002; 

Nebl et al., 2011; Williams et al., 2015). MyoA is attached to the IMC membrane through 
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interactions with the gliding-associated proteins GAP40, GAP45, and GAP50. GAP40 and GAP50 

are embedded in the outer IMC membrane layer by 9 and 1 transmembrane domain(s), respectively 

(Frénal et al., 2010; Gaskins et al., 2004). GAP45 is a unique protein that spans the distance 

between the IMC and plasma membrane (Frénal et al., 2010; Gaskins et al., 2004). Its N-terminus 

is anchored into the plasma membrane by myristoylation and palmitoylation while its C-terminus 

is associated with the IMC membrane, likely by directly binding to GAP40 and/or GAP50. GAP45 

is responsible for recruiting the normally soluble MyoA to the cell periphery through a shared 

interaction with MLC1 (Frénal et al., 2010). Lacking the tail that dictates trafficking in 

conventional myosins, MyoA instead binds to the C-terminal EF-hand domains of MLC1 with its 

degenerate IQ motifs in a Ca2+-independent manner (Frénal et al., 2017). The N-terminal region 

of MLC1 binds to the GAP45 C-terminus, although strongly predicted palmitoylation sites also 

suggest MLC1 may associate with the IMC membrane directly through these lipid modifications 

(Frénal et al., 2010; Ren et al., 2008). These five proteins compose the main glideosome complex, 

but the question of how they remain static to impart a motive force remains unanswered. One 

reasonable hypothesis would be some anchor to the underlying cytoskeleton that is situated on the 

other side of the IMC membrane. Although the composition of the alveolar lumen is not well 

understood, the N-terminus of GAP50, which makes up the majority of the protein (350 aa, 91.8% 

total), is located within this space and may be interacting with cytoplasmic-facing IMC resident 

proteins such as the GAPMs (Gaskins et al., 2004; Harding & Meissner, 2014). An alternative 

theory suggests that the glideosome is immobilized in regions of high cholesterol-containing 

detergent-resistant membranes (Johnson et al., 2007). 

Like most other myosin motors, MyoA hydrolyzes ATP to process along an actin filament 

towards the barbed (+) end to generate motion (Herm-Götz et al., 2002; Sellers, 2000). However, 
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in T. gondii and other apicomplexans, actin is also quite unusual. Unlike in most other eukaryotic 

cells where it is found as extensive filaments on the order of microns in length, parasite actin is 

intrinsically unstable and only form short strands of ~100 nm (Boucher & Bosch, 2015; Skillman 

et al., 2011). To complete the connection for gliding propulsion, the actomyosin motor must be 

associated with the transmembrane adhesins that attach to external surfaces. This is mediated by 

the glideosome-associated connector (GAC), which is a cytosolic protein that rapidly relocalizes 

to the periphery upon ionophore-induced microneme secretion (Jacot et al., 2016). Its N-terminal 

armadillo-repeat domain forms a large superhelical structure that wraps around multiple actin 

protomers, while the C-terminus binds to the short cytoplasmic tail of MIC2. However, attachment 

to other adhesins such as AMA1 has not been assessed. A C-terminal pleckstrin-homology domain 

also binds to phosphatidic acid, which is a phospholipid required for microneme release and also 

may help orient this protein towards the plasma membrane (Bullen et al., 2016; Jacot et al., 2016). 

Apicomplexans lack the classical Arp2/3 actin nucleation complex, and in T. gondii, 

polymerization only occurs at the apical tip of the parasite by the formin FRM1 (Daher et al., 2010; 

Jacot et al., 2016). This localized activity guarantees that movement initiates near the apical 

complex, where the MJ machinery is secreted and assembled. Attached to adhesins through GAC, 

the actin filaments are moved posteriorly by passing from one MyoA assembly to another, 

consequently propelling the parasite forward (Skillman et al., 2011). The short polymer length of 

actin likely limits the number of motor proteins on a single filament and facilitates faster turnover, 

which is advantageous in other highly motile cells (Skillman et al., 2011). Treatment with the actin 

stabilizer jasplakinolide or disruption of T. gondii actin depolymerization factor (ADF) causes 

increased actin filamentation, faster but erratic motility, and defective invasion and egress (Mehta 

& Sibley, 2011; Wetzel et al., 2003). 
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Although the MyoA complex is the only glideosome motor in Plasmodium and is the major 

driver in T. gondii, separate glideosome assemblies in the latter have been characterized and 

warrant discussion (Baum et al., 2006). One is found at the extreme tip near the conoid and is 

driven by MyoH (class XIVc), which has a unique α-tubulin suppressor 1 (ATS1) domain in the 

tail region (Foth et al., 2006; Graindorge et al., 2016). Using this domain, MyoH is able to bind 

directly to the conoid microtubules, establishing the static positioning needed for gliding 

(Graindorge et al., 2016). At the apical tip, where micronemal attachment and actin filamentation 

also occur, MyoH initiates movement as it translocates the adhesion complexes down to the 

beginning of the IMC membrane. There, MyoA continues the process along the entire body of the 

parasite. At the apical cap portion of the IMC, the coccidian-specific homolog GAP70 substitutes 

for GAP45 (Frénal et al., 2010). The acylated N-terminus and IMC-binding C-terminus are 

conserved in GAP70, but a longer central region results in a greater separation of the plasma and 

IMC membranes at the apical cap for an unknown reason. Yet another glideosome complex is 

found at the basal complex and composed of GAP80 (another GAP45 homolog), MyoC (class 

XIVb), and IMC-associated protein 1 (IAP1), which recruits both components to the posterior 

region (Frénal et al., 2014b). As the adhesin complexes travel to the basal end of the parasite, 

rhomboid proteases cleave the transmembrane domain to release the connection between parasite 

and surface and prevent buildup of these proteins (Brossier et al., 2005). Interestingly, AMA1, 

which forms the tight ring-shaped MJ around the parasite, may be temporarily protected from this 

cleavage by changing conformation after binding to RON2 (Krishnamurthy et al., 2016). 

Ultimately, functional characterization of the individual IMC body and basal complex 

glideosomes is confounded due to redundancies between the two complexes (Frénal et al., 2014b). 

MyoA and MyoC are able to relocalize and compensate for each other, although parasites are not 
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able to tolerate disruption of both proteins. Similarly, GAP70 and GAP80 are dispensable, 

presumably due to compensation by the more abundant GAP45 (Frénal et al., 2014b; Frénal et al., 

2010). Indeed, even depletion of GAP45 can be overcome by overexpression GAP80 (Frénal et 

al., 2014b). However, MyoH is special with its direct conoid microtubule-binding ability, and is 

essential for motility as the initiating motor (Graindorge et al., 2016).  

 

1.3.3 – The role of the IMC in endodyogeny 

 The asexual forms of T. gondii divide by endodyogeny, where two daughters form 

internally within a maternal cell (Figure 1-3). The nascent daughter IMC serves as a scaffold for 

organelle biogenesis and sequestration from the maternal cell. Elongation and division of the Golgi 

apparatus marks the earliest step of mitosis (Nishi et al., 2008). Concurrently, the centrioles, which 

have an unusual parallel 9+1 structure, migrate posterior to the nucleus and duplicate (Francia & 

Striepen, 2014; Nishi et al., 2008). Next, the 2 daughter IMCs are constructed from the anterior 

end and encapsulate the Golgi and centrosome (Nishi et al., 2008). As these IMC scaffolds 

elongate, the divided apicoplast, nucleus, endoplasmic reticulum, and mitochondrion are 

sequentially incorporated. The secretory organelles (micronemes, rhoptries, dense granules) are 

formed de novo through vesicular transport mediated by the dynamin-related proteins DrpB and 

DrpC and targeted in part by Rab GTPases (Breinich et al., 2009; Heredero‐Bermejo et al., 2019; 

Kremer et al., 2013). To complete division, the maternal IMC is disassembled by both ubiquitin-

mediated degradation and recycling, and the two new daughters adopt the maternal plasma 

membrane (Hu et al., 2006; Ouologuem & Roos, 2014; Silmon de Monerri et al., 2015). 

 The involvement of the IMC in replication begins with the alveolin IMC15, which initially 

co-localizes with the newly replicated centrosomes (Anderson-White et al., 2011). Rab11B is also 
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seen as early as IMC15 and mediates vesicular trafficking to the nascent IMC membrane, 

indicating that biogenesis of the cytoskeletal and membrane layers are coordinated from the 

beginning of endodyogeny (Agop-Nersesian et al., 2010). The microtubule components of the 

apical complex (e.g. APR and conoid) are also formed at this stage. They are connected to the 

centrosome by a striated fiber assemblin (SFA) complex (resembling an ancestral flagellar basal 

body rootlet) that may serve as the structure from which the apical MTOCs are derived (Francia 

et al., 2012). The next stage of early daughter bud formation is marked by MORN1, which 

assembles into ring structures that label the immature apical and basal complexes (Gubbels et al., 

2006; Heaslip et al., 2010a). The basal ring migrates posteriorly as the IMC and subpellicular 

microtubules elongate, and the separate longitudinal regions of the IMC can now be differentiated 

with the membrane-associated IMC subcompartment proteins (ISPs) (Beck et al., 2010; Hu et al., 

2006). The cytoskeletal alveolins IMC1/3/4/6/10 assemble into the filamentous network of the 

daughter IMC body, while GAP40 and GAP50 target to the membrane as the first members of the 

glideosome (Anderson-White et al., 2012; Dubey et al., 2017). As growth of the daughter buds 

reaches the midpoint, IMC5/8/9/13, which initially localized to the growing scaffold, migrate to 

the MORN1-labeled basal complex (Anderson-White et al., 2011). The calcium binding protein 

Centrin2 is recruited to the posterior end of the MORN1 ring and is believed to be responsible for 

basal complex constriction that leads to the tapered shape of mature progeny (Hu, 2008). As the 

two new IMC organelles replace the maternal one, GAP45 and GAP70 establish the tight 

association between IMC and plasma membrane (Frénal et al., 2010). Finally, the alveolins 

IMC7/12/14 are expressed after replication is completed and are somehow incorporated into the 

maternal IMC, possibly to distinguish it from the new daughters in the next division cycle 

(Anderson-White et al., 2012). This process of endodyogeny results in a posterior residual body, 
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which is composed of unincorporated membrane and cytoplasmic material. Interestingly, this 

residual body persistently connects parasites after multiple rounds of intracellular divisions and 

only disassociates from the cells during egress (Caldas et al., 2010). While originally regarded as 

a depository for degraded cytoskeletal material, a newly characterized residual body-specific actin 

network also implicates this organelle in other important roles such as facilitating communication 

(e.g. synchronization of replication) and resource sharing between cells (Morrissette & Sibley, 

2002b; Tosetti et al., 2019; Tran et al., 2010). 

 

1.4 – Unnatural amino acids 

1.4.1 – History of expanding the genetic code 

The genetic code is a fundamental paradigm of life on Earth: 61 three-base codons map to 

the 20 standard proteinogenic amino acids and 3 nonsense codons act as terminators during 

ribosomal translation (Koonin & Novozhilov, 2017; Nirenberg, 2004). Despite saturation of all 

possible codons, it would be desirable to produce proteins containing unnatural amino acids 

(UAAs) that are engineered to have special chemical properties using conventional translation. 

Fortunately, while the genetic code may seem immutable, exceptions already exist in nature. For 

example, the usage of the other 2 special proteinogenic amino acids, selenocysteine and 

pyrrolysine, occurs in select organisms at opal (TGA) and amber (TAG) stop codons, respectively 

(Berry et al., 1993; Srinivasan et al., 2002). Similarly, mitochondria in many eukaryotes, including 

yeast and humans, encode tryptophan at the UGA stop codon, among other differences (Macino et 

al., 1979; Richter et al., 2010). As the ribosomal process of peptide elongation does not 

discriminate against a non-cognate tRNA with a correct anticodon, the hurdle for efficient UAA 

incorporation is dependent on the faithful formation of charged UAA-tRNAs by an aminacyl-
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tRNA synthetase (aaRS) (Ibba & Söll, 1999). One approach for overcoming the amino acid 

specificity of synthetases is to use UAAs of close size, as with photo-leucine and photo-

methionine, which contain a photocrosslinking diazirine group (Suchanek et al., 2005). More 

feasibly, mutation of the amino acid binding pocket of an aminoacyl-tRNA synthetase allows for 

optimal UAA specificity, as well as reducing unintentional charging by the original amino acid. A 

mutant Escherichia coli methionyl-tRNA synthetase specific for the structural analog UAA 

azidonorleucine for subsequent copper-catalyzed click chemistry was recently applied to T. gondii 

(Tanrikulu et al., 2009; Wier et al., 2015). The disadvantage of these two methods is the lack of 

specificity towards a particular protein of interest, as they affect all proteins in the cell. 

Expansion of the genetic code by site-specific UAA incorporation at precise locations of a 

protein was accomplished by exploiting differences in aaRS/tRNA pairs between the three 

domains of life (Figure 1-5). This was first discovered when a eukaryotic Saccharomyces 

cerevisiae glutamine tRNA was found to be compatible with the prokaryotic E. coli ribosome but 

unable to be charged by any E. coli aaRS, while the cognate S. cerevisiae glutaminyl-tRNA 

synthetase was also did not exhibit nonspecific charging of E. coli tRNA (Liu & Schultz, 1999). 

Consequently, the S. cerevisiae aaRS/tRNA pair could be expressed in E. coli with complete 

functionality for translation but no tRNA charging cross-reactivity. Mutation of the anticodon to 

5’-CUA-3’ results in an amber suppressor tRNA, enabling incorporation of an amino acid site-

specifically within a protein of interest engineered with an in-frame amber stop codon, thereby 

establishing a new sense codon. Mutagenesis of the aaRS for specificity towards UAAs with 

different side chains was achieved with a resistance marker that could only be fully translated with 

a correctly charged amber suppressor tRNA. Subsequent UAA systems using a similar amber 

suppression approach soon followed, establishing improvements in range of allowable UAAs (e.g. 



30 
 

tyrosyl-tRNA synthetase template for bulkier functional groups) and increased specificity and 

efficiency (e.g. an orthogonal pair from the archaea Methanococcus jannaschii) (L. Wang et al., 

2000; L. Wang & Schultz, 2001). Using prokaryotic aaRS/tRNA pairs, genetically encoded UAAs 

have been adapted to a broad range of eukaryotic systems, including multicellular organisms, but, 

to date, has not been previously demonstrated in a protozoan (L. Wang, 2017b). While the amber 

stop codon was initially chosen for this purpose in E. coli due to the significantly lower frequency 

compared to the two other nonsense codons (only ~7% of all genes), UAA incorporation by amber 

suppression is well tolerated by other organisms that have a greater ratio of amber codons, and 

have been used for sensitive applications such as live cell imaging (Aloush et al., 2018; Hoffmann 

et al., 2015; Young & Schultz, 2010). Concerns about potential toxicity through nonspecific 

incorporation of the UAA can also be mitigated using a conditionally expressed aaRS system 

(Sakamoto et al., 2002). 

UAAs enable proteins of interest to exhibit new and beneficial properties while 

simultaneously limiting perturbation of the protein in its natural cellular environment. Fluorescent 

moieties are useful for sensitive microscopy techniques such as single-molecule imaging and 

fluorescence resonance energy transfer (Lemke, 2011; Pantoja et al., 2009). Phosphomimetic, 

glycosylated, and acetylated UAAs can be used for studying effects of post-translational 

modifications on native protein function (Q. Wang et al., 2009). Heavy atom-containing UAAs 

such as p-iodophenylalanine have aided in crystallographic structure determination using 

anomalous diffraction without the need for crystal soaking (Xie et al., 2004). Isotopic and 

fluoridated UAAs have been used in assignment strategies for nuclear magnetic resonance 

spectroscopy (Jones et al., 2009). Photoreactive UAAs provide an efficient method for inducing 
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several desirable chemical changes, such as selective activation of photocaged residues, 

autocleavage of the protein backbone, and photoactivated crosslinking (Young & Schultz, 2010). 

 

 
 

Figure 1-5. Site-specific unnatural amino acid incorporation by amber stop codon 

suppression. Unnatural amino acids can be incorporated into a protein of interest by 

expressing an orthogonal mutant aminoacyl-tRNA synthetase and cognate anti-amber tRNA 

pair. The newly introduced synthetase should not aminoacylate endogenous tRNAs, and the 

amber suppressor tRNA should not be aminoacylated by endogenous synthetases. However, 

the tRNA must be compatible with the endogenous ribosome. By expressing a gene with an 

engineered in-frame amber stop codon (TAG), the desired unnatural amino acid will be added 

to the primary sequence of the full-length protein. 
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1.4.2 – The photoactivated crosslinker p-azidophenylalanine 

  
Figure 1-6. P-azidophenylalanine is a photoactivated crosslinker. P-azidophenylalanine 

(shown left) is an aromatic unnatural amino acid with an azide moiety. This amino acid can be 

incorporated into a protein of interest using amber stop codon suppression. Upon exposure to 

ultraviolet light, diatomic nitrogen is released and a reactive nitrene intermediate is generated 

and subsequently forms covalent crosslinks with proximal residues. 

 

The UAA p-azidophenylalanine (Azi) belongs to a class of photoreactive crosslinkers 

called aryl azides, which have been employed in biological contexts since 1969 (Fleet et al., 1969). 

Upon activation of the aryl azide by ultraviolet light, diatomic nitrogen is liberated and an unstable 

nitrene intermediate is formed (Figure 1-6) (Hermanson, 2013). The nitrene quickly reacts with 

neighboring peptides, either directly through carbon-hydrogen and nitrogen-hydrogen insertions, 

or by nucleophilic substitution of amines by a ring expanded dehydroazepine intermediate. The 

short activation period (~0.1-1 ms) is beneficial for selectively trapping strong interactions, but 

these intermediates are also able to react with solvent water if no protein is sufficiently close for 

crosslinking (Staros, 1980). In addition, unlike commonly used chemical crosslinkers that employ 

extended spacer arms (e.g. primary amine-reactive N-hydroxysuccinimide esters), the reactive 

moiety of Azi is spatially limited. Therefore, proper placement of Azi within the binding interface 

between two proteins is necessary for efficient crosslinking. While peak excitation of the aryl azide 

occurs with UV-C (254 nm), successful activation has been demonstrated using lower energy UV-

A (365 nm), significantly reducing nonspecific protein damage (Takimoto et al., 2009). 

 The Azi-specific amber suppression system implemented in T. gondii for this thesis was 

derived from the pIre-Azi3 construct designed for mammalian cells (Coin et al., 2013). This was 
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accomplished using a hybrid E. coli mutant tyrosyl-tRNA synthetase and Bacillus 

stearothermophilus amber suppressor tRNA pair. Specificity of the tyrosyl-tRNA synthetase 

towards Azi was obtained by successive mutagenesis (Y37L, D182S, F183M, L186A, D265R) 

selecting for efficient Azi incorporation to reporter proteins (Chen et al., 2007; W. Liu et al., 2007; 

Takimoto et al., 2009). The B. stearothermophilus tRNATyr, which can be aminoacylated by the 

E. coli synthetase despite sequence differences, initially had to be used instead of the 

corresponding E. coli tRNA as the latter lacks intragenic control regions necessary for type 2 RNA 

polymerase III transcription in eukaryotes (Bedouelle, 1990; Sakamoto et al., 2002). The B. 

stearothermophilus tRNA was kept even after tRNA expression was transitioned to the U6 RNA 

polymerase III promoter, which has well-defined upstream initiator and downstream poly-thymine 

terminator elements, although any amber suppressor tRNA could now theoretically be expressed 

(W. Wang et al., 2007). Multiple copies of the tRNA cassette are built into the expression construct 

to maximize UAA incorporation, and yields up to ~30% of wild-type (the upper efficiency limit 

of stop codon suppression) have been obtained in a wide range of organisms including human 

cells, E. coli, and Drosophila melanogaster (Coin et al., 2011; Mukai et al., 2010; Ryu & Schultz, 

2006; Sakamoto et al., 2002).  
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1.5 – Objectives 

 Toxoplasma gondii is a highly successful opportunistic pathogen that poses risk for severe 

and potentially fatal neurological issues during immunocompromised states and primary 

congenital infections. T. gondii also serves as a model organism for studying other members of the 

parasitic phylum Apicomplexa, including Plasmodium, the etiologic agent of malaria. The IMC is 

a hallmark of apicomplexans, and is innately involved in parasite motility, invasion, and 

replication. Study of this organelle is challenging using traditional methods, such as co-

immunoprecipitations, due to its dual cytoskeletal and membrane composition. Here, I document 

the adaptation of a photoactivatable crosslinking unnatural amino acid system in T. gondii that 

enables covalent capture of protein-protein interactions within the normal intracellular 

environment, providing information about the spatial orientation of these associations and 

allowing identification of binding partners through either a candidate or de novo approach. Chapter 

2 discusses the controls necessary to demonstrate functionality in the parasite system, and 

application of the UAA system towards the essential IMC protein ILP1. This is the first time that 

interactions between two components of the IMC cytoskeleton have been elucidated. Chapter 3 

expands the work done on ILP1 to the N-terminal EF-hand domain to confirm yet another direct 

IMC binding partner. Chapter 4 explores application towards ARO, an essential protein 

responsible for tethering of the rhoptries. The objective of this work is to establish a new 

technology that is broadly practical for studying the mechanisms for invasion and growth of this 

unique pathogen. 
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CHAPTER 2: 

 

A photoactivatable crosslinking system in Toxoplasma gondii reveals 

organization of the parasite inner membrane complex 
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2.1 - Abstract 

The Toxoplasma gondii inner membrane complex (IMC) is an important organelle 

involved in parasite motility and replication. The IMC resides beneath the parasite’s plasma 

membrane and is composed of both membrane and cytoskeletal components. Although the protein 

composition of the IMC is becoming better understood, the protein-protein associations that enable 

proper functioning of the organelle remain largely unknown. Determining protein interactions in 

the IMC cytoskeletal network is particularly challenging, as disrupting the cytoskeleton requires 

conditions that disrupt protein complexes. To circumvent this problem, we demonstrate the 

application of a photoreactive unnatural amino acid (UAA) crosslinking system to capture protein 

interactions in the native intracellular environment. In addition to identifying binding partners, the 

UAA approach maps the binding interface of the bait protein used for crosslinking, providing 

structural information of the interacting proteins. We apply this technology to the essential IMC 

protein ILP1 and demonstrate that distinct regions of its C-terminal coiled-coil domain crosslink 

to the alveolins IMC3 and IMC6, as well as IMC27. We also show that the IMC3 C-terminal 

domain and the IMC6 N-terminal domain are necessary for binding to ILP1, further mapping 

interactions between ILP1 and the cytoskeleton. Together, this study develops a new approach to 

study protein-protein interactions in Toxoplasma and provides the first insight into the architecture 

of the cytoskeletal network of the apicomplexan IMC. 
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2.2 - Introduction 

 The phylum Apicomplexa consists of some of the most successful eukaryotic intracellular 

parasites in the world. Apicomplexans that cause disease in humans include Toxoplasma gondii, 

which causes toxoplasmosis in immunocompromised patients and congenitally infected neonates, 

Plasmodium spp., which cause malaria, and Cryptosporidium spp., which are major causes of 

diarrheal disease in children (Hill et al., 2005; Mackintosh et al., 2004; Sow et al., 2016). Other 

members of the phylum such as Eimeria, Theileria, Babesia, and Neospora are veterinary 

pathogens and result in billions of dollars in losses per year worldwide in the poultry and cattle 

industries (Dubey, 2003; Kivaria, 2006; Sharman et al., 2010). T. gondii serves as a model 

organism for the study of apicomplexan biology due to its relative ease of continuous culture, high 

rate of transformation, and a robust set of tools for genetic manipulation and functional analyses. 

 Apicomplexans exhibit a number of specialized organelles that enable them to occupy their 

intracellular niche. One of these is the inner membrane complex (IMC), a unique structure that 

underlies the plasma membrane of the parasite and consists of flattened membrane vesicles 

supported by a cytoskeletal filament network (Harding & Meissner, 2014). The membrane and 

cytoskeletal components of the IMC work in concert to perform critical roles in the lytic cycle of 

the parasite. First, the IMC houses the glideosome, the actomyosin motor complex that enables 

gliding motility and host cell invasion (Boucher & Bosch, 2015). Second, it serves as the scaffold 

for the apicomplexan replication process of internal budding, in which daughter cells are formed 

within the maternal cytoplasm, ultimately adopting the maternal plasma membrane and yielding 

progeny (Blader et al., 2015). The asexual stages of Toxoplasma undergo endodyogeny, where 

two daughter cells are produced per maternal parasite with each replication cycle. Other 

apicomplexans often replicate using variations of this internal budding process called schizogony 
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or endopolygeny, in which multiple rounds of nuclear replication and karyokinesis result in the 

generation of up to 64 daughters at once (Morrissette & Sibley, 2002a). 

 In Toxoplasma, the IMC is partitioned into a cone-shaped apical cap (a coccidian-specific 

structure), a central body portion characterized by an array of rectangular membrane plates, and a 

basal complex, which is responsible for closure of the daughter buds to complete division (Frénal 

et al., 2010; Heaslip et al., 2010a). Interestingly, recent studies using in vivo proximity-dependent 

biotin labeling (BioID) and other approaches have revealed that most IMC proteins localize to 

only one of these subregions (Chen et al., 2015, 2017). Similarly, detergent solubilization studies 

have shown that the apical cap and body contain separate groups of membrane-associated and 

cytoskeleton-associated proteins, supporting the idea that each section is composed of specialized 

cargo that serves varying purposes. While the membrane and cytoskeletal layers are distinct, they 

are closely associated with each other through protein-protein interactions and fatty acylations that 

can tether cytoskeletal proteins to the membrane vesicles of the organelle. 

 Despite an increased understanding of the protein constituents that make up the IMC, the 

precise roles of most of these proteins and how they are organized remain largely unknown. The 

filamentous network of the IMC is believed to be formed by the alveolins, a family of fourteen 

proteins that are characterized by a poorly conserved proline and valine-rich alveolin repeat 

domain (Anderson-White et al., 2011; Gould et al., 2008). The alveolins have different 

localizations within the three IMC subregions and likely serve roles in providing structural support 

for each of these compartments. However, the identification of many non-alveolin detergent-

insoluble IMC proteins suggests that the IMC cytoskeleton is a complex structure whose 

organization remains enigmatic. One such protein is IMC localizing protein 1 (ILP1), which is an 

IMC body protein that is enriched in forming daughter buds, similar to a subgroup of alveolins 
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(IMC3/6/10) (Lorestani et al., 2012). We have demonstrated that conditional knockout of ILP1 

causes a collapse of IMC integrity and inability to properly replicate, a lethal phenotype for the 

parasite (Chen et al., 2015). Interestingly, the Plasmodium ortholog of ILP1 (PfG2) is not essential, 

but its disruption results in significant morphological changes in ookinetes and sporozoites, 

reduced motility, and a loss of sporozoite infectivity (Tremp et al., 2013). How ILP1 imparts 

structural stability to the parasite would be best understood by determining its binding partners, 

but studying protein-protein interactions in the IMC cytoskeleton is typically challenging due to 

its detergent-insoluble nature. 

 One approach to overcome this difficulty is the use of inducible crosslinking unnatural 

amino acids (UAA). The UAA technology involves the expansion of the genetic code using an 

orthogonal aminoacyl-tRNA synthetase and amber stop codon (TAG) suppressor tRNA pair (L. 

Wang, 2017a; L. Wang et al., 2006). The tRNA is charged with the desired synthetic UAA and 

can be used by the endogenous ribosomal machinery to incorporate the UAA into the primary 

sequence of a protein of interest at an engineered in-frame amber stop codon. The UAA p-

azidophenylalanine belongs to a class of photoreactive crosslinkers called aryl azides and forms a 

highly reactive nitrene moiety upon exposure to relatively non-destructive 365 nm (UV-A) light 

(Chin et al., 2003; Takimoto et al., 2009). Because Azi is a zero-length crosslinker, it should only 

form crosslinks when the UAA is positioned within the binding interface of the bait protein and 

its partner. Successful crosslinking of the bait can be observed as a higher molecular weight species 

by western blot. The bound partner can then be verified by immunoblot when the crosslinked 

partner is suspected, or purified and identified by mass spectrometry if unknown. 

  Here, we report the successful implementation of a photo-activated UAA crosslinking 

system in T. gondii and the application towards uncovering protein interactions within the intricate 
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multiprotein IMC cytoskeleton complex. We first demonstrate that this system functions 

efficiently in the parasite in terms of both Azi incorporation and photocrosslinking. We then use 

this technology to show that ILP1 directly interacts with multiple components of the cytoskeleton 

of the IMC, revealing the first organization of this organellar compartment and identifying the 

precise binding regions through which ILP1 associates with IMC network. This photoactivatable 

UAA system provides a unique tool to dissect additional protein-protein interactions that will help 

to unravel aspects of T. gondii cell biology that may have historically been difficult to study. 

 

2.3 - Results 

Adaptation of the photoreactive unnatural amino acid crosslinking system in Toxoplasma 

gondii 

 In an amber suppression system, UAAs such as Azi are incorporated into an engineered 

amber stop codon (sequence TAG) within the protein sequence in lieu of premature termination 

(Fig 2-1A, B). To adapt this system to T. gondii, we generated a construct containing the Azi-

specific enhanced E. coli aminoacyl-tRNA synthetase (E2AziRS) (Coin et al., 2013) with a C-

terminal Ty epitope tag driven by the GRA1 promoter (Fig 2-1C). We also engineered an amber 

suppressor tRNA expression cassette driven by the Toxoplasma U6 promoter, which was recently 

characterized for use in the CRISPR/Cas9 system (Sidik et al., 2014). To maximize expression of 

the tRNA, we assembled three tandem copies of the cassette, a strategy that improves expression 

in mammalian systems (Coin et al., 2013). Transfection of this construct into RH∆hxgprt strain 

parasites showed that E2AziRS-Ty localizes to the cytoplasm, as expected (Fig 2-1D). We were 

able to generate stable lines expressing E2AziRS-Ty, demonstrating that T. gondii tolerates 

constitutive expression of the aminoacyl-tRNA synthetase/tRNA cassettes. 



41 
 

To demonstrate that this system can be used to incorporate Azi into an endogenously 

translated protein, we explored the use of surface antigen 1 (SAG1), a highly abundant yet 

dispensable GPI-anchored cell surface protein (Burg et al., 1988; K. Kim & Boothroyd, 1995). We 

built a SAG1 expression construct in which the second codon is mutated to the amber stop codon 

(SAG1 F2TAG, Fig 2-1E). We disrupted endogenous SAG1 using CRISPR/Cas9 and used this 

strain for expression of the aminoacyl-tRNA synthetase/tRNA cassettes and the SAG1 nonsense 

mutant (Sidik et al., 2014). In the absence of Azi, these parasites express E2AziRS-Ty but not 

SAG1 as observed by immunofluorescence assay (IFA, Fig 2-1F). However, upon overnight 

incubation in growth medium supplemented with Azi, robust expression of SAG1 is observed at 

the cell periphery. Quantification by western blot intensity shows ~35% SAG1 expression 

compared to wild-type parasites, which is on par with the best efficiency observed in mammalian 

systems (Fig 2-1G) (Coin et al., 2013; Sakamoto et al., 2002). Therefore, Azi can be imported into 

the parasite’s cytoplasm and efficiently incorporated into a control protein in the context of amber 

suppression. 

 

Successful photoactivatable crosslinking using the UPRT homodimer  

 To determine if we could obtain UV-induced crosslinking of Azi in Toxoplasma, we 

employed the protein uracil phosphoribosyltransferase (UPRT), which forms a homodimer as 

revealed by the crystal structure (PDB: 1BD4, 1JLR) (M. A. Schumacher et al., 1998; Maria A. 

Schumacher et al., 2002). UPRT was also selected because it is a small cytoplasmic protein that is 

produced in abundance yet is not essential for parasite survival. The major region for dimer 

stabilization was reported to be a hydrophobic β-arm between residues 82 to 103. Within this 

region, we chose leucine 92 and tyrosine 96 for amber substitution (L92 and Y96) based on their 
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polarity and orientation towards the partner subunit (Fig 2-2A). The L92 and Y96 mutants were 

engineered in an HA tagged UPRT construct, which localized to the cytoplasm upon addition of 

Azi to the media, as expected (Fig 2-2B). In addition, to demonstrate that any potential crosslinked 

products observed by western blot are indeed due to a covalently bound homodimer, we also 

expressed a Myc-tagged wild type copy of UPRT, which should not be crosslinked unless bound 

to an activated Azi-containing UPRT-HA monomer (Fig 2-2C). To assess crosslinking, 

extracellular parasites were irradiated with 365 nm UV light, lysed in sample buffer for SDS-

PAGE, and probed with anti-HA and anti-Myc antibodies. We observed upshifted signals 

corresponding to crosslinked species in both UPRT-HA Azi mutants, whereas the wild type 

UPRT-HA control does not form appreciable signal other than nonspecific background (Fig 2-

2D). The same upshifts are observed in the anti-Myc blot indicating the products are bona fide 

crosslinked homodimers (Fig 2-2E). The discrepancy in migration between L92 and Y96 is likely 

to be a consequence of crosslinking to distinct regions of the partner subunit. The upshifts also do 

not correspond to a direct addition of constituent monomer masses, but instead tend to reflect a 

larger mass, again likely due to the aberrant SDS-PAGE migration of the nonlinearly crosslinked 

peptides. 

 

Characterization of potential posttranslational modifications of ILP1 

 Prior to applying this crosslinking technology to ILP1, we first aligned the protein sequence 

from model apicomplexans and identified regions of interest that may be responsible for its 

trafficking and function (S1 Fig). The Plasmodium ortholog of ILP1 is named PfG2 due to a 

conserved glycine at position 2 that is likely myristoylated and is essential for proper trafficking 

of the protein (Tremp et al., 2013). To assess whether this residue is similarly important in T. 
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gondii, we mutated the second position glycine to alanine (G2A) and expressed it as a second copy 

in the parasite. ILP1 also contains two cysteine-cysteine motifs that are weakly predicted to be 

palmitoylated by CSS-PALM (Ren et al., 2008), thus a quadruple C95S, C96S, C273S, C274S 

mutant (4Cys) was also generated. Surprisingly, both the G2 and 4Cys mutants appeared to 

correctly traffic to the IMC (S2B Fig). To determine if these sites were important for function, the 

endogenous copy of ILP1 was disrupted by CRISPR/Cas9 and the knockout was verified by IFA 

and PCR (S2A Fig). Quantification of plaque assays showed the 4Cys mutation did not have any 

significant effect on plaque formation, but the G2A mutant resulted in significantly smaller 

plaques, suggesting that myristoylation does play at least some role in ILP1 function (S2C Fig). 

PfG2 expressed in Toxoplasma unexpectedly localized to the cytoplasm and attempts to knockout 

the endogenous ILP1 in this background were not successful, indicating that the Plasmodium 

ortholog cannot complement Toxoplasma ILP1 (S2B Fig). 

 

Application of the UAA system to ILP1 and preliminary identification of its partners 

 As the posttranslational modification sites were not critical for ILP1, we suspected that 

interaction with other components of the IMC cytoskeleton played an important role in function.  

Phyre2 analysis reveals a potential N-terminal EF hand-like domain from residues 25-109 (Fig 2-

3A) (Kelley et al., 2015). However, this domain appears to be a degenerate EF hand domain that 

is unlikely to bind calcium. Intriguingly, COILS analysis indicates a potential coiled-coil domain 

in the C-terminal region of the protein (residues 129-230) (Fig 2-3B) (Lupas, 1997). Coiled-coil 

domains are alpha-helical assemblies that are involved in many protein binding-dependent 

functions such as vesicle transport and structural scaffolding, suggesting this region may be 

involved in ILP1 function (Lupas & Bassler, 2017). We first attempted co-immunoprecipitation 
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(co-IP) experiments to determine putative targets of ILP1. Due to the detergent-insoluble nature 

of ILP1, we employed extensive sonication to disrupt the cytoskeleton and release ILP1 for co-IP 

(Lorestani et al., 2012). Mass spectrometric analysis of the co-precipitated proteins revealed the 

IMC network-forming alveolins IMC1/3/4/6/10 as well as the glideosome-associated proteins 

MLC1 and GAP45 (S3 Fig). However, this approach was insufficient for determining direct 

partners, suggesting our UAA approach might better reveal direct interactions of ILP1. 

 To apply the UAA system to ILP1, we focused on the coiled-coil domain of the protein 

and used secondary structure and residue burial predictions to guide the construction of 14 amber 

mutants (Fig 2-3C: K130, E140, Q150, T152, Y160, Q168, Q170, T184, T187, I188, R194, A204, 

E209, K212). Each of the mutants were stably expressed in parasites containing the aminoacyl-

tRNA synthetase/tRNA cassettes and the strains were subjected to Azi incorporation and 

photocrosslinking. Western blot analysis of the irradiated parasites resulted in six appreciable 

crosslinked upshifts (strains Y160, Q168, T184, T187, I188, and E209) that appeared to represent 

three distinct migration patterns at ~65kDa, ~200kDa and ~140kDa (Fig 2-3D). 

 

Identification of IMC3 as a binding partner of ILP1 

To identify the shifted partners of ILP1, we investigated the possibility of a direct 

interaction between ILP1 and one of the alveolins, as several of these components of the IMC 

cytoskeleton were present in our IP data. IMC3, 6, and 10 are enriched in nascent daughter buds 

during endodyogeny similar to ILP1 (Dubey et al., 2017), and their sizes are consistent with the 

shifts observed for the two larger crosslinked products. However, IMC1 and IMC4 also represent 

good candidates even though these proteins are more equally present in daughter buds and 

maternal parasites. To determine if IMC3 was one of the larger products, we endogenously Myc-
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tagged this protein in the T184, T187, I188 and E209 UAA strains (Fig 2-4A). Unfortunately, 

potential crosslinked products in the western blot of whole cell lysates were not visible above 

background, preventing us from determining if IMC3 was the shifted partner. We thus used a 

denaturing IP approach, in which the IMC cytoskeleton was first disrupted by boiling in 1% SDS 

and then diluted to standard RIPA conditions for IP (Fig 2-4B). We were able to purify both 

uncrosslinked ILP1 and the shifted products as assessed by anti-HA staining (Fig 2-4C). Probing 

the eluates with anti-Myc antibodies showed that IMC3 was indeed crosslinked to ILP1 in the 

T184, T187, and I188 strains, but not the E209 strain. This result demonstrates that ILP1 binds to 

IMC3 in the IMC cytoskeleton and maps the IMC3 binding interface on ILP1. 

 

The C-terminal region of IMC3 is necessary for ILP1 crosslinking. 

 We were interested to determine which region of IMC3 binds to ILP1 via residues T184, 

T187, and I188. The alveolin domain of IMC3 has been shown to be sufficient for targeting to the 

IMC, enabling this region to be tested as a binding partner using the UAA system (Anderson-

White et al., 2011). We thus generated V5 epitope tagged expression constructs of the alveolin 

domain alone (IMC3A) and the alveolin domain plus the C-terminal region of the protein (IMC3AC) 

to determine if these would crosslink to ILP1 (Fig 2-5A). While the IMC3 alveolin domain alone 

can direct the protein to the IMC as described, we also noticed some diffuse cytoplasmic staining. 

Complete trafficking to the IMC appears to be restored when the C-terminal region is included, 

demonstrating that this portion of the protein also plays a role in proper localization to the IMC. 

Upon Azi crosslinking in the T187 strain, IMC3A did not form an additional shifted ILP1 product, 

indicating that this region is not sufficient for binding to T187 (Fig 2-5B). However, the IMC3AC 

construct did result in a new smaller crosslinked product at the expected size for this IMC3 
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truncation. IP of ILP1 again showed the smaller product only in the IMC3AC strain (Fig 2-5C). 

Probing with V5 revealed that this new shifted product is indeed IMC3AC. We additionally pulled 

down IMC3AC using anti-V5 IP and observed that this co-precipitated crosslinked ILP1 (Fig 2-

5D). This result suggests that ILP1 binds to the C-terminal region of IMC3, downstream of the 

alveolin domain. 

 

ILP1 crosslinks to IMC6 at residue E209 

To identify the protein crosslinked at residue E209, we examined the predicted sizes of the 

other alveolins for likely candidates. IMC4 and IMC6 have a smaller theoretical mass compared 

to IMC3, which may be reflected in the faster migrating upshift. We therefore tagged IMC4 and 

IMC6 with 3xMyc tags in the E209 strain and also in the T187 strain as a negative control (as this 

residue binds IMC3). Interestingly, the ILP1 E209 shifted product migrated slightly slower in the 

IMC6-3xMyc strain compared to those tagged for IMC3 and IMC4, indicating that IMC6 is likely 

the crosslinked partner (Fig 2-6A). In the T187 strains, a slight shift can also be detected when 

IMC3 was tagged, but the relative shift was less apparent due to the overall larger masses. 

Denaturing co-IPs were then performed to verify that IMC6 is the E209 crosslinked partner (Fig 

2-6B). Anti-Myc staining demonstrated that E209 is indeed covalently crosslinked to IMC6, 

confirming this second interaction of ILP1 with an alveolin in the cytoskeleton. 

 

The N-terminal region of IMC6 is necessary for crosslinking to ILP1 

Having shown that ILP1 binds to the C-terminal region of IMC3, we attempted similar 

domain mapping experiments with IMC6. We again generated V5 tagged constructs of the alveolin 

domain alone (IMC6A) or alveolin plus the C-terminal region (IMC6AC, Fig 2-7A). Curiously, the 
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diffuse localization in the maternal cytoplasm occurred in both the IMC6A and IMC6AC strains. 

Neither of these truncations resulted in an additional crosslinked product, by western blot of either 

whole cell lysates or immunoprecipitations (Fig 2-7B-D). Instead, proper staining at the parasite 

periphery was observed when the N-terminal portion of IMC6 was added to the alveolin domain 

(IMC6NA, 2-Fig 7E). ILP1 E209 Azi incorporation and photocrosslinking in this background 

resulted in a new upshifted product of the anticipated size for IMC6NA (Fig 2-7F). This interaction 

was confirmed by denaturing IP as performed above. Together, this data indicates that the ILP1 

binding site resides within the N-terminal region of IMC6. 

 

IMC27 is the third ILP1 binding partner 

 None of the alveolins were candidates for the lower molecular weight product identified 

by Y160 and Q168, thus we performed a large scale crosslinking and IP experiment to identify the 

partner at these residues. As Y160 showed more robust crosslinking, this strain was expanded for 

a large scale denaturing IP and the eluted proteins were separated by SDS-PAGE and viewed by 

Coomassie staining (Fig 2-8A). Proteins within the gel slice corresponding to the upshifted species 

were identified by LC-MS/MS (S4 Table). As expected, ILP1 was the top hit in the spectrum, and 

the second most abundant protein identified was IMC27, a protein we previously identified using 

in vivo biotinylation in the IMC (Chen et al., 2017). Detergent fractionation revealed that IMC27 

is a component of the IMC cytoskeleton similar to ILP1 (Fig 2-8B), and the protein migrates at 

~26 kDa (including a ~5 kDa epitope tag), potentially agreeing with the observed crosslink size. 

To confirm this interaction, IMC27 was endogenously 3xMyc tagged and this strain was 

transfected with the synthetase/tRNA and either ILP1 Y160 or Q168 constructs. IMC12 was also 

3xMyc tagged in the Y160 strain as a negative control. Western blot analysis showed a distinct 
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difference in migration between IMC27 tagged and untagged lines, indicating that IMC27 is the 

partner at these residues (Fig 2-8C). Denaturing IPs demonstrated that the shifted product stains 

with both HA (ILP1) and Myc (IMC27) antibodies, confirming that IMC27 is the crosslinked 

partner (Fig 2-8D). Intriguingly, while ILP1 and its partners IMC3 and IMC6 are all enriched in 

daughter buds, IMC27 is completely restricted to the maternal IMC (Fig 2-8E). Thus, the 

interaction between ILP1 and IMC27 is likely to only occur in maternal parasites following the 

completion of replication. 

 

2.4 - Discussion 

The implementation of a photoactivatable UAA crosslinking system in T. gondii enables a 

new tool for studying protein-protein interactions that govern parasite-specific biology. Mutant 

proteins containing the photoreactive UAA Azi are produced in vivo, ensuring proper folding and 

localization of target complexes in their native cellular environment. This avoids the disadvantages 

encountered in exogenous protein interaction techniques such as recombinant expression and yeast 

two-hybrid screens, where artificial experimental conditions may disrupt legitimate associations 

or form false positives. Unlike more traditional chemical crosslinkers that employ a spacer arm, 

Azi is considered a zero-length crosslinker and therefore requires proper positioning of amber stop 

codon substitution near a binding interface to obtain crosslinking. While amber stop codon 

positioning can be challenging, successful crosslinking not only identifies the interacting partner 

but also maps the precise interaction domain on the bait protein, thereby providing more structural 

information of a complex compared to alternative protein-protein interaction approaches. 

A common concern for expanding the genetic code for UAAs is the appropriation of a stop 

codon. When initially developed in E. coli, the system was designed to use the amber stop codon 



49 
 

as it is the least frequent (~7%) of the three nonsense codons (Wals & Ovaa, 2014). While T. gondii 

exhibits a more uniform stop codon distribution (Nakamura et al., 2000), we were able to obtain 

robust incorporation and reproducible crosslinking patterns with our proteins of interest, indicating 

that apprehensions regarding nonspecific incorporation or crosslinking are unwarranted. This is 

likely because Azi located at the C-terminus of the majority of proteins would rarely reside in a 

binding interface required for the zero-length crosslinker. In addition, background derived from 

undesired Azi incorporation and photocrosslinking of endogenous proteins would not be observed 

by western blot unless these proteins were to somehow nonspecifically crosslink to our bait 

protein. A related concern is that Azi incorporation into endogenous proteins terminating with 

amber codons could result in the C-terminal extension of polypeptides during translation and 

disruption of proper termination. In our experience, prolonged exposure to Azi during growth does 

result in slower growth and ultimately cellular arrest similar to prior observations using an 

alternative UAA (Wier et al., 2015), but this is not a significant issue as the parasites are collected 

and processed within 24 hours of induction. Of the four proteins discussed (ILP1, IMC3, IMC6, 

and IMC27), the endogenous IMC3 gene terminates in an amber stop codon, but the effect of 

nonspecific Azi incorporation was not considered as this amber codon was changed to an ochre 

stop codon (TAA) in the process of C-terminal endogenous epitope tagging. 

Our SAG1 and UPRT controls demonstrate efficient incorporation and crosslinking of Azi 

in target proteins of T. gondii. We initially chose an aromatic amino acid replacement in SAG1 

(F2 to Azi) to limit any potential loss-of-function. However, our later experiments revealed that 

proteins generally appear to tolerate the single amino acid changes well, regardless of the 

properties of the residue being substituted. The risk of disrupting more critical residues is also 

mitigated by testing multiple mutants within a candidate interaction domain. To assess 
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crosslinking, we utilized UPRT due to the available crystal structure and an understanding of its 

homodimer formation dynamics, guiding us toward the placement of amber codons at L92 and 

Y96. Both mutants generated SDS-PAGE upshifted products upon exposure to UV light, which 

were verified as homodimers using an alternatively tagged copy of UPRT. We observed that the 

migration of upshifted products is consistently slower than the combined mass of the partners and 

may vary depending on crosslinking site. Similar aberrations in migration in Azi crosslinked 

samples have been observed in other systems (Coin et al., 2013; Mehnert et al., 2014; Takimoto et 

al., 2009).  

The challenges of studying protein-protein interactions in the IMC are reflected in our 

initial ILP1 co-IP, where we identified several IMC proteins but were not able to determine 

meaningful interactions. The UAA system overcomes these challenges and enables determination 

of precise interactions within the rigid cytoskeletal meshwork of the IMC. The small size and 

distinct coiled-coil region of ILP1 provided a reasonable area to test for interactions via Azi 

crosslinking. None of the point mutations appeared to affect IMC trafficking, but differences in 

the efficiency of Azi incorporation among the different mutants were observed by western blot, 

suggesting that some substitutions are better tolerated than others (Fig 2-3). As the alveolins are 

believed to compose the cytoskeletal foundation through formation of intermediate filament-like 

polymers, those that shared similar localization patterns to ILP1 (IMC 3/6/10) were top candidates 

for binding partners. We demonstrated direct crosslinking of ILP1 to both IMC3 and IMC6, 

providing the first insight into the organization of the alveolar network. When verifying these 

interactions, we found that the denaturing co-IP procedure was particularly useful for reducing 

nonspecific background and also dramatically reducing undesirable amounts of uncrosslinked prey 

that otherwise confounded our western blot results. Like UPRT, the ILP1 upshifts consistently 



51 
 

migrated slower than anticipated, but unlike the control, the crosslink clusters seemed to migrate 

similarly, possibly due to the linear nature of the coiled-coil domain. The binding sites on ILP1 

are relatively close to each other and whether one ILP1 molecule can simultaneously bind to both 

partners remains unclear. We constructed a T187/E209 double Azi mutant in an attempt to 

determine if a trimeric complex was possible, but lower UAA incorporation in this mutant and the 

large expected mass made the results inconclusive. 

Our IMC3 and IMC6 deletion analyses also demonstrated that the C-terminal region of 

IMC3 downstream of the alveolin domain and the N-terminal region of IMC6 upstream of the 

alveolin domain are necessary for binding to ILP1. The improved localization to the IMC upon 

inclusion of these regions suggests that interaction with ILP1 enhances its association within the 

network. While these results strongly suggest that ILP1 binds to these domains of IMC3/6, we 

cannot exclude the possibility that our deletions alter how the proteins interact. Additional 

truncations of IMC3/6 are likely to isolate a sufficiently small region that would enable precise 

determination of the corresponding binding regions on IMC3 and IMC6 using the UAA system. 

 IMC27 was identified as the binding partner at residues Y160/Q168 of ILP1 using a large 

scale IP and LC-MS/MS peptide identification approach. Our success demonstrates that even 

though the abundance of crosslinked material is a fraction of the total amount of the purified bait 

protein, we can obtain yields that are adequate for mass spectrometric analysis. We explored the 

use of software such as Crossfinder, a tool for finding crosslinked peptides in a LC-MS/MS 

spectrum, to attempt to map the binding location of the prey, but this was unsuccessful (Mueller-

Planitz, 2015). This may be due to a particularly large region of IMC27 (residues 96-141, 28% of 

the total length) that lacks tryptic cleavage sites. Intriguingly, IMC27 localizes solely to the 

maternal IMC, indicating that there is a transition where ILP1 forms new interactions following 
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the maturation of the budding daughter IMC. Because our experiments were carried out using 

extracellular parasites, the binding of IMC3 and IMC6 are also likely occurring in the maternal 

IMC. However, the precise colocalization of ILP1, IMC3 and IMC6 throughout the cell cycle 

suggests that these associations are likely to occur in both the maternal and daughter IMC. Future 

experiments comparing intracellular and extracellular parasites will help distinguish events that 

occur in the daughter and maternal IMC. 

 The interactions of ILP1 and its binding partners also begin to unravel how each are 

differently utilized in the Toxoplasma and Plasmodium IMC. In Toxoplasma, ILP1 is essential and 

its alveolin partners IMC3 and IMC6 are predicted by genome-wide CRISPR studies to be very 

important or essential as well (Sidik et al., 2016). In contrast, both PfG2 and PfIMC1h 

(Toxoplasma IMC3) can be disrupted, resulting in similar morphological changes in ookinetes and 

sporozoites that suggest these partners play important, but not essential, roles in organizing the 

IMC cytoskeleton (Tremp et al., 2013; Volkmann et al., 2012). Unlike IMC3, IMC6 (PfIMC1k) 

and IMC10 (PfIMC1j) appear to be essential or important for growth in both apicomplexans 

(Zhang et al., 2018), indicating a more conserved role in maintaining IMC integrity. Interestingly, 

Toxoplasma IMC27 is predicted to be dispensable while its Plasmodial ortholog PF3D7_0518900 

is considered to be either essential or important for growth, suggesting that there is additional 

functional divergence in the IMC between these apicomplexans. Overall, these comparisons 

indicate that Toxoplasma relies on ILP1 and its binding partners for structural support of the IMC 

to a greater degree compared to Plasmodium. 

 To our knowledge, this is the first use of photoreactive crosslinkers by expansion of the 

genetic code in any protozoan. We have demonstrated that site-specific crosslinking using Azi can 

be used to decipher the interactions of ILP1 within the IMC, and we anticipate successful 
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application towards other IMC proteins such as the alveolins to further determine the organization 

of this organelle. Intriguingly, a recent proteomic analysis of the microtubule-based conoid has 

revealed that many of its constituent proteins have coiled-coil domains, making this compartment 

another good candidate for our system. Alternative regions of ILP1, such as the N-terminal EF-

hand domain, are also open for investigation. Assuming the UAA system is applicable to other 

protozoans, photoreactive crosslinkers also would be excellent tools for probing other unique 

structures such as the flagellar pocket of trypanosomes, the axostyle of trichomonads, or the ventral 

disc of Giardia (Benchimol, 2004; Brown et al., 2016; Nosala et al., 2018; Perdomo et al., 2016; 

Vaughan & Gull, 2016). 

 

2.5 - Materials and Methods 

Toxoplasma gondii and host cell culture  

Parental T. gondii RHΔhxgprt and subsequent strains were grown on confluent monolayers 

of human foreskin fibroblasts (HFF) at 37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium 

(DMEM) supplemented with 5% fetal bovine serum (Gibco), 5% Cosmic calf serum (Hyclone), 

and 1X penicillin-streptomycin-L-glutamine (Gibco). Constructs containing selectable markers 

were selected using 1 µM pyrimethamine (DHFR-TS), 50 µg/mL mycophenolic acid-xanthine 

(HXGPRT), or 40 µM chloramphenicol (CAT) (Donald et al., 1996; Donald & Roos, 1993; K. 

Kim et al., 1993). Homologous recombination to the UPRT locus was negatively selected using 5 

µM 5-fluorodeoxyuridine (FUDR) (Donald & Roos, 1995). 
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Plasmid construction and mutagenesis 

Sequences for E2AziRS and cognate amber suppressor tRNA (Bst-Yam) were obtained 

from pIre-Azi3 (Coin et al., 2013; Takimoto et al., 2009). Primers P1/P2 were used to amplify 

E2AziRS with NsiI/PacI overhangs and a C-terminal Ty1 epitope tag. This product was ligated 

into pGRA-HA-HPT (Saeij et al., 2006) to drive constitutive expression from the GRA1 promoter 

and enable stable integration with HXGPRT (pGra-E2AziTy.HPT). The tRNA cassette was 

generated by synthesizing a gBlock gene fragment (IDT) consisting of the 82 bp Bst-Yam tRNA 

sequence flanked by a portion of the T. gondii U6 promoter and poly-thymine RNA polymerase 

III terminator as described (Sidik et al., 2014), with AvrII/XbaI restriction sites (S6 Text). This 

insert was ligated into AvrII/XbaI-digested pU6-Universal to restore the complete U6 cassette, 

replacing the CRISPR/Cas9 gRNA scaffold with Bst-Yam. The cassette (TgU6-tRNACUA) was 

amplified with P3/P4 to incorporate 5’ Acc65I-XhoI and 3’ SalI-BglII-XbaI restriction sites and 

subcloned into the pJET1.2/blunt vector (ThermoFisher). Triple tandem cassettes were constructed 

as previously described (Coin et al., 2013). Briefly, a XhoI/SalI-flanked TgU6-tRNACUA insert 

was ligated into a SalI-linearized TgU6-tRNACUA pJET vector using complementary ends. This 

was iterated to double and triple tandem copies of the tRNA cassette, confirming orientation of 

each cassette by diagnostic digests. The triple cassette was excised with Acc65I/BglII and ligated 

into pGra-E2AziTy.HPT to obtain the final construct pGra-E2AziTy.HPT.tRNAx3.  

 The following plasmids were all generated in a similar fashion by ligating a gene of interest 

using NsiI/PacI overhangs into a modified pGRA-HA-HPT backbone (Saeij et al., 2006). First, 

HXGPRT was replaced with a DHFR cassette amplified from p3xHA.LIC-DHFR (Huynh & 

Carruthers, 2009; Konrad et al., 2011) using primers P5/P6 and cloning via HindIII/NgoMIV. 

SAG1 (TgGT1_233460) was amplified from RH genomic DNA using primers P7/P8, which 
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flanked the gene with NsiI/PacI sites and mutated the second codon TTT to the amber stop codon 

TAG, which appears as the third codon due to the NsiI site (the correct start of the gene begins 

with the sequence MFPKAV...). The UPRT coding sequence was amplified from RH cDNA either 

with an N-terminal c-Myc tag (P9/P10) or a C-terminal HA tag (P11/P12) and ligated to obtain 

pGRA-Myc-UPRT_wt.DHFR and pGRA-UPRT-HA_wt.DHFR. Amber mutations L92* and 

Y96* were generated in pGRA-UPRT-HA_wt.DHFR using the Q5 Site Directed Mutagenesis kit 

(New England Biolabs) using primers P13/P14 and P15/P16. The mutant UPRT-HA cassettes were 

amplified with NotI/PciI flanks (P17/P18) and ligated into pJET1.2/blunt. The cassette was excised 

with NotI and ligated into NotI-linearized pGRA-Myc-UPRT_wt.DHFR to obtain the final double 

Myc-UPRT/UPRT-HA expression vectors. 

 An ILP1 expression construct was assembled with the endogenous promoter driving ILP1 

with a C-terminal 3xHA epitope tag and a DHFR marker (pILP1-3xHA_wt.DHFR). ILP1 amber 

mutants were generated using this parent vector using the Q5 Mutagenesis kit using primers P19-

46. For IMC3 and IMC6 truncations, a UPRT locus knockout plasmid template with an ILP1 

promoter and V5 C-terminal epitope was used for Gibson assembly. This vector was amplified 

with Q5 Hot Start polymerase (NEB) using primers P47/48. Coding sequences of the IMC3 and 

IMC6 truncations were amplified with Q5 polymerase using the online NEBuilder 

(https://nebuilder.neb.com) tool to append compatible Gibson overhangs. P49/P50 were used for 

amplifying IMC3 alveolin only, P49/P51 for IMC3 alveolin and C-terminus, P52/P53 for IMC6 

alveolin only, P52/P54 for IMC6 alveolin and C-terminus, and P53/P55 for IMC6 N-terminus and 

alveolin domains. Purified amplicons were used to generate the final constructs using the 

NEBuilder HiFi DNA Assembly kit (NEB). The plasmids were linearized using DraIII or XmnI 
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(NEB), transfected into endogenously tagged IMC3-3xMyc or IMC6-3xMyc RHΔhxgprt 

parasites, and selected for recombination at the UPRT locus using FUDR. 

 

Antibodies 

The hemagglutinin (HA) epitope was detected with mouse monoclonal (mAb) HA.11 

(BioLegend) or rabbit polyclonal (pAb) anti-HA (Thermo Fisher). The Ty1 epitope was detected 

with mouse mAb BB2 (Bastin et al., 1996). The c-Myc epitope was detected with mouse mAb 

9E10 (Evan et al., 1985) or rabbit pAb anti-Myc (Thermo Fisher). The V5 epitope was detected 

with mouse mAb anti-V5 (Thermo Fisher). Toxoplasma-specific antibodies include rabbit pAb 

anti-SAG1 (Dunn et al., 2008), mouse mAb anti-IMC1 (Wichroski et al., 2002), mouse pAb anti-

ISP3 (Beck et al., 2010), and mouse mAb anti-ROP7 (Rome et al., 2008). Production of rat pAb 

anti-ILP1 and rabbit pAb anti-IMC6 is described below. 

 

Immunofluorescence assay and western blot 

HFF were grown to confluence on glass coverslips and infected with T. gondii. After 18-

36 hours, the coverslips were fixed with either 3.7% formaldehyde in PBS or 100% methanol and 

processed for immunofluorescence as described (Bradley et al., 2005). Primary antibodies were 

detected by species-specific secondary antibodies conjugated to Alexa Fluor 488/594 (Thermo 

Fisher). Coverslips were mounted in Vectashield (Vector Labs) and viewed with an Axio 

Imager.Z1 fluorescent microscope (Zeiss). 

For western blot, parasites were lysed in 1x Laemmli sample buffer with 100 mM DTT 

and boiled at 100°C for 10 minutes. Lysates were resolved by SDS-PAGE, transferred to 

nitrocellulose membranes, and proteins detected with the appropriate primary antibody and 
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corresponding secondary antibody conjugated to horse radish peroxidase. Chemiluminescence was 

induced using the SuperSignal West Pico substrate (Pierce) and imaged on a ChemiDoc XRS+ 

(Bio-Rad). Quantification of western blot signal was performed with Image Lab software. 

 

Detergent extraction assay 

 Detergent solubility of IMC27 was assessed as previously described (Chen et al., 2015). 

Briefly, IMC27-3xHA tagged parasites were collected and lysed in a 1% Triton X-100, 50 mM 

Tris-HCl pH 7.4, 150 mM NaCl buffer supplemented with Complete Protease Inhibitor Cocktail 

(Roche) and incubated on ice for 30 minutes. Lysates were centrifuged, and equivalent loads of 

the total, supernatant, and pellet samples were run on SDS-PAGE and immunoblotted, using IMC1 

as the insoluble control and ISP3 as the soluble control. 

 

Endogenous epitope tagging of genes of interest. 

 For C-terminal endogenous tagging, a pU6-Universal plasmid containing a protospacer 

against the 3’UTR of the gene of interest ~100 bp downstream of the stop codon was generated as 

previously described (Sidik et al., 2014). A homology directed repair (HDR) template was PCR-

amplified using the Δku80-dependent LIC vectors (e.g. p3xHA.LIC-DHFR, p3xMyc.LIC-CAT) 

which includes the epitope tag, 3’UTR, and selection cassette. The 60bp primers include 40 bp of 

homology immediately upstream of the stop codon or 40 bp of homology within the 3’UTR 

downstream of the CRISPR/Cas9 cut site. This template was amplified in a total of 400 µL, 

purified by phenol-chloroform extraction, precipitated in ethanol, and electroporated into 

RHΔhxgprt parasites along with 100 µg of the sequence-verified pU6-Universal plasmid. 

Transfected cells were allowed to invade a confluent monolayer of HFF and appropriate selection 
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was applied the following day. Successful tagging was monitored by IFA and clonal lines of 

properly tagged parasites were obtained through limiting dilution. IMC3 was C-terminally tagged 

with this process using gRNA and HDR primers P56-59, IMC4 using P60-63, IMC6 using P64-

P67, IMC12 using P68-71, and IMC27 using P72-75. 

 

In vivo photocrosslinking of protein complexes 

 Parasites expressing the synthetase/tRNA cassette and mutant protein of interest constructs 

were allowed to infect HFFs overnight at a multiplicity of infection of ~3 and the growth medium 

was replaced with fresh medium supplemented with 1 mM Azi (Bachem). Following a 24-hour 

incubation period and lysis of the host cells, extracellular parasites were collected by centrifugation 

and resuspended in an adequate volume of PBS for UV irradiation (~107 parasites per mL of PBS, 

in tissue culture plates). The plates containing resuspended parasites were floated on an iced water 

bath and placed without lids in a Spectrolinker XL-1000 UV crosslinker (Spectroline) equipped 

with 365 nm (UV-A) bulbs. Parasites were irradiated for 20 minutes with periodic mixing using a 

micropipette. The cells were then collected by centrifugation and lysed for either co-

immunoprecipitation or directly in sample buffer for SDS-PAGE. 

 

Co-immunoprecipitation (co-IP) 

 Traditional co-IP was carried out as previously described (Beck et al., 2010). For 

denaturing co-IP of crosslinked proteins, irradiated parasites were lysed in a 1% SDS/50 mM Tris 

pH 8.0/150 mM NaCl buffer and boiled at 100°C for 10 minutes to completely denature protein 

complexes. The lysate was centrifuged, and the supernatant was diluted ten-fold to RIPA 

conditions prior to IP. Precipitated proteins are either eluted in sample buffer or by high pH with 
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a 100 mM triethylamine solution and dried using a vacuum concentrator. Colloidal Coomassie 

staining was accomplished using GelCode Blue Stain (ThermoScientific). Gel slices were excised 

and processed for mass spectrometry. Immunoprecipitations were performed using rat anti-HA 

(Roche) or mouse anti-V5 (Sigma) agarose beads. 

 

Characterization of ILP1 acylation mutants and PfG2 complementation 

 ILP1 acylation mutants were generated using pILP1-3xHA_wt.DHFR as a template. For 

the G2A mutant, the ILP1 promoter and N-terminal region was amplified using primers P76/P77, 

incorporating the desired mutation. This fragment was ligated using HpaI/HindIII to the vector 

digested with EcoRV/HindIII. For the C95S, C96S, C273S, C274S (4Cys) mutation, the C95S, 

C96S mutant was made using the Q5 Site-Directed Mutagenesis kit with primers P78/P79. The 

4Cys mutant was then constructed by amplifying the C95S, C96S template with primers P80/P81, 

which incorporates the C-terminal C273S and C274 mutations, and cloned using HpaI/NotI. The 

codon optimized PfG2 coding sequence gBlock (S6 Text) was synthesized and incorporated into 

an ILP1 promoter expression construct. 

 The HA epitope tag in pUPRTKO-HA plasmid (Reese et al., 2011) was replaced with a 

V5 tag by digesting the vector with NotI/PacI and ligating NotI-V5-PacI annealed oligos P82/P83. 

This vector was then digested with NheI/NotI, and the ILP1 promoter along with the wild-type, 

G2A, and 4Cys ILP1 mutants or PfG2 gene were ligated with the same sites. The final pUPRTKO-

V5 constructs were linearized with DraIII and transfected into ILP1-3xHA DHFR 

RHΔhxgprtΔku80 parasites, and expression of the mutants was confirmed by IFA. Clonal lines 

were then transfected with a NcLiv GRA7 driven HXGPRT HDR knockout template with flanking 

homology to the endogenous ILP1 locus (Chen et al., 2017), and the pU6-Universal plasmid 
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against a protospacer within the first intron of the genomic sequence (P84-87). After selection, 

loss of endogenous ILP1-3xHA expression was confirmed by IFA. Genomic DNA was extracted 

using the PureLink Genomic DNA kit (Invitrogen) and successful knockouts were confirmed by 

PCR using P88/P89 spanning two introns, and P90/P91 spanning the ILP1 promoter/NcGra7 

promoter interface. 

 Plaque assay of the ILP1 complementation mutants was performed as previously described 

(Nadipuram et al., 2016). 6-well plates were seeded with HFF and allowed to reach confluency. 

100-600 parasites were added per well and allowed to grow for 7 days. The monolayers were fixed 

with 100% methanol for 3 minutes, washed with PBS, and stained for visualization. The areas of 

50 plaques per condition were quantified with the ZEN 2 software (Zeiss). Significance levels 

were calculated by unpaired t-test. 

 

Antibody production 

The complete coding sequences for ILP1 and IMC6 were cloned into the pET His6 TEV 

LIC bacterial expression vector (a gift from Scott Gradia, Addgene plasmid #29653), using primers 

P92-95. The constructs were transformed into BL21(DE3) E. coli, and proteins were induced with 

1 mM IPTG and purified using Ni-NTA agarose under denaturing conditions as described (Bradley 

et al., 2005). The samples were then dialyzed into PBS to remove the urea and rat or rabbit antisera 

were produced by Cocalico Biologicals. 

 

Tandem mass spectrometry 

The protein mixtures were reduced, alkylated, and digested by the sequential addition of 

trypsin and Lys-C proteases. Samples were then desalted using Pierce C18 tips, eluted in 40% 
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acetonitrile, and dried and resuspended in 5% formic acid. Desalted samples were separated on 

C18 reversed phase (1.9 μM, 100A pores, Dr. Maisch GmbH) columns, packed with 25 cm of 

resin in a 75 μM inner diameter fused silica capillary. Digested peptides were fractionated online 

using a 140-minute water-acetonitrile gradient with 3% DMSO ionized using electrospray 

ionization by application of a distal 2.2 kV. 

Upon electrospray ionization at 2.2 kV, ionized peptides were interrogated via tandem 

mass spectrometry (MS/MS) in a Thermo Orbitrap Fusion Lumos. For discovery acquisitions, 

Data-Dependent Acquisition (DDA) was utilized with an MS1 scan resolution of 120,000 and MS2 

resolution of 15,000 and a cycle time of 3 seconds. Data analysis was performed using the 

Integrated Proteomics Pipeline 2 (Integrated Proteomics Applications, San Diego, CA). MS/MS 

spectra were searched using the ProLuCID algorithm and peptide-to-spectrum matches (PSMs) 

were organized and filtered based on decoy database-estimated false discovery rate of <1% using 

the DTASelect algorithm. Database searching was performed using a FASTA protein database 

containing T. gondii GT1 translated ORFs downloaded from ToxoDB on 2-23-2016. Label free 

intensity-based quantitation (LFQ) of the LC-MS/MS data was carried out by MS1 feature 

detection using chromatographic peak areas for peptide abundance through MaxQuant software 

package v.1.6.3.3 (Cox & Mann, 2008). 
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2.7 – Figure and Table Legends 

Fig 2-1. Engineering the UAA system and demonstrating efficient incorporation of Azi in T. 

gondii. 

(A) Diagram showing the use of amber stop codon suppression to incorporate UAAs into a nascent 

peptide strand using the endogenous translation machinery. (B) Chemical structure of the 

photoreactive UAA p-azidophenylalanine (Azi). Exposure of Azi to UV-A (365 nm) ultraviolet 

light causes the azide group to irreversibly form a reactive nitrene intermediate, which forms 

covalent crosslinks with proximal proteins. (C) Construct showing the Ty1-tagged aminoacyl-

tRNA synthetase (E2AziRS) driven by the constitutively active GRA1 promoter and three tandem 

cassettes of the cognate amber suppressor tRNA driven by the RNA polymerase III-specific U6 

promoter. (D) IFA showing that stably expressed E2AziRS localizes to the parasite cytoplasm as 

expected. Green: mouse anti-Ty1. (E) Construct showing the SAG1 gene driven by the GRA1 

promoter, in which the second amino acid F2 has been mutated to an amber codon. (F) IFA 

showing RHΔhxgprtΔsag1 parasites stably transfected with the synthetase/tRNA and SAG1 

constructs. E2AziRS expression is confirmed by anti-Ty1 staining. Without Azi in the growth 

medium, SAG1 is not detected due to the in-frame stop codon. Upon addition of Azi, robust 

expression of SAG1 is observed trafficking properly to the cell periphery. Red: rabbit anti-SAG1 

antibody, green: mouse anti-Ty1 antibody. (G) Western blot of whole cell lysates shows SAG1 

only when Azi is added to the medium. Quantification of the chemiluminescence intensity 

indicates that ~35% expression of the mutant SAG1 by amber suppression can be obtained 

compared to endogenous SAG1. 
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Fig 2-2. Site-specific crosslinking of UPRT in T. gondii. 

(A) The UPRT homodimer is stabilized by a β-arm (darker pink, structure adapted from PDB entry 

1BD4). L92 and Y96 were chosen for Azi substitution based on orientation towards the other 

subunit in the crystal structure. (B) IFA showing cytoplasmic localization for parasites expressing 

the Y96 mutant UPRT-HA upon addition of Azi. Red: mouse anti-HA. (C) Schematic for UPRT 

dimer formation using a second copy of UPRT with a Myc tag. UPRT proteins will assemble as 

either HA/HA or Myc/Myc homodimers, or a HA/Myc heterodimer. As the Myc-tagged 

monomers lack Azi, they should be crosslinked only when bound to an Azi-containing UPRT-HA 

partner. (D) Anti-HA western blot of UPRT crosslinking using strains expressing the 

synthetase/tRNA and either WT, L92, or Y96 UPRT-HA. Uncrosslinked UPRT migrates at 27 

kDa (blue arrow). A small amount of UPRT is observed without Azi, indicating nonspecific 

incorporation of other amino acids can occur, but this material is low abundance and lacks 

crosslinking ability. In the +Azi/+UV conditions, shifted products can be observed for both L92 

and Y96 lines (red arrowheads), indicating successful crosslinking of a UPRT dimer. (E) 

Immunoblot of the UPRT crosslink samples with anti-Myc antibody verifies that the shifted 

products are covalently crosslinked UPRT homodimers. The Myc blot shows a lower relative 

efficiency of crosslinked to uncrosslinked material, presumably because the Myc-tagged 

monomers can only crosslink as the heterodimer, while the HA-tagged UPRT can crosslink as both 

the heterodimer and an HA/HA homodimer. 

 

Fig 2-3. Site-specific crosslinking of ILP1 reveals multiple potential binding partners. 

(A) Diagram of ILP1 showing an N-terminal putative EF-hand domain (grey) followed by a coiled 

coil domain (yellow). Also shown is the JPred secondary structure prediction of ILP1 revealing 
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alpha-helices (black bars) and beta-strands (white arrows) as well as buried residue prediction used 

for choosing likely exposed residues for amber substitution (Drozdetskiy et al., 2015). Also noted 

are the potentially myristoylated glycine at position two (teal) and tandem cysteine 

prenylation/palmitoylation motifs internally and at the extreme C-terminus (purple). Fourteen 

residues in ILP1 were chosen for amber mutagenesis to test for Azi-mediated crosslinking (green). 

(B) COILS prediction of ILP1, the window size refers to the number of residues used in the 

analysis. (C) Representative IFA of the Q168 ILP1 mutant containing Azi, which localizes 

properly to the parasite periphery. Red: rabbit anti-HA antibody, green: mouse anti-Ty1 antibody. 

(D) Western blot of the ILP1 Azi mutants after UV irradiation reveals three major crosslinked 

species (red arrowheads). A smaller upshift (~65 kDa) is observed for residues Y160 and Q168, 

with weak similar products for T152 and Q170. Residues T184, T187, and I188 exhibit a major 

band at approximately 200 kDa. E209 and K212 form a third upshift at approximately 140 kDa. 

Uncrosslinked ILP1 is denoted by the blue arrows (~35 kDa). 

 

Fig 2-4. IMC3 is a direct binding partner of ILP1. 

(A) ILP1-3xHA amber mutants yielding the two large upshifted bands (T184, T187, I188, and 

E209) were expressed in an endogenously tagged IMC3-3xMyc background that also contains the 

synthetase/tRNA pair. Following Azi addition and UV irradiation, the crosslinked species (black 

asterisks) can be reproduced in this strain. When probing for IMC3-3xMyc, a persistent high 

molecular weight background prevents confirmation of any potential upshift of IMC3. (B) Strategy 

for denaturing IP. Boiling in SDS disrupts the parasite’s cytoskeleton and protein-protein 

interactions of its components. The lysate is diluted to RIPA conditions for IP and only the target 

protein (red) and covalently attached partners (green) are purified. (C) Western blot analysis of 
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ILP1 denaturing IP. This eliminates the majority of the Myc background as well as most of the 

uncrosslinked IMC3 (blue arrow). Probing with anti-Myc shows reactivity with the crosslinked 

band for residues T184, T187, and I188, demonstrating that IMC3 is indeed the partner at these 

residues. In contrast, no Myc reactivity is seen for E209, indicating that this residue does not bind 

to IMC3. 

 

Fig 2-5. The C-terminal region of IMC3 is required for binding to ILP1 at T187. 

(A) Diagram and IFA of IMC3 truncations expressed in Toxoplasma to determine which region of 

IMC3 binds to ILP1 T187. In endogenously tagged IMC3-3xMyc parasites, regions corresponding 

to alveolin only (112-279, IMC3A) and alveolin plus C-terminus (112-538, IMC3AC) were tagged 

with V5 and localized. IMC3A partially mislocalizes to the maternal cytoplasm, suggesting that 

although the alveolin domain plays a role in IMC targeting, the inclusion of the C-terminal region 

of the protein improves IMC targeting similar to wild-type IMC3. Red: mouse anti-V5 antibody, 

green: rabbit anti-Myc antibody. (B) Western blot showing the high molecular weight product 

corresponding to a crosslinked full length IMC3 in parasites expressing either IMC3A or IMC3AC 

(top band). However, another smaller band (red arrowhead) is seen in the IMC3AC lysate, likely 

representing an ILP1/IMC3AC crosslinked product. (C) ILP1-3xHA T187 denaturing IP shows the 

same ILP1 shifted products seen in whole cell lysates (first panel), but an anti-V5 blot now clearly 

labels a band migrating at the same position as the new smaller anti-HA upshifted product (second 

panel, red arrowhead), demonstrating that this species corresponds to ILP1 T187 crosslinked to 

the IMC3AC. The light chain signal seen at 25 kDa obscures detection of residual uncrosslinked 

IMC3A. However, detecting the original ILP1 T187/IMC3 full length species in the anti-Myc blot 

(third panel) shows that IP in both IMC3A and IMC3AC conditions was successful. (D) Western 
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blot analysis of anti-V5 denaturing IP performed with the same strains. Both IMC3A and IMC3AC 

are robustly enriched, but crosslinked ILP1 is only obtained in the IMC3AC condition (first panel, 

red arrowhead). Some uncrosslinked IMC3-3xMyc is seen in the IP, likely reflecting interactions 

of this abundant alveolin in the lysate (third panel). 

 

Fig 2-6. IMC6 is another direct binding partner of ILP1. 

(A) Crosslinking of T187 and E209 in strains endogenously 3xMyc-tagged for IMC3, IMC4 or 

IMC6. Tagging of IMC6 results in slower migration for the E209 Azi crosslinked product 

compared to the IMC3/4-3xMyc lines, which can be attributed to the addition of the epitope tag. 

A subtle shift can also be seen in the T187/ IMC3-3xMyc strain (black asterisk), as IMC3 is the 

partner at this residue. (B) Denaturing ILP1 co-IP to verify the E209/IMC6 interaction using IMC6 

tagged parasites (T187, which binds IMC3, is used as a control). The anti-HA blot shows the 

expected crosslinked products in the tagged lines, but only the E209 product is detected with anti-

Myc, confirming the interaction with IMC6 (red arrowhead). Uncrosslinked IMC6, which was 

mostly removed by denaturation, is also present in both conditions (blue arrow). 

 

Fig 2-7. The N-terminal region of IMC6 is required for binding to ILP1 at E209. 

The experimental design mimics the one reported for IMC3 in Fig 2-6. (A) Alveolin only (128-

290, IMC6A) and alveolin plus C-terminus (128-444, IMC6AC) truncations tagged with a V5 

epitope were visualized. Both truncations localize to the growing daughter IMC, but also exhibit 

partial mislocalization in the maternal cytoplasm, which does not appear to be rescued with the 

addition of the C-terminal region. Red: mouse anti-V5 antibody, green: rabbit anti-Myc antibody. 

(B) Western blot of whole cell lysate showing uncrosslinked ILP1 and the original upshifted 
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species but no visible lower molecular weight band that would indicate crosslinking to the smaller 

size truncations. (C) ILP1-3xHA E209 denaturing IP enriches for ILP1 (first panel), but no upshift 

is observed in the anti-V5 blot (second panel), indicating that neither IMC6A nor IMC6AC is 

sufficient to crosslink to ILP1 at residue E209. The IMC6A band is obscured by antibody light 

chain cross-reactivity. The anti-Myc blot (third panel) confirms successful IP, as seen by the 

original ILP1 E209/IMC6 full length upshift. (D) Anti-V5 denaturing IP enriching for the IMC6 

truncations correspondingly lacks any ILP1-3xHA signal (first panel). (E) An N-terminus plus 

alveolin domain truncation of IMC6 (1-290, IMC6NA) appears to rescue localization like wild-type 

IMC6. Red: mouse anti-V5 antibody, green: rabbit anti-Myc antibody. (F) Anti-HA immunoblot 

of both whole cell lysate (first panel, red arrowhead) and after anti-HA denaturing IP (second 

panel, red arrowhead) reveals a smaller upshifted species (~90 kDa) for the IMC6NA strain, 

suggesting that ILP1 E209 is crosslinking to this mutant. Anti-V5 blot confirms that IMC6NA is 

detected at this molecular weight size (third panel, red arrowhead), demonstrating the identity of 

a ILP1 E209/IMC6NA crosslink. Anti-Myc blot confirms successful co-IP of the original IMC6 

upshift (fourth panel). 

 

Fig 2-8. Mass spectrometric identification of crosslinked proteins reveals IMC27 as an ILP1 

binding partner. 

(A) Western blot and Coomassie gel analyses of large scale denaturing IP of Y160. The region of 

gel containing the crosslinked ILP1 species (red arrowhead) was excised and processed for LC-

MS/MS peptide identification. (B) Detergent fractionation showing that IMC27 is firmly 

associated with the IMC cytoskeleton, like ILP1 (Lorestani et al., 2012). IMC1 is a control for the 

insoluble fraction whereas membrane-associated ISP3 is readily solubilizes upon detergent 
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extraction. (C) Photocrosslinking of Y160 and Q168 in strains endogenously 3xMyc tagged for 

IMC27 (or IMC12 as a control). Tagging of IMC27 results in slower migration of the crosslinked 

product compared to that of the IMC12 tagged strain, indicating IMC27 is the partner. The shifted 

products are also detected in the anti-Myc blot. (D) Denaturing IP shows the same pattern of shifted 

products for ILP1. Probing the samples with anti-Myc (for IMC29 or IMC12) confirms the higher 

migrating shifted product are IMC27 (red arrowhead), while uncrosslinked IMC27 is largely 

removed (blue arrow). IMC12-3xMyc is completely eliminated by denaturation. (E) IFA of 

IMC27-3xMyc parasites reveals that it localizes solely to the maternal IMC, indicating that 

interaction with ILP1 via Y160 and Q168 occurs within this subcompartment rather than the 

forming daughters. Red: mouse anti-Myc antibody, green: rat anti-ILP1 antibody. 
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Fig 2-1. Engineering the UAA system and demonstrating efficient incorporation of Azi in T. 

gondii. 
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Fig 2-2. Site-specific crosslinking of UPRT in T. gondii. 
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Fig 2-3. Site-specific crosslinking of ILP1 reveals multiple potential binding partners. 
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Fig 2-4. IMC3 is a direct binding partner of ILP1. 
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Fig 2-5. The C-terminal region of IMC3 is required for binding to ILP1 at T187. 
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Fig 2-6. IMC6 is another direct binding partner of ILP1. 
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Fig 2-7. The N-terminal region of IMC6 is required for binding to ILP1 at E209. 
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Fig 2-8. Mass spectrometric identification of crosslinked proteins reveals IMC27 as an ILP1 

binding partner. 
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2.8 - Supporting Information Legends 

Fig 2-S1. Alignment of ILP1 in representative apicomplexans. 

ILP1 is well conserved in coccidians, while the Plasmodium falciparum ortholog is more 

divergent. The likely myristoylated glycine at position 2 is conserved. Two putatively 

palmitoylated cysteine pairs are present in the Toxoplasma sequence at residues C95, C96 and 

C273, C274. The internal pair is present in Plasmodium, although missing in Eimeria, while the 

C-terminal pair is conserved in coccidians but only present as a single cysteine in Plasmodium. 

 

Fig 2-S2. Mutation of ILP1 putative post-translational modifications and Plasmodium G2 

localization. 

Loss of function mutations of the putative myristoylation (G2A) and palmitoylation (4Cys, C95S, 

C96S, C273S, C274S) sites were assessed by knocking in mutant copies to the UPRT locus and 

disrupting the endogenous ILP1 locus using CRISPR/Cas9. (A) Strategy and PCR analysis of 

endogenous ILP1 disruption. Knockouts were assessed by absence of amplification using intronic 

primers and positive amplification of the sequence between the ILP1 promoter and NcGra7 

promoter following HDR. (B) IFA showing that exogenous ILP1 WT, G2A, and 4Cys copies all 

localize normally to the parasite periphery. The Plasmodium G2 ortholog fails to localize properly 

and could not compensate for the endogenous ILP1 knockout. Red: mouse anti-V5 antibody, 

green: rabbit anti-IMC6 antibody. (C) Plaque assays of the ILP1 mutants following knockout of 

endogenous ILP1. The ILP1 G2A mutant has a slight but significant growth defect when compared 

to the ILP1 WT strain (~50% reduction). The 4Cys mutant does not have any growth disadvantage 

compared to control. 
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Fig 2-S3. Co-immunoprecipitation of ILP1 yields several known IMC proteins. 

(A) Representative silver stain of an anti-HA IP of ILP1-3xHA parasites performed after 

fractionation in 1% Triton-X 100 and extensive sonication of the pellet to solubilize the IMC 

cytoskeleton. RH parasites were used as a control. A gel slice containing a unique band (blue 

arrow) was excised and proteins were identified by mass spectrometry. Identified proteins included 

the alveolins and components of the glideosome. 

 

Table 2-S4. MaxQuant intensities of upshifted ILP1-Y160 band. 

Top 30 protein intensities calculated by MaxQuant of the excised band following ILP1-Y160 

crosslinking and large scale anti-HA IP. ILP1 and IMC27 are the top two proteins that are 

identified. 

 

Table 2-S5. List of primers used in chapter 2. 

 

Table 2-S6. List of synthesized gene fragments used in chapter 2. 
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Fig 2-S1. Alignment of ILP1 in representative apicomplexans. 

 

 

 

 

 

 

 

 

 

 

 

 

TgME49        1 MGQKLTVEERRNIKREVYMIYPGLEQQLEMAFTCHDLQHEGKLPYTTLEPIIRHLLMQYG 

NcLIV         1 MGQKLTVEERRNIKREVYMLYPGLEQQLEMAFTCHDLQHEGKLPYTTLEPIIRHLLMQYG 

EtHoughton    1 MGQSLTTQEKHNIKREIYTLYPGLEQQLEMAFSCHDIEGTLTLPYATLEPVIRHLLMQYG 

Pf3D7         1 MGQIS-SKEDEIEKQNIYATYPGLEQQLDMVFACHDISKQGKLSYKTVEMILRHFLMQCG 

 

 

TgME49       61 LIEYVTRFSDSEGCLDANQIRAELNEFGVNTG-GLCCGSSLTLEDFKSLAVIWLRKILDC 

NcLIV        61 LIEYVTRFSDSAGCLDANQVRAELNEFNVNTS-GLCCGSSLTLEDFKSLAVIWLRKILDS 

EtHoughton   61 LIEYVTRFSKESGALDPSHVRHELAEFGVATT-RLFGDANLNVDDFKSLAVVWLKKILDT 

Pf3D7        60 FMEYVCRFVDENGTLDLKHVSNYLSIKKLMYKLKCCGESMLTLDEMKELVIIFLKKISDT 

 

 

TgME49      120 HADDQAVWMAKLKAEQEEQAEAYTRAMREFQDTFTQQHALYQQGLQEQQKQINDWNKLLE 

NcLIV       120 HADDQAVWMSKLKAEQEEQAEAYTRAMREFQETFTQQHALYQQGLQEQQKQISDWNKLLE 

EtHoughton  120 HADDQAEWMEKLRADQEEQSANYAKAMKEFQEQYVKQQAVYQQGLEEQQKQIQDWNRLLE 

Pf3D7       120 YTEDQTKWLEQMKSSQEQQDKALEEAMYKYEKNILFHHAVKEQQILQNDKKLNEWNENVE 

 

 

TgME49      180 DAQKTQQTIYEQEVRRMEEARLKEATAAEEAMKEQIDLISQYKEKLEKIAA--ADTSGKC 

NcLIV       180 DAQKTQQHIYEQEMRRMEEARQKEASAAEEAMKEQMDLISQYKEKLEKIAA--ADKSGKC 

EtHoughton  180 DAHKTQQQIYDEEVRRMKEIQEREARASEIARQEELELIRKYQQKLEEIAR---SEGGKC 

Pf3D7       180 NAYEAQQEILRQFE----SSRKKNI-DISLEKNNELIIAKDYIDKIKEAATDNKYDNSKC 

 

 

TgME49      238 FVYPAAATPYGACASAGAQEPTRRRRVK---KEHPSRACC 

NcLIV       238 FVYPAAATPYGACASAGAQEPTRRRRVK---KEHQSRACC 

EtHoughton  237 FVYPASKTPYGACASAGAQEPCRRKRSQARREQRPAKGCC 

Pf3D7       235 FIYPASSAPCGACTSAGAIIHHRRYKEKRRKKEY--SLCL 
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Fig 2-S2. Mutation of ILP1 putative post-translational modifications and Plasmodium G2 

localization. 
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Fig 2-S3. Co-immunoprecipitation of ILP1 yields several known IMC proteins. 
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Table 2-S4. MaxQuant intensities of upshifted ILP1-Y160 band. 

Protein IDs Intensity MS/MS count Comments 

TGGT1_313380 4691700000 47 ILP1 

TGGT1_259630 2572700000 32 IMC27 

TGGT1_300200;TGGT1_261250 864130000 10 Histones H2AZ, H2A1 

TGGT1_261240;TGGT1_218260 386590000 3 Histones H3, H3.3 

TGGT1_411760 375850000 176 Unassigned actin (Human origin?) 

TGGT1_308090;TGGT1_411430 256160000 22 ROP5 

TGGT1_289140 104590000 3 putative ribosomal protein l22/l43 

TGGT1_231630 100920000 14 IMC4 

TGGT1_270510 60540000 18 asparaginyl-tRNA synthetase 

TGGT1_294800A;TGGT1_286420A 56037000 7 elongation factor 1-alpha 

TGGT1_316400B 40527000 6 TUBA1 

TGGT1_273760 38475000 11 HSP70 

TGGT1_247550 26420000 11 HSP60 

TGGT1_209030 21023000 8 ACT1 

TGGT1_248340 18760000 2 GTP-binding nuclear protein ran/tc4 

TGGT1_227360 16940000 3 ribosomal protein RPL3 

TGGT1_291890 16773000 7 MIC1 

TGGT1_239260 16588000 5 histone H4 

TGGT1_304880 15341000 3 hypothetical protein 

TGGT1_233460 13895000 7 SAG-related sequence SRS29B 

TGGT1_204400 13741000 7 putative ATPase synthase subunit alpha 

TGGT1_310700 11998000 4 serine/threonine phosophatase PP1 

TGGT1_232250 11695000 4 catalase 

TGGT1_312640 11188000 1 hypothetical protein 

TGGT1_311720 10231000 9 chaperonin protein BiP 

TGGT1_221470 10181000 6 hypothetical protein 

TGGT1_231640 8165700 3 IMC1 

TGGT1_221620;TGGT1_266960;TGGT

1_212240 
7551600 7 beta-tubulin 

TGGT1_210330 7192200 1 SAG-related sequence SRS37B 

TGGT1_261010 6857800 2 putative tat-binding family protein 
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Table 2-S5. List of primers used in chapter 2. 

Name Description Sequence 5'-3' 

E2AziRS 

cloning 
    

P1 

NsiI-

E2AziRS 

fwd ATGCATGCAAGCAGTAACTTGATTAAAC 

P2 

E2AziRS-

Ty-stop-PacI 

rev 

TTAATTAATTAGTCAAGTGGATCTTGGTTAGTATGGACCTCTTTCCAGCAAAT

CAGACAGTAATTCTTTTTACC 

P3 
Acc65i-

XhoI-U6 fwd 
ggtaccctcgagGATGAGACAAAGTGCGCGAG 

P4 

U6term-SalI-

BglII-XbaI 

rev 

tctagaagatctgtcgacGAAAAAGAAAAAAAAATGGAGGGGG 

      

SAG1 

cloning/muta

genesis 

    

P5 

HindIII-

DHFR_casse

tte fwd actgacAAGCTTcagcacgaaaccttgcattca 

P6 

DHFR_casse

tte-NgoMIV 

rev actgacGCCGGCtcctgcaagtgcatagaagga 

P7 

NsiI-

SAG1_F2* 

fwd agctaatgcatTAGCCGAAGGCAGTGAGACGC 

P8 
SAG1-PacI 

rev agctattaattaaTCACGCGACACAAGCTGCG 

      

UPRT 

cloning/muta

genesis 

    

P9 

NsiI-myc-

UPRT_CDS 

fwd 

atgcatGAACAAAAGTTGATTTCTGAAGAAGATTTGGCGCAGGTCCCAGCGAG

C 

P10 
UPRT_CDS-

PacI rev ttaattaatcaCATGGTTCCAAAGTACCGGTCAC 

P11 

NsiI-

UPRT_CDS 

fwd atgcatGCGCAGGTCCCAGCGAGC 

P12 
UPRT_CDS-

HA-PacI rev 
ttaattaatcaAGCGTAGTCCGGGACGTCGTACGGGTACATGGTTCCAAAGTA

CCGGTCAC 

P13 
UPRT-L92* 

mut fwd atgtgtcataccaTGGAGTTTCCTTTTATTCCAAG 

P14 
UPRT-L92* 

mut rev cctaaggggttgtcACTTCCTTCTTTTCGAACG 

P15 
UPRT-Y96* 

mut fwd atgtgtcatagcaTGGAGTTTCCTTTTATTCCAAG 
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P16 
UPRT-Y96* 

mut rev ccagaggggttgtcACTTCCTTCTTTTCGAACG 

P17 

NotI-

Gra1_pro 

fwd gcggccgccgaaggctgtagtactggtgc 

P18 
Gra2_3'utr-

PciI rev acatgtctggcgaaatcaacgcacacc 

      

ILP1 

cloning/muta

genesis 

    

P19 
ILP1-K130* 

mut fwd GTGGATGGCCtagCTGAAGGCGG 

P20 
ILP1-K130* 

mut rev ACAGCCTGGTCATCTGCG 

P21 
ILP1-E140* 

mut fwd AGAGCAGGCGtagGCCTACACGC 

P22 
ILP1-E140* 

mut rev TCCTGTTCCGCCTTCAGC 

P23 
ILP1-Q150* 

mut fwd GCGTGAATTTtagGATACATTCACCCAGCAGCATG 

P24 
ILP1-Q150* 

mut rev ATGGCGCGCGTGTAGGCT 

P25 
ILP1-T152* 

mut fwd ATTTCAAGATtagTTCACCCAGCAGCATGCCCTGTACCAGC 

P26 
ILP1-T152* 

mut rev TCACGCATGGCGCGCGTG 

P27 
ILP1-Y160* 

mut fwd GCATGCCCTGtagCAGCAAGGCT 

P28 
ILP1-Y160* 

mut rev TGCTGGGTGAATGTATCTTGAAATTCACG 

P29 
ILP1-Q168* 

mut fwd GCAGGAACAGtagAAGCAGATCAA 

P30 
ILP1-Q168* 

mut rev AAGCCTTGCTGGTACAGG 

P31 
ILP1-Q170* 

mut fwd ACAGCAGAAGtagATCAACGACTG 

P32 
ILP1-Q170* 

mut rev TCCTGCAAGCCTTGCTGG 

P33 
ILP1-T184* 

mut fwd CGCCCAGAAGtagCAACAGACCATC 

P34 
ILP1-T184* 

mut rev TCCTCAAGCAACTTGTTC 

P35 
ILP1-T187* 

mut fwd GACCCAACAGtagATCTATGAACAGGAAGTGC 

P36 
ILP1-T187* 

mut rev TTCTGGGCGTCCTCAAGC 

P37 
ILP1-I188* 

mut fwd CCAACAGACCtagTATGAACAGGAAGTGCGAC 

P38 
ILP1-I188* 

mut rev GTCTTCTGGGCGTCCTCA 

P39 
ILP1-R194* 

mut fwd ACAGGAAGTGtagCGCATGGAGG 
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P40 
ILP1-R194* 

mut rev TCATAGATGGTCTGTTGG 

P41 
ILP1-A204* 

mut fwd ACTGAAGGAAtagACTGCCGCGGAGGAG 

P42 
ILP1-A204* 

mut rev CGAGCCTCCTCCATGCGT 

P43 
ILP1-E209* 

mut fwd TGCCGCGGAGtagGCAATGAAGG 

P44 
ILP1-E209* 

mut rev GTTGCTTCCTTCAGTCGAGCC 

P45 
ILP1-K212* 

mut fwd GGAGGCAATGtagGAACAGATTGACCTC 

P46 
ILP1-K212* 

mut rev TCCGCGGCAGTTGCTTCC 

      

IMC3 and 

IMC6 

truncations 
    

P47 

pUPRT-

ILP1pro_V5 

gibson fwd GGCAAGCCCATCCCTAATC 

P48 

pUPRT-

ILP1pro_V5 

gibson rev catCTTGTTGCGAAGGAAAAG 

P49 IMC3-alv 

gibson fwd tccttttccttcgcaacaagatgCCTCCAGAGGTCCGACAGAAG 

P50 
IMC3-alv 

gibson rev ggattagggatgggcttgccTGGCGGCTGGTACGGGAT 

P51 
IMC3-Cterm 

gibson rev ggattagggatgggcttgccCTGCTCGTAGACGACTTCG 

P52 
IMC6-alv 

gibson fwd tccttttccttcgcaacaagatgCCCGTCGTCCCCGTCCCC 

P53 IMC6-alv 

gibson rev ggattagggatgggcttgccCACATCGAAGACAGGGACGAAGCGTTC 

P54 IMC6-Cterm 

gibson rev ggattagggatgggcttgccGTGCACCTCGCCTTCGGAGTTG 

P55 
IMC6-Nterm 

gibson fwd tccttttccttcgcaacaagatgGCTCAGACAGCCCCGAAC 

      

Epitope 

tagging of 

other genes 
    

P56 
IMC3_3'utr 

gRNA fwd AAGTTgacggcgcgagatgctttggG 

P57 
IMC3_3'utr 

gRNA rev AAAACccaaagcatctcgcgccgtcA 

P58 

IMC3-

3xmyc_cat 

HDRki fwd 

GAGCCCAGCTGTGCAGGAGCGCGAAGTCGTCTACGAGCAGcgggaattcCCTA

GGGAACA 
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P59 

IMC3-

3xmyc_cat 

HDRki rev 

gccgctctttctacgccacctccaccacagaagtcctgtgATAGGGCGAATTG

GAGCTCC 

P60 
IMC4_3'utr 

gRNA fwd AAGTTgagccgtgcgcatgtggaaagG 

P61 
IMC4_3'utr 

gRNA rev AAAACctttccacatgcgcacggctcA 

P62 

IMC4-

3xmyc_cat 

HDRki fwd 

CCCTCTTGCTCCGGGACAACAGACCCAAGTCAATATCAACcgggaattcCCTA

GGGAACA 

P63 

IMC4-

3xmyc_cat 

HDRki rev 

ctcccaacagtgcacaataagaaaaaacagcgccagggtcATAGGGCGAATTG

GAGCTCC 

P64 
IMC6_3'utr 

gRNA fwd AAGTTgaggctgagggacaattcaaG 

P65 
IMC6_3'utr 

gRNA rev AAAACttgaattgtccctcagcctcA 

P66 

IMC6-

3xmyc_cat 

HDRki fwd 

TAGCAGAGGCAGCTCTTTCAACTCCGAAGGCGAGGTGCACcgggaattcCCTA

GGGAACA 

P67 

IMC6-

3xmyc_cat 

HDRki rev 

ctctgcacggtatcctttcagattcccctgaagactgcgaATAGGGCGAATTG

GAGCTCC 

P68 
IMC12_3'utr 

gRNA fwd AAGTTgacttcccctctacggaaaagG 

P69 
IMC12_3'utr 

gRNA rev AAAACcttttccgtagaggggaagtcA 

P70 

IMC12-

3xmyc_cat 

HDRki fwd 

CGCGTCGGAGCGTGCCGAGTCCGTCGACTCCATGCCCCAGcgggaattcCCTA

GGGAACA 

P71 

IMC12-

3xmyc_cat 

HDRki rev 

ctactcgttccggctgaactgacaggctgtgtgtctctgcATAGGGCGAATTG

GAGCTCC 

P72 
IMC27_3'utr 

gRNA fwd AAGTTgcttctatcgactgccaacccG 

P73 
IMC27_3'utr 

gRNA rev AAAACgggttggcagtcgatagaagcA 

P74 

IMC27-

3xmyc_cat 

HDRki fwd 

TTATTCCAAGCAGTTGAGACAGCTTGCAGAAAAGAGTGCAcgggaattcCCTA

GGGAACA 

P75 

IMC27-

3xmyc_cat 

HDRki rev 

tcggcagccccgcagaccatgcttgggtctgcacgggagcATAGGGCGAATTG

GAGCTCC 

      

ILP1 

acylation 

mutants and 

PfG2 

    

P76 
ILP1-G2A 

fwd 
GTTAACCCGGGGACCTTACTGTAAGC 

P77 
ILP1-G2A 

rev 
AAGCTTCTGCGCCATCTTGTTGCGAAGGAAAAGG 
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P78 

ILP1-

C95S_C96S 

fwd 

AGGCGGCCTGtcttcgGGCTCATCGC 

P79 

ILP1-

C95S_C96S 

rev 

GTGTTAACACCGAATTCGTTC 

P80 

ILP1-

C273S_C274

S fwd 

GTTAACACAGGCGGCCTGtc 

P81 

ILP1-

C273S_C274

S rev 

gcggccgccgaagaCGCTCGACTTGGGTGTTCCT 

P82 

NotI-V5-

PacI ssDNA 

to anneal fwd 

ggccgccGGCAAGCCCATCCCTAATCCTCTGTTGGGCCTGGATTCGACAtaat

taat 

P83 

NotI-V5-

PacI ssDNA 

to anneal rev 

taattaTGTCGAATCCAGGCCCAACAGAGGATTAGGGATGGGCTTGCCggc 

P84 
ILP1_intron 

gRNA fwd 
AAGTTggattgttcattcatgagctG 

P85 
ILP1_intron 

gRNA rev 
AAAACagctcatgaatgaacaatccA 

P86 
ILP1 NcGra7 

HDRko fwd 

GGGTCGCCAGGTTCCTCTTTCCTTTTCCTTCGCAACAAGCCACTCCATGGAAC

CTGACTG 

P87 
ILP1 NcGra7 

HDRko rev 

TACGCCAGCGAGGCCGTCATTGTCAGGCCCTGTATGCTACctgcaaGtgcata

gaaggaa 

P88 

ILP1 gene 

KO check 

fwd 

tctcgtatgcagttcgcgtatg 

P89 

ILP1 gene 

KO check 

rev 

gcgtcaaaacagagactccatc 

P90 

ILP1 5utr 

KO check 

fwd 

gagaggtgacatgttgagctag 

P91 

ILP1 5utr 

KO check 

rev 

CCTAGTCAATATGCAACCTGCG 

      

Antibody 

production 
    

P92 
ILP1 pET-

LIC fwd 
tacttccaatccaatgcaGGGCAGAAGCTTACCGTCGA 

P93 
ILP1 pET-

LIC rev 
TTATCCACTTCCAATGTTATTAGCAGCACGCTCGACTTGGG 

P94 
IMC6 pET-

LIC fwd 
tacttccaatccaatgcaGCTCAGACAGCCCCGAACC 

P95 
IMC6 pET-

LIC rev 
TTATCCACTTCCAATGTTATTAGTGCACCTCGCCTTCGGAG 
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Table 2-S6. List of synthesized gene fragments used in chapter 2. 

Partial Toxoplasma U6 promoter, BstYam tRNA cassette (AvrII, XbaI flanks) 

 
CCTAGGCCTGACGCGCCTCCTGCAGAACGCGAGACACTGGGATATGTAGAGCCAAGGGGGAAAC

CTTCGAACTCTCGAATGTCTTCTCTGACAAGAATCATATTTCCATCAGTTCTGTCAGATTTTCA

AATGGCGACCTGCAGAGGCCTGCTTCCTCCCTGTGCGCTCTTCGAAGGGGCTTTCTGTCGCGCA

GGGTCACCTCGTCCCCGAAGGGGGTGTTTGCCTTCTGGTAAATGGGGATGTCAAGTTGGAGGGG

TAGCGAAGTGGCTAAACGCGGCGGACTCTAAATCCGCTCCCTTTGGGTTCGGCGGTTCGAATCC

GTCCCCCTCCATTTTTTTTTCTTTTTCtctaga 

 

Plasmodium G2 coding sequence codon optimized for Toxoplasma 

 
ATGGGCCAGATCAGTTCCAAGGAAGATGAGATTGAAAAGCAAAATATCTATGCGACTTACCCTG

GACTGGAACAGCAGCTTGATATGGTGTTCGCGTGCCATGACATTTCTAAACAAGGAAAGTTGTC

GTACAAGACAGTTGAAATGATCCTGAGGCACTTTTTGATGCAATGCGGGTTTATGGAGTACGTG

TGCAGATTTGTCGACGAGAACGGAACCTTGGATTTGAAGCACGTGTCCAATTATCTTTCTATCA

AGAAATTGATGTACAAATTGAAATGCTGCGGGGAAAGTATGCTCACGCTGGACGAAATGAAAGA

GTTGGTTATTATCTTCCTCAAGAAAATTTCCGACACCTATACCGAGGATCAGACCAAATGGCTG

GAGCAAATGAAGTCGTCGCAAGAGCAACAAGATAAGGCTCTCGAAGAGGCTATGTATAAATACG

AAAAGAACATTCTGTTTCATCATGCGGTGAAGGAACAGCAAATTCTTCAGAATGATAAAAAACT

GAATGAGTGGAATGAGAACGTGGAGAATGCGTATGAGGCACAACAAGAAATTTTGCGGCAATTC

GAATCCTCCAGGAAGAAAAATATTGATATTTCTCTGGAGAAAAACAACGAACTGATTATCGCAA

AAGACTATATTGACAAGATCAAGGAAGCTGCTACGGATAACAAGTATGATAATTCCAAATGTTT

CATCTATCCAGCGTCTTCTGCGCCTTGCGGCGCATGTACGAGCGCTGGCGCCATCATCCACCAT

AGGCGATACAAGGAAAAACGTAGGAAGAAAGAGTATAGCTTGTGCTTA   
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CHAPTER 3: 

 

Application of the UAA crosslinking system  

to the ILP1 EF-hand domain 
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3.1 - Introduction 

 Although the C-terminal coiled-coil domain of ILP1 was the initial target for Azi site-

specific crosslinking, we were also interested in determining whether other parts of the protein 

were involved in interactions that played a role in its function. In particular, the N-terminal putative 

EF-hand region was also enticing, as EF-hand domains confer calcium-sensing activity by 

interacting with target proteins in either holo or apo conformations (Chazin, 2011). As T. gondii 

relies heavily on calcium signaling for its lytic cycle in addition to conserved eukaryotic functions, 

it has over sixty proteins that contain EF-hand domains (Chang et al., 2019). One recently 

characterized member of this group is calmodulin, which localizes to the apical and basal ends of 

the tachyzoite and recruits cytoplasmic calcineurin to these subcompartments only when the 

parasite is extracellular, a process that is important for host cell attachment (Paul et al., 2015). 

Other members include a series of three centrins that localize to the centrosome and spindle pole 

bodies to serve essential functions in nuclear division and replication. Centrin2 is also believed to 

be responsible for constricting the basal end of the parasite at the completion of endodyogeny 

(Hartmann et al., 2006; Hu, 2008; Hu et al., 2006). Perhaps the best-studied members are the 

apicomplexan-specific calcium-dependent protein kinases CDPK1, CDPK3, and CDPK7, which 

have EF-hands fused to a serine/threonine kinase domain. These proteins have been shown to play 

critical roles in signaling for egress, microneme secretion, motility, and replication (Hui et al., 

2015; J.-L. Wang et al., 2016). These CDPKs have been investigated as potential therapeutic 

targets, as they are not found in mammalian hosts (Lourido et al., 2012). 

 Although the calcium-sensing activity of EF-hand domains play important roles, there are 

also degenerate EF-hands that have lost the ability to coordinate Ca2+ ions due to the lack of 

necessary negatively charged amino acids. These degenerate motifs can retain protein-binding 
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capabilities or, if part of an enzyme, may make the catalytic domain fixed in an active or inactive 

state (Bender et al., 2018). For example, the CDPK-related protein kinase family in plants are 

constitutively active and insensitive towards calcium levels, and at least one of the T. gondii 

noncanonical CDPK has EF-hands that are all degenerate (Furumoto et al., 1996; Long et al., 

2016). The T. gondii myosin light chains that bind to the neck domains of myosins all contain 4 

degenerate EF-hands, but while they do not directly bind calcium, they are subject to calcium-

dependent phosphorylation (Nebl et al., 2011; Polonais et al., 2011). Similarly, the recently 

characterized degenerate calmodulin-like protein CaM3 localizes to the conoid and is detergent-

insoluble, suggesting that it binds to some cytoskeletal component such as MyoH, the essential 

glideosome motor that uniquely binds directly to the conoidal microtubules (Graindorge et al., 

2016; Long et al., 2017b). The EF-hand domain proteins in T. gondii that have yet to be studied 

are good potential targets for Azi crosslinking, particularly if they are insoluble like CaM3 and 

thus are refractory to other analyses for determining protein-protein interactions. 

 

3.2 - Results 

Azi crosslinking of the putative degenerate ILP1 EF-hand yields a major product 

 Although the N-terminal EF-hand domain of ILP1 is not reported on ToxoDB, Phyre2 

reports up to 92.4% confidence of this region when compared to several calmodulin-like EF-hand 

templates (Gajria et al., 2008; Kelley et al., 2015). These predictions indicate that there are two 

EF-hands with their classical helix-loop-helix secondary structure, but upon inspection, the loop 

regions of the ILP1 sequence lack the conserved DxDxDG motif that binds to calcium in canonical 

EF-hand domains (Chazin, 2011; Denessiouk et al., 2014). Interestingly, the top model (Fig. 3-

1B) is based off an NMR structure of the Tetrahymena thermophila calcium-binding protein 2 
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(Tcb2) C-terminus (PDB: 2NCP, Kilpatrick et al., 2016). Tcb2, which is largely composed of four 

EF-hands, is a component of the ciliate cortical cytoskeleton that is orthologous to the 

apicomplexan IMC. This in silico model was analyzed using the ligand binding prediction server 

COACH, and as suspected, Ca2+ binding activity was not highly predicted (Yang et al., 2013a, 

2013b). Instead, possible peptide binding was reported based on two templates, the more confident 

one being an NMR structure of human centrin 2 in complex with a repeat domain of suppressor of 

fermentation-induced loss of stress resistance protein 1 (Sfi1), an interaction important for 

centrosome division (PDB: 2K2I, Martinez-Sanz et al., 2010). 

 Using this prediction, we mutated 11 residues that are in the putative binding interface into 

amber stop codons for site-specific Azi substitution and crosslinking (Fig. 3-3A: H35, I51, L55, 

Y64, E83, L102, E103, D104, F105, L108, W112). Intriguingly, the H35 mutant resulted in a 

robust crosslinked species at approximately 225 kDa. Another consistent upshift at ~130 kDa is 

observed for residues I51, L55, L102, and E103 at varying intensities, but this was not pursued 

due to the lower efficiency of crosslinking. 

 

Residue H35 of ILP1 crosslinks to the alveolin IMC1 

To identify the crosslinked partner of ILP1 at residue H35, we performed a large-scale 

crosslinking and denaturing co-IP of the ILP1-3xHA H35 mutant. A distinct band corresponding 

to the unknown product was observed by Coomassie staining (Fig. 3-2B). The gel slice was excised 

and analyzed by mass spectrometry, yielding ILP1 and IMC1 as the most abundant proteins (Table 

3-4). To confirm this interaction, we sought to epitope tag IMC1 as we have previously done for 

the ILP1 interactors in Chapter 2. Due to proteolytic processing of the IMC1 C-terminus and 

potential palmitoylation at the N-terminus, we endogenously inserted a 3xMyc tag internally 
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between residues 52 and 53, which did not appear to impact trafficking or function of the protein 

(Fig. 3-2A). Photocrosslinking and denaturing co-IP in the IMC1-3xMyc background verified that 

the EF-hand domain of ILP1 does indeed bind to IMC1 at residue H35 (Fig 3-2B). 

 

3.3 - Discussion 

 Based on the results reported here and in Chapter 2, we can construct a model for how ILP1 

binds to other elements in the IMC cytoskeleton (Figure 3-3). ILP1 is likely myristoylated at 

glycine-2, and this fatty acylation is important for growth as quantified by plaque formation. Two 

cysteine pair motifs are weakly predicted to be palmitoylated by CSS-PALM, but mutating those 

residues does not lead to an overall growth defect (Ren et al., 2008). A dual myristoylation and 

palmitoylation mutant should be assessed in the future. Different regions of the C-terminal coiled-

coil region of ILP1 bind to IMC3, IMC6, and IMC27, although whether these proteins can bind 

simultaneously to one ILP1 molecule has not been established. Through further truncation 

experiments, we determined that although the alveolin domains of IMC3 and IMC6 were mostly 

sufficient for targeting to the IMC cytoskeleton, the addition of either the IMC3 C-terminus or 

IMC6 N-terminus greatly improved trafficking. Concurrently, we demonstrated by crosslink 

formation that ILP1 interacts with the IMC3 C-terminal and IMC6 N-terminal regions, although 

the precise locations within these proteins have not been determined. This agrees with the 

prevailing theory that the alveolin domains are mainly involved in forming filamentous structures 

with other alveolins, but ILP1 appears to improve proper IMC incorporation by interacting with 

the respective IMC3 and IMC6 regions. 

 This chapter further explored the N-terminal EF-hand domain of ILP1 and revealed that 

this region interacts with the alveolin IMC1. This result is exciting, as this suggests that IMC1 
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behaves differently than other alveolins, despite all of them being categorically lumped together 

based on their proline and valine-rich repeat domain (Anderson-White et al., 2011). Although our 

understanding of the other alveolins is not complete, the importance of IMC1 for cytoskeletal 

integrity has been demonstrated beyond speculation (Anderson-White et al., 2012). Cell cycle 

expression profiles show that IMC1 is not only produced during endodyogeny, but also during G1 

phase and constantly incorporated into the maternal IMC after replication (Hu et al., 2002). 

Proteolytic cleavage of the IMC1 C-terminus is also coincident with transition from the detergent-

soluble nascent daughter IMC scaffold to the rigid, detergent-insoluble maternal cytoskeleton 

(Tara Mann et al., 2002). IMC1 is also unique that it contains a strongly predicted coiled-coil 

domain within the alveolin domain (Lupas, 1997). IMC3, IMC10, IMC12, and IMC14 also have 

predicted coiled-coils, but they are generally low confidence and in other regions of the protein. 

IMC1 is also the only alveolin that localizes to both the IMC apical cap and body, which are 

surprisingly segregated in composition, suggesting a more integral role in IMC assembly (Fig. 3-

2A) (Beck et al., 2010). It would be interesting to examine whether this interaction between IMC1 

and ILP1 somehow differentiates the maternal and daughter IMC. Although we proceeded under 

the assumption that the ILP1 EF-hands are degenerate due to the lack of negatively charged 

residues needed to complex Ca2+, we will need to empirically test for this lack of activity using 

isothermal titration calorimetry or another similar method. Calcium binding activity would have 

fascinating implications, as activity in the N-terminus may induce conformational changes into the 

downstream coiled-coil domain, or vice versa. 

 Azi-mediated crosslinking ability at every residue of ILP1 was not assessed, and therefore 

it is not possible to make a claim on other potential binding partners of ILP1. However, with the 

identification of IMC1, IMC3, and IMC6 as definitive interactors, it is tempting to consider how 
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the other alveolins are organized within the cytoskeletal meshwork. In particular, IMC4 and 

IMC10 are the remaining two alveolins that colocalize with ILP1 (Dubey et al., 2017). Truncation 

experiments may reveal how the domains of these proteins behave independently. In addition, 

although we chose to investigate the prominent band seen in the H35 mutant, we are also interested 

in the consistent size signal seen in the I51, L55, L102, and E103 mutants, and should be able to 

rapidly identify this unknown crosslink species using mass spectrometry (Fig. 3-1C). In 

conclusion, the photoactivated crosslinking amino acid p-azidophenylalanine and site-specific 

UAA incorporation using an amber stop codon suppression technique has proved to be highly 

useful in determining binding partners of ILP1 and uncovering the first organization of the T. 

gondii IMC cytoskeleton. 

 

3.4 - Materials and Methods 

Procedures for ILP1 amber mutagenesis, crosslinking, western blot, immunofluorescence 

assay, large scale immunoprecipitation, and mass spectrometric analysis are described in Chapter 

2. ILP1 EF-hand mutants were generated using primers P1-22 (Table 3-5). 

Internal IMC1 3xMyc tagging was performed in the absence of selection using a gene 

fragment (IDT, Table 3-5) of the 3xMyc tag between residues 52 and 53 with at least 300 bp of 

IMC1 flanking genomic sequence plus a pU6-universal plasmid targeting a nearby downstream 

protospacer (P23/24). The gene fragment was first subcloned into pJet1.2 (Thermo Scientific) and 

amplified using P25/26. A clonal tagged line was obtained through successive rounds of limiting 

dilution. 
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3.5 - Figure and Table Legends 

Figure 3-1. Crosslinking of the EF-hand domain of ILP1 reveals another major upshift. 

(A) Diagram of ILP1 showing an N-terminal putative EF-hand domain (yellow) followed by a 

coiled-coil domain (grey). 2 degenerate EF-hand loops are labeled. Also shown is the JPred 

secondary structure prediction of ILP1 revealing alpha-helices (black bars) and beta-strands (white 

arrows) as well as buried residue prediction used for choosing likely exposed residues for amber 

substitution (Drozdetskiy et al., 2015). Also noted are the potentially myristoylated glycine at 

position two and a cysteine prenylation/palmitoylation motif at the C-terminus (teal). Eleven 

residues in the ILP1 EF-hand domain were chosen for amber mutagenesis and Azi-mediated 

crosslinking (green). (B) Top Phyre2 in silico model of the ILP1 EF-hand domain showing the 

typical helix-loop-helix structure of EF-hands. (C) Western blot of the ILP1 EF-hand Azi mutants 

after UV irradiation reveals a new major crosslinked species for residue H35 (~225 kDa, red 

arrowhead). A fainter band is seen for I51, L55, L102, and E103 (~130 kDa). 

 

Figure 3-2. The ILP1 EF-hand domain binds to IMC1. 

(A) IFA of internally tagged endogenous IMC1 showing proper localization to the parasite 

periphery. Red: mouse anti-Myc antibody, green: rabbit anti-IMC6 antibody. (B) Western blot and 

Coomassie gel of a large scale anti-HA denaturing IP of the ILP1-3xHA H35 mutant. The ~225 

kDa band (red arrowhead) corresponding to the crosslinked product was excised and proteins were 

identified by mass spectrometry. A separate denaturing anti-HA IP verifies that IMC1 is the H35 

partner as the upshifted product is detected with both HA (ILP1) and Myc (IMC1) antibodies. 
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Figure 3-3. Model of ILP1 interactions determined by Azi crosslinking. 

ILP1 is an essential IMC cytoskeletal protein. A likely N-terminal myristoylation associates this 

protein with the proximal IMC membrane, but interactions with proteins that compose the 

intermediate filament network render ILP1 insoluble in detergent conditions. ILP1 binds to the 

alveolin IMC1 at residue H35 of the putatively degenerate N-terminal EF-hand domain, and the 

alveolins IMC3 (T187) and IMC6 (E209), as well as IMC27 (Y160 & Q168), at different regions 

of the C-terminal coiled-coil domain. Truncations also reveal that relative to their alveolin 

domains, the C-terminus of IMC3 and N-terminus of IMC6 are important for binding to ILP1. 

 

Table 3-4. MaxQuant intensities of upshifted ILP1-H35 band. 

Top 30 protein intensities calculated by MaxQuant of the excised band following ILP1-

3xHA H35 crosslinking and large scale anti-HA IP. ILP1 and IMC1 are the top two proteins that 

are identified. 

 

Table 3-5. Primers and gene fragments used in chapter 3. 
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Figure 3-1. Crosslinking of the EF-hand domain of ILP1 reveals other major binding 

partner.  
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Figure 3-2. The ILP1 EF-hand domain binds to IMC1. 
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Figure 3-3. Model of ILP1 interactions determined by Azi crosslinking. 
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Table 3-4. MaxQuant intensities of upshifted ILP1-H35 band. 

  

Protein IDs Intensity 
MS/MS 

count 
Comments 

TGGT1_313380 1939700000 33 ILP1 

TGGT1_231640 1727100000 33 IMC1 

TGGT1_231630 5705100 5 IMC4 

TGGT1_248160 4590900 4 hypothetical protein 

TGGT1_230940 4012600 3 hypothetical protein 

TGGT1_205470 2901200 2 
putative translation elongation factor 2 

family protein 

TGGT1_291090 2210700 0 SWI2/SNF2-containing protein 

TGGT1_226660 1711300 2 hypothetical protein 

TGGT1_286420B; TGGT1_259490; 

TGGT1_294800B; TGGT1_294800A; 

TGGT1_286420A 

1157700 2 putative elongation factor 1-alpha 

TGGT1_248740 1036800 3 hypothetical protein 

TGGT1_247550 1021000 2 heat shock protein HSP60 

TGGT1_290950 929260 1 putative clathrin heavy chain 

TGGT1_313360 846060 0 hypothetical protein 

TGGT1_244560 802690 2 putative heat shock protein 90 

TGGT1_411430; TGGT1_308090 746480 1 ROP5 

TGGT1_213900 735110 1 
regulator of chromosome condensation 

RCC1 

TGGT1_286580 688520 2 hypothetical protein 

TGGT1_273760 660650 4 heat shock protein HSP70 

TGGT1_235470 591160 2 myosin A 

TGGT1_219260 479670 1 putative cation-transporting ATPase 

TGGT1_311720 441720 1 chaperonin protein BiP 

TGGT1_311230 419570 1 hypothetical protein 

TGGT1_270240 412720 1 MAG1 protein 

TGGT1_266960; TGGT1_221620; 

TGGT1_212240 
402310 1 beta-tubulin 

TGGT1_216180 387080 0 hypothetical protein 

TGGT1_204160 342520 1 GYF domain-containing protein 

TGGT1_258870B; TGGT1_258870A 328840 1 hypothetical protein 

TGGT1_288650 317090 1 dense granule protein GRA12 

TGGT1_278205 315430 0 hypothetical protein 

TGGT1_209210 292540 1 hypothetical protein 



102 
 

Table 3-5. Primers and gene fragments used in chapter 3. 

P1 ILP1-H35* mut fwd CTTCACATGCtagGATCTTCAGCATGAGG 

P2 ILP1-H35* mut rev GCCATCTCCAGCTGCTGC 

P3 ILP1-I51* mut fwd GCTGGAGCCTtagATTCGTCACTTG 

P4 ILP1-I51* mut rev GTCGTGTATGGGAGCTTG 

P5 ILP1-L55* mut fwd CATTCGTCACtagCTCATGCAGTAC 

P6 ILP1-L55* mut rev ATAGGCTCCAGCGTCGTG 

P7 ILP1-Y64* mut fwd CCTCATCGAAtagGTTACGAGGTTTT 

P8 ILP1-Y64* mut rev CCGTACTGCATGAGCAAG 

P9 ILP1-E83* mut fwd GATTCGGGCCtagTTGAACGAATTC 

P10 ILP1-E83* mut rev TGGTTGGCATCGAGGCAG 

P11 ILP1-L102* mut fwd ATCGCTCACTtagGAAGACTTCAAGAGCCTTGCCGTC 

P12 ILP1-L102* mut rev GAGCCGCAGCACAGGCCG 

P13 ILP1-E103* mut fwd GCTCACTCTAtagGACTTCAAGAGCCTTGC 

P14 ILP1-E103* mut rev GATGAGCCGCAGCACAGG 

P15 ILP1-D104* mut fwd CACTCTAGAAtagTTCAAGAGCCTTGCCGTC 

P16 ILP1-D104* mut rev AGCGATGAGCCGCAGCAC 

P17 ILP1-F105* mut fwd TCTAGAAGACtagAAGAGCCTTGCCG 

P18 ILP1-F105* mut rev GTGAGCGATGAGCCGCAG 

P19 ILP1-L108* mut fwd CTTCAAGAGCtagGCCGTCATCTG 

P20 ILP1-L108* mut rev TCTTCTAGAGTGAGCGATG 

P21 ILP1-W112* mut fwd TGCCGTCATCtagCTGCGGAAGA 

P22 ILP1-W112* mut rev AGGCTCTTGAAGTCTTCTAGAGTG 

   

P23 IMC1_Nterm gRNA fwd AAGTTgTGACAGATCGGACAGATTCCG 

P24 IMC1_Nterm gRNA rev AAAACGGAATCTGTCCGATCTGTCAcA 

P25 IMC1-3xmyc_fragPCR fwd ttgttcttgcaaaagttctcgtgg 

P26 IMC1-3xmyc_fragPCR rev cagggctagtacacacatgtca 

 

IMC1 internal 3x-Myc HDR template 

3xMyc tag is bold and italicized, protospacer (reverse) is bold, and silent mutation to destroy 

PAM is underlined 

ttgttcttgcaaaagttctcgtggctcgaccgcgggccggactaggggccagcgcgattctgatttgcac

ccggtcgccctctgcgtgtgtgccgagaacctctcggatacttctacctaactccaaagactagtcttcc

tgtttgttgtcagaATGTTTAAGGACTGCGCCGATCCTTGCAGCGATTGCTGCCAGCCTGCTGAACAGCA

GCGCGGCCAGGCCACCCTTCCCTCGCACGTGGTCCTACCTCAGACGTCCGACAGCCCGGCCATCCACGTG

ACTGCCGAAGCTTCTCAGCGACTCAGCTCGGAACAAAAGTTGATTTCTGAAGAAGATTTGAACGGTGAAC

AAAAGCTAATCTCCGAGGAAGACTTGAACGGTGCTAGGGCCGAGGAGCAGAAGCTGATCTCCGAGGAGGA

CCTGCCCAGAGCTCTGCAACAGCTCCACGGCACTCAGGAATCTGTCCGATCTGTCACTCTTGAAGAGCGC

GCTGATCGGTCACGAACCGTCCCCATCGGTGAAGAGACTGAGAGACAATGGgtaagagagacgaccacag

gctctaccgctatgttgcggccatgatggaatttggtgctctgcgctcgaattccaacgttttgaggtag

aagccgtggtgacgcgtagattgcaagcagtactgttgcacggtcttcagactggtagttgcgatgcctg

agtctagacagcgtcgggttcgcgaatatgacatgtgtgtactagccctg  
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CHAPTER 4: 

 

Application of the UAA system 

 to the ARO rhoptry tethering complex 
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4.1 - Introduction 

 As discussed in section 1.2, the rhoptries are apicomplexan-specific secretory organelles 

that are critical for active invasion and modulation of the initial host cell immune response. These 

club-shaped organelles are positioned at the apical end of the parasite with their narrow neck 

regions extending through the middle of the conoid (Paredes-Santos et al., 2012). After attachment 

to the host through micronemal adhesins, the contents of an individual rhoptry are released into 

the host cytoplasm through a porosome-like complex at the extreme apical tip of the parasite to 

form the moving junction complex that mediates invasion of the host cell (Jena, 2009; Paredes-

Santos et al., 2012). 

 During endodyogeny, daughter rhoptries are produced de novo through coalescence of 

acidic vesicles originating from the trans Golgi network (Shaw et al., 1998). This process appears 

to be an adaptation of the endocytic pathway, as many proteins important for rhoptry and 

microneme biogenesis, such as dynamin-related protein B (DrpB), sortilin-like receptor 

(SORTLR), Rab proteins, and vacuolar protein sorting 9 (Vps9), are all homologs of members of 

the yeast Vps system (Breinich et al., 2009; Kremer et al., 2013; Sakura et al., 2016; Sloves et al., 

2012). The micronemes are clearly associated with the subpellicular microtubules in electron 

micrographs, and this is supported by evidence suggesting that dynein light chain 8a (DLC8a) 

transports these organelles to the apical complex using these microtubules (Dubois & Soldati‐

Favre, 2019). It may be tempting to speculate that the rhoptries, which are bundled at the conoid, 

may be similarly recruited by motor proteins on the conoidal or intraconoidal microtubules, but 

this has not been established (Hu et al., 2006). 

  The first characterization of the mechanism of rhoptry bundling and tethering to the apical 

end of the parasite was with the armadillo repeats-only (ARO) protein conserved in T. gondii and 
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Plasmodium spp. (Cabrera et al., 2012). ARO is composed of six armadillo repeat domains, a motif 

of about 40 amino acids that, while not conserved in sequence, has a characteristic fold of three α-

helices. (Mueller et al., 2016; Tewari et al., 2010). These tandem armadillo repeats assemble into 

a superhelix, forming a large concave face composed solely of α-helices that bind to protein 

partners (Tewari et al., 2010). These armadillo repeat proteins are diverse in nature and some, such 

as β-catenin, are known to serve multiple functions through their peptide binding activities (Tewari 

et al., 2010). 

ARO localizes to the cytoplasmic face of the rhoptry membrane through N-terminal 

myristoylation and palmitoylation, the latter catalyzed by the sole rhoptry-resident protein S-

acyltransferase DHHC7 in T. gondii (Beck et al., 2013; Mueller et al., 2013). In the kinetic trapping 

model of fatty acylation, myristoylation of N-terminal glycines first imparts weak affinity of 

soluble proteins to membranes, whereupon subsequent palmitoylation of cysteine residues 

solidifies the association (Frénal et al., 2014a). Consequently, individual mutation of either glycine 

or cysteines of PfARO causes cytoplasmic mislocalization, demonstrating that both modifications 

are necessary for correct and stable targeting (Cabrera et al., 2012). Conditional knockdown of 

either ARO or DHHC7 causes a unique lethal phenotype where individual rhoptry organelles are 

dispersed throughout the parasite cytoplasm, showing that palmitoylated ARO is important for 

rhoptry tethering to the apex of the parasite (Beck et al., 2013; Mueller et al., 2013). 

 How ARO mediates this apical tethering through protein interactions remains unknown. 

However, like other armadillo repeat proteins, this function is likely performed by the concerted 

effort of the six armadillo repeats. Deletion analysis of individual armadillo repeats resulted in the 

same rhoptry dispersion phenotype, indicating that the integrity of all six repeats is critical for 

normal binding activity (Mueller et al., 2016). The sole exception was seen with an ARO mutant 
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with a deletion of the last repeat (ARO-ΔARM6), which caused an interesting phenotype where 

the rhoptries were still bundled together but detached from the apical end of the parasite. Although 

deletion mutations may perturbate normal protein folding, it is tempting to hypothesize that this 

region of ARO functions separately from the rest of the protein to dock the rhoptries to the conoid 

or other apical structure. A similar interaction is seen with inhibitor of β-catenin and Tcf (ICAT), 

which binds to the three most C-terminal (out of 12) repeats of β-catenin (Graham et al., 2002). 

Three binding partners of ARO have been identified by co-IP analyses: adenylate cyclase 

β (ACβ), the class XXII myosin MyoF, and armadillo interacting protein (AIP), which lacks any 

known domains (Mueller et al., 2013). ACβ binds to ARO through AIP and knockdown of ARO 

causes mislocalization of both proteins, but neither are essential and have any involvement in 

rhoptry tethering (Mueller et al., 2016). MyoF is an indispensable motor protein involved in 

apicoplast inheritance during endodyogeny and depletion does cause accumulation of rhoptry and 

microneme material in the posterior residual bodies. However, it is possible that the interaction 

between MyoF and ARO is an artifact of IP or only occurs during replication, as MyoF does not 

localize to the mature rhoptries (Jacot et al., 2013). Notably, the ARO-ΔARM6 mutant properly 

recruits ACβ and AIP to the rhoptries and co-IPs MyoF, further suggesting that detachment of the 

rhoptry bundle from the apical end does not involve any of these three proteins (Mueller et al., 

2016). 

 

4.2 - Results 

Characterizing two proteins that co-localize with ARO 

 Our lab previously performed a proximity-dependent biotin labeling (BioID) experiment 

with ARO (unpublished work, Roux et al., 2012) and identified ACβ (TgGT1_270865) and a 
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hypothetical protein with pleckstrin homology and cysteine proteinase domains (TgGT1_294630). 

Both proteins were localized to the rhoptries by C-terminal 3xHA epitope tagging and 

subsequently disrupted with CRISPR/Cas9 (Fig. 4-1A, B). ACβ was complemented at the uracil 

phosphoribosyltransferase locus as previously described (Donald & Roos, 1995), and fitness of 

knockout and complementation strains were assessed by plaque assay (Fig. 4-1A, C). Only slight 

growth defect is observed in the ACβ knockout strain, which does not reflect the lethal phenotype 

seen with ARO. The TgGT1_294630 knockout was determined to not have any effect on parasite 

growth (data not shown). 

 

A novel ARO-associated protein is identified by Azi crosslinking. 

 To potentially identify novel partners as well as map out the interactome of known partners 

for ARO, I generated amber mutants for Azi-mediated crosslinking. The protein structure 

prediction server I-TASSER confirms that ARO folds into a canonical superhelix structure (Fig. 

4-2A) (Yang et al., 2015). A solved crystal structure of the homologous P. falciparum ARO also 

gives high confidence for this model (PDB: 5EWP). Three residues (V133, F137, and V182) that 

are in the major binding groove of the superhelix were initially targeted (Fig. 4-2A). Using the 

most reactive residue, F137, I performed a large-scale crosslinking experiment and purified ARO-

bound targets for mass spectrometric analysis (Fig. 4-2B). 

 One of the proteins identified was TgGT1_279420, which has a cell cycle expression 

profile characteristic of de novo produced secretory organelle proteins (Fig. 4-3A). C-terminal 

endogenous epitope tagging of this gene indeed revealed a rhoptry neck localization, concomitant 

with ARO (Fig. 4-3B). Interestingly, this protein lacks a signal peptide, which is needed for 

packaging into the rhoptry interior, and any transmembrane domains or fatty acylation motifs, 
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suggesting that its localization is due to interaction with another resident rhoptry protein (i.e. 

ARO). Although this protein was a good candidate for being involved in rhoptry tethering based 

on localization and genome-wide CRISPR/Cas9 score (-1.96 compared to -2.1 for ARO), knockout 

experiments did not result in any growth defect (data not shown) (Sidik et al., 2016). 

 

A robust crosslinked species is found when targeting armadillo repeat 6 of ARO 

 We were interested in the unique rhoptry detachment phenotype observed with the ARO-

ΔARM6 mutant, as it was possible that the protein interactions mediating bundling were distinct 

from apical tethering (Mueller et al., 2016). We targeted four initial residues for Azi mutagenesis 

(Y214, Y221, D263, L267) that were in the fifth and sixth armadillo repeats (Fig. 4-4A). Western 

blot of the crosslinked mutants revealed a robust ~300 kDa upshift for the L267 strain, suggesting 

that there was a binding partner in proximity of armadillo repeat 6 of ARO (Fig. 4-4B). We are in 

the process of determining the identity of this upshifted species. 

 

4.3 - Discussion 

 Although ARO has three binding partners (ACβ, AIP, MyoF) and two newly identified 

colocalizing proteins (TgGT1_279630 and TgGT1_279420), none of these proteins share the 

function of ARO in rhoptry bundling and tethering. MyoF is the only partner that has a severe 

growth phenotype when knocked down but this is due to an overall defect during replication, not 

invasion, and a motor protein is unlikely to be involved in the static positioning of the rhoptries in 

the apical complex (Jacot et al., 2013). It may be possible that ARO is multimerizing to perform a 

function, as there is evidence of dimerization by human armadillo repeat protein required for cell 
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differentiation 1 (Rcd1) (Garces et al., 2007). However, this dimerization of Rcd1 occurs at the 

opposing side of the structure, not within the concave superhelical fold where most ligands fit. 

 The multiple band pattern observed in the F137 mutant western blot agrees with the 

possibility of multiple binding partners as observed in other armadillo repeat proteins like β-

catenin. However, it is difficult to resolve ambiguous upshifted signals, and other methods of 

protein identification may be needed to conclusively identify interactors within this fold. We are 

more interested in definitive crosslink results as seen with the L267 ARO mutant and we foresee 

no difficulty in elucidating the protein partner seen in this condition. 

 

4.4 - Materials and Methods 

Procedures for ARO amber mutagenesis, crosslinking, western blot, immunofluorescence 

assay, CRISPR/Cas9 knockout, plaque assay, large scale immunoprecipitation, and mass 

spectrometric analysis are described in chapter 2. ACβ, TgGT1_294630, and TgGT1_279420 were 

C-terminally epitope tagged using the ligation independent cloning approach as described using 

P1-6 (Table 4-5) (Huynh & Carruthers, 2009). ACβ and TgGT1_294630 gene loci were disrupted 

with CRISPR/Cas9 using P7-10. 

An ARO expression construct with the endogenous promoter and C-terminal 3xHA epitope 

tag and DHFR marker was assembled as follows. The vector pNotI-HA-HPT (Beck et al., 2010) 

was first digested with SacI and self-ligated to excise the HXGPRT marker and swapped for a 

3xHA epitope sequence. ARO cDNA flanked with BglII/NotI sites (P11/12), ARO promoter 

flanked with NheI/BglII (P13/14), and a DHFR cassette flanked with BsiWI/NheI (P15/16) were 

then sequentially ligated into this vector. The BsiWI/NheI flanked cassette was ligated to 

Acc65I/NheI sites using complementary ends. ARO amber mutants were generated using P17-24. 
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Additional antibodies used are rabbit anti-ROP13 (Turetzky et al., 2010), rat anti-RON11 

(Beck et al., 2013), and rat anti-ARO (unpublished). Polyclonal rat or rabbit antibodies against 

ARO (P25/26) and TgGT1_279420 (P27/28) were generated as described in chapter 2 using the 

pET His6 TEV LIC bacterial expression vector (Addgene #29653).  
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4.5 - Figure and Table Legends 

Figure 4-1. Localization of ACβ and TgGT1_294630 and ACβ plaque assay. 

(A) IFA showing C-terminally epitope tagged, knockout, and complemented strains for ACβ. 

Green: mouse anti-HA, red: rabbit anti-ROP13 or rat anti-RON11. (B) IFA showing C-terminally 

epitope tagged and knockout strains for TgGT1_294630. Green: mouse anti-HA, red: rabbit anti-

ROP13 or rat anti-RON11. (C) Plaque assay of ACβ strains. 

 

Figure 4-2. Azi substitution at residue F137 of ARO results in a multiband crosslink pattern. 

(A) I-TASSER prediction model of ARO showing the six armadillo repeats. Residues V133, F137, 

and V182 were used for Azi crosslinking. (B) The ARO F137 mutant localizes properly to the 

rhoptries. Green: mouse anti-HA (C) Western blot of parasites exposed to UV light show a pattern 

indicating multiple binding partners to ARO only for the F173 mutant. Gel slices (black asterisks) 

were excised and protein contents were identified by mass spectrometry. 

 

Figure 4-3. TgGT1_279420 localizes to the rhoptries. 

(A) Cell cycle expression profile of TgGT1_279420 resembles rhoptry proteins such as ARO and 

DHHC7. (B) TgGT1_279420 colocalizes with ARO. Red: mouse anti-HA, green: rat anti-ARO. 

 

Figure 4-4. A robust Azi-crosslinked product is seen with residue L267 of ARO. 

(A) Four residues (Y214, Y221, D263, and L267) in armadillo repeats 5 and 6 were mutagenized 

for Azi substitution. (B) UV crosslinking results in a robust upshift ~300 kDa in the L267 mutant 

(red arrowhead). 

 

Table 4-5. Primers used in chapter 4.  
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Figure 4-1. Localization of ACβ and TgGT1_294630 and ACβ plaque assay. 
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Figure 4-2. Azi substitution at residue F137 of ARO results in a multiband crosslink pattern. 
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Figure 4-3. TgGT1_279420 localizes to the rhoptries. 
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Figure 4-4. A robust Azi-crosslinked product is seen with residue L267 of ARO. 
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Table 4-5. Primers used in chapter 4. 

P1 TgGT1_270865_LICfwd TACTTCCAATCCAATTTAGCGCATTGAATCCCATCGTG 

P2 TgGT1_270865_LICrev TCCTCCACTTCCAATTTTAGCAGGGTCAATGGGGCGGC 

P3 TgGT1_294630_LICfwd TACTTCCAATCCAATTTAGCTGATATGCGTGCAGGTG 

P4 TgGT1_294630_LICrev TCCTCCACTTCCAATTTTAGCGGCTTCCCGTTCGTCGGTT 

P5 TgGT1_279420_LICfwd TACTTCCAATCCAATTTAGCAAACACCATCAGAATCACTGC 

P6 TgGT1_279420_LICrev TCCTCCACTTCCAATTTTAGCATAGCCGATTTTCCCGTTTTCCG 

P7 TgGT1_270865_gRNAfwd AAGTTGGCGTCAAGTTTAGGCGGGCG 

P8 TgGT1_270865_gRNArev AAAACGCCCGCCTAAACTTGACGCCA 

P9 TgGT1_294630_gRNAfwd AAGTTGAGGTACCTGAGGAGGCAGAG 

P10 TgGT1_294630_gRNArev AAAACTCTGCCTCCTCAGGTACCTCA 

P11 BglII-AROcDNA fwd GATCagatctATGGGGAACCAATGCTGC 

P12 AROcDNA-NotI rev GATCgcggccgcCTCCGACAGCCGGACCAAG 

P13 NheI-AROpro fwd gctagccagtgcacacgcttagcttcg 

P14 AROpro-BglII rev agatctcttctctgtgtgtttgatgcgttg 

P15 BsiWI-DHFR fwd CGTACGcagcacgaaaccttgcattc 

P16 DHFR-NheI rev gctagctcctgcaagtgcatagaagg 

P17 ARO Y214stop mut fwd GACGAATGTCtagACGCAGTTGG 

P18 ARO Y214stop mut rev GCCTCCGGGTTTATGTCA 

P19 ARO Y221stop mut fwd GGAGGCGATCtagCACTTGGAGG 

P20 ARO Y221stop mut rev AACTGCGTGTAGACATTCGTC 

P21 ARO D263stop mut fwd AGACGTCGCAtagGCCGCGAACC 

P22 ARO D263stop mut rev TGGTCTTTGCAGTCTTGCAG 

P23 ARO L267stop mut fwd CGCCGCGAACtagCTCTTGGTCC 

P24 ARO L267stop mut rev TCTGCGACGTCTTGGTCT 

P25 ARO T7lic fwd tacttccaatccaatgcaGGGAACCAATGCTGCGCAG 

P26 ARO T7lic rev TTATCCACTTCCAATGTTATTACTCCGACAGCCGGACCAAG 

P27 279420 T7lic fwd tacttccaatccaatgcaCAGCTGGGTCCATGGGAAAC 

P28 279420 T7lic rev TTATCCACTTCCAATGTTATTAATAGCCGATTTTCCCGTTTTCCG 
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CHAPTER 5: 

 

Conclusion and Future Directions 
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 Toxoplasma gondii is considered to be one of the most successful protozoan parasites due 

to its high prevalence and worldwide distribution (Blader et al., 2015). In addition to posing 

potentially fatal complications in immunocompromised individuals and developing fetuses, this 

organism also serves as a model organism for studying related parasites belonging to the phylum 

Apicomplexa due to its ease of culture and genetic tractability. The development of an array of 

reverse genetic tools in T. gondii has led to a robust platform for rapid identification and functional 

analyses of interesting genes. However, less tools are available for studying the protein 

associations driving the processes that are important for growth and infection. To expand the 

repertoire for examining macromolecular protein complexes, we have implemented a 

photoactivatable UAA crosslinking system for capturing interactions in the native cellular 

environment. 

 The apicomplexan IMC is an essential organelle that governs replication, motility, and 

intracellular invasion (Harding & Meissner, 2014). The composition of this intricate structure has 

only recently been understood with the application of high-throughput protein identification 

techniques such as proximity-dependent biotin labeling, yet the exact organization of these 

proteins needed to construct an intact IMC remains unknown (Chen et al., 2015, 2017). The 

evidence shown in this dissertation that ILP1 directly binds to IMC1, IMC3, IMC6, and IMC27 is 

the first demonstration of the precise protein-protein interactions that organize the cytoskeletal 

component of this organelle. We selected ILP1 due to the distinct EF-hand and coiled-coil regions 

in its sequence. While we were confident that the coiled-coil domain would be involved in protein 

binding, we were intrigued to discover that the degenerate EF-hand domain also interacts robustly 

with the alveolin IMC1, suggesting a multifactorial role of ILP1 in IMC assembly. Both coiled-
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coil and degenerate EF-hand domains are relatively unexplored in T. gondii biology and promise 

to be interesting regions to target using Azi crosslinking. 

There are a number of other interesting candidates to investigate using this technology. To 

complement our data showing that ILP1 binds to the IMC3 C-terminus and IMC6 N-terminus, 

site-specific UAA crosslinking using these regions as bait would enable us to identify the specific 

location within these domains that bind to the ILP1 coiled-coils, therefore revealing the binding 

interfaces on both sides of the interaction. IMC4 and IMC10 are the remaining alveolins that 

localize to the IMC body, and we would also like to determine how they interact with the other 

components of the intermediate filaments (Dubey et al., 2017). The coiled-coil region of IMC1 

situated inside the alveolin repeat domain is unique among the alveolins and represents an ideal 

location to target for crosslinking. We anticipate that truncation mutants will serve as good pilot 

studies to define minimal regions that can be used for Azi mutagenesis. 

 Another interesting family of IMC proteins are the GAPMs. These multiple transmembrane 

domain proteins in the IMC membrane have been implicated in maintaining the integrity of the 

subpellicular microtubules and therefore likely have a role in binding to the accompanying IMC 

cytoskeleton (Harding et al., 2019). As the majority of the protein sequence is embedded in the 

membrane, it should be relatively easy to generate multiple Azi mutants at residues exposed 

towards the cytoplasm. Similarly, it would be straightforward to attempt crosslinking within the 

IMC lumen to make the first attempt at understanding an organellar subcompartment that remains 

enigmatic. 

 Our application towards the rhoptry tethering complex demonstrates that this technology 

is not limited to the IMC. Although more work needs to be done, the robust upshift seen with the 

ARO L267 is promising and may finally lead to a mechanism for this important phenomenon. The 
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conoid is another structure worth investigation. In addition to the degenerate EF-hand CaM3, a 

recent screen revealed multiple conoid-specific proteins with coiled-coil domains (Long et al., 

2017a). Other than its core microtubule structure, the specific roles of accessory proteins and how 

they are organized to function in relation to micronemal and rhoptry release signaling has yet to 

be determined. 

In conclusion, we have applied a photoactivated unnatural amino acid crosslinking system 

to capture robust and specific protein interactions in Toxoplasma gondii. These covalently bound 

partners can be identified using a candidate approach or de novo using mass spectrometric analysis. 

This technology brings a new approach to the molecular toolkit that will benefit our understanding 

of T. gondii and apicomplexan cell biology. As the first application of photocrosslinking in a 

protozoan system, this may also be readily adapted for the study of protein-protein interactions in 

other eukaryotic pathogenic organisms. 
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