
 
 
 
 
 
 
 
 

 

Melatti, Carmen (2018) Mitochondrial division in T. gondii: analysis of the 

Dynamin-related protein C and of its putative interactors. PhD thesis. 

 

 

https://theses.gla.ac.uk/38972/  

 

 

 

Copyright and moral rights for this work are retained by the author  

A copy can be downloaded for personal non-commercial research or study, 

without prior permission or charge  

This work cannot be reproduced or quoted extensively from without first 

obtaining permission in writing from the author  

The content must not be changed in any way or sold commercially in any 

format or medium without the formal permission of the author  

When referring to this work, full bibliographic details including the author, 

title, awarding institution and date of the thesis must be given 

 
 
 
 

 
 
 
 
 
 
 

Enlighten: Theses  

https://theses.gla.ac.uk/ 

research-enlighten@glasgow.ac.uk 
 

https://theses.gla.ac.uk/38972/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk


 
 
 
 

Mitochondrial division in T. gondii: 
analysis of the Dynamin-related 

protein C and of its putative 
interactors 

 

 
 

By 
 
 

Carmen Melatti 
B.Sc., M. Res. (Hons) 

 
 
 
 
 

Submitted in fulfilment of the requirements for the  
Degree of Doctor of Philosophy 

 
 
 
 
 

School of Life Sciences 
College of Medical, Veterinary & Life Science 

Institute of Infection, Immunity & Inflammation 
University of Glasgow  

 
  



Abstract 

 

Apicomplexa parasites such as Plasmodium spp. and Toxoplasma gondii are 

characterised by a single, lasso-shaped mitochondrion. This organelle is critical 

during all phases of the parasite life cycle, and is a validated drug target against 

parasites of the Apicomplexa phylum. In contrast to other eukaryotes, 

replication of the mitochondrion in these parasites is tightly linked to the cell 

cycle.  A key step in mitochondrial segregation is the fission event, which in 

many eukaryotes requires the action of Dynamin-related proteins: these 

mechanochemical enzymes are recruited at the outer membrane of the 

mitochondria and mediate membrane constriction. To date, none of the 

components of the apicomplexan fission machinery have been identified and 

validated. In this work, I investigated the role of DrpC, a highly divergent, 

Apicomplexa-specific putative Dynamin-related protein, in T. gondii. 

Endogenous tagging showed that DrpC is adjacent to the mitochondrion, and is 

localised both at its periphery and at its basal part, where fission is expected to 

occur. Depletion and dominant negative expression of DrpC results in 

interconnected mitochondria and ultimately in drastic changes in mitochondrial 

morphology, leading to parasite death. These data indicate that DrpC is essential 

for mitochondrial biogenesis in T. gondii. To better understand the fission 

mechanism, DrpC potential interactors were investigated in this study; 

intriguingly, it is here shown that the conserved mitochondrial protein Fis1, 

which in other eukaryotes recruits the Dynamin-related protein during fission, is 

not required for mitochondrial fission in T. gondii. Conversely, 

immunoprecipitation data suggest an interaction between DrpC and the 

microtubule scaffold; as DrpC is also seen at the periphery of the parasite, these 

data could suggest a second role for this atypical Dynamin-related protein.  
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1 Introduction 

Since its discovery in 1908 (Nicolle and Manceaux, 1908), Toxoplasma gondii has 

become one of the most studied protozoa of the Apicomplexa phylum. The 

interest in this unicellular obligate parasite comes from different factors. Firstly, 

it has great medical and veterinary importance: one-third of the human 

population is estimated to be chronically infected, and huge economic losses are 

caused by abortion in sheep and cattle as a result of toxoplasmosis (Torrey and 

Yolken, 2013).  

Moreover, thanks to its amenability to genetic manipulation and in vitro 

culturing, T. gondii is a good model organism for research on conserved aspects 

of Apicomplexa biology, as it is more experimentally accessible than other 

members of its phylum. 

Finally, this parasite presents a number of unique features –like its mechanisms 

of motility, host cell entry, and division - which make it an interesting model for 

cell biology; comparing some of its distinctive features with the ones of other 

eukaryotic systems can give new insights into their origin and evolution. 

In this introduction, the main aspects of T. gondii biology will be reviewed. 

Moreover, particular emphasis will be given to the unusual replication 

mechanism which T. gondii adopts during its lytic cycle, and to the behaviour of 

its single mitochondrion during that stage.    

1.1 Taxonomy of T. gondii  

Despite its worldwide distribution and wide host range, T. gondii is the only 

species of the Toxoplasma genus; its name derives from its shape (toxoplasma = 

arc-like form) and from the organism in which it was first isolated, the rodent 

Ctenodactylus gundi (Nicolle and Manceaux, 1908).  T. gondii is a member of the 

class of cyst-forming Coccidia, which belongs to the phylum of Apicomplexa, a 

large group of unicellular protozoan parasites (Levine et al., 1980). More than 

6000 species have been described in this phylum, and many more (almost a 

million, according to a recent estimate) remain unnamed (Adl et al., 2007). In 

addition to T. gondii, other members of this phylum are of great medical and 
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veterinary importance: the most dangerous for human health is Plasmodium 

falciparum, the agent of human malaria, which caused more than 400.000 

deaths in 2016 (World Health Organization: World malaria report 2017). Another 

apicomplexan parasite, Cryptosporidium spp., is able to infect humans and 

causes severe gastrointestinal illnesses, especially among children and people 

who are immunocompromised or malnourished (Checkley et al., 2015). 

Moreover, Eimeria spp. (the agent of coccidiosis in poultry), Babesia spp., 

Neospora spp. and Theileria spp. all affect livestock and cause heavy economic 

losses (Sharman et al., 2010, Giles et al., 2014, Maharana et al., 2016).  

Apicomplexa are obligate intracellular parasites; they all have an apical 

complex, a unique structure which gives the name to the phylum (see paragraph 

1.5.1). Another feature common to Apicomplexa is a system of membranous 

sacs, called alveoli, which subtends the plasma membrane; alveoli are the 

unifying morphological characteristic of the infrakingdom Alveolata, which 

comprises also Dinoflagellates and Ciliates (Cavalier-Smith, 1993, Adl et al., 

2005). While Apicomplexa are all defined by their obligate parasitic lifestyle, 

ciliates and dinoflagellates show a wider range of symbiotic behaviours, 

suggesting that Apicomplexa evolved from free-living, photosynthetic organisms 

(Blader et al., 2015, Moore et al., 2008). 

 

 

1.2 Life cycle of T. gondii 

T. gondii is a facultative heteroxenous parasite, as its life cycle is completed in 

two different kinds of hosts. While the lytic cycle can occur in virtually any 

warm-blooded animal, this parasite can replicate sexually only in the Felidae 

family, its definitive host.  

The complete life cycle (Figure 1-1) was first described with the discovery of 

sexual stages in the small intestine of cats (Hutchison, 1965, Dubey et al., 

1970b, Dubey et al., 1970a) . Notably, T. gondii has no need to go through the 

sexual cycle before infecting a new host, as it can be transmitted orally in the 

form of a tissue cyst (Su et al., 2003). 
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During its life cycle, T. gondii can present three different infectious stages: 

tachyzoites, the fast growing forms; bradyzoites, contained in tissue cysts; and 

sporozoites, contained in sporulated oocysts. Hosts (definitive or intermediate) 

can be infected by any of these three stages, either through horizontal 

transmission (i.e., ingesting either oocysts disseminated in the environment, or 

tissue cysts usually present in undercooked meat) or vertically, by transplacental 

transmission of tachyzoites.  

1.2.1 Life cycle in the definitive host 

Members of the Felidae family can become infected with tachyzoites, 

sporozoites or bradyzoites; currently, most experiments to elucidate the sexual 

cycle have used  bradyzoite- induced infections (Fig. 1-1) (Dubey and Frenkel, 

1976, Dubey, 2006). 

 

Figure 1-1: The life cycle of Toxoplasma gondii. 
Sexual reproduction occurs in felids, the definitive hosts, while asexual replication can take place in 
any warm-blooded vertebrate. Schizogony and gamogony take place in the gut of the cat; the 
fusion of male and female gametes produces diploid oocysts, which are shed with the faeces. 
Sporulation occurs in the external environment, and sporulated oocyst can be taken up by 
intermediate hosts. Once sporozoites are released, asexual reproduction takes place, and 
tachyzoites disseminate in the body during the acute phase of infection. Host immune response   
triggers differentiation in slow growing, cyst forming bradyzoites. Figure reprinted from (Robert-
Gangneux and Darde, 2012). Copyright © 2012, American Society for Microbiology 
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When ingested by a cat, the tissue cyst wall is digested in the lumen of the gut; 

the released bradyzoites invade the epithelial cells of the small intestine and 

replicate asexually, giving rise to five different stages (A- to E-schizonts). In the 

last three stages, merozoites are formed by endopolygeny, a process where the 

nuclei divide several times before cytoplasmic segmentation takes place. At this 

point starts the sexual phase of the life cycle, which typically occurs four days 

after tissue cyst ingestion: merozoites develop into either male 

(microgametocyte) or female (macrogametocyte) gametocytes (Speer and 

Dubey, 2005). During microgamony, merozoites differentiate in microgamonts, 

large cells that undergo nuclear division to form up to 21 biflagellate male 

microgametes; after budding, microgamonts swim and fertilize the single 

macrogamete, which is the product of macrogamony. The resulting zygote then 

builds a rigid wall, forming an oocyst (Ferguson et al., 1975).  

Upon rupture of the infected epithelium cells of the intestine, millions of 

unsporulated (non-infective) oocysts are released into the intestinal lumen and 

passed with the cat’s faeces into the environment (Dubey, 2001). Aeration and 

change of temperature induce sporulation (meiotic division) of the oocyst, which 

results in the formation of two sporocysts, each containing four sporozoites 

(Cornelissen et al., 1984, Speer and Dubey, 1998). Thanks to its multi-layered 

wall, a sporulated oocyst can maintain its infectivity for several years under 

ordinary environmental conditions (Dubey, 1998). 

1.2.2 Life cycle in the intermediate host 

T. gondii reproduction in the intermediate host is exclusively asexual. When the 

sporulated oocyst is ingested by an intermediate host, sporozoites are released 

in the lumen of the small intestine and infect the cells of the lamina propria 

(Speer and Dubey, 1998). There, they undergo replication to form the fast-

growing, banana-shaped tachyzoites, which disseminate throughout the body. In 

this phase of acute infection, tachyzoites undergo a lytic cycle consisting of 

invasion of host cells, replication inside a parasitophorous vacuole (PV), and 

egress (Fig. 1-2); these processes will be detailed in the following paragraphs. 
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Figure 1-2: The lytic cycle of T. gondii. 
Extracellular tachyzoites use their gliding machinery to locate a host cell; after attachment to the 
host surface, they actively penetrate the cell, and in the process a protective PVM is formed. 
Replication by endodyogeny takes place within the PV. After multiple rounds of division, 
tachyzoites egress the host, move to neighbouring cells by gliding motility and re-invade new cells. 
Reprinted from (Blader et al., 2015). Copyright © Annu. Rev. Microbiol. 2015. 

 

1.2.2.1 Gliding, attachment and invasion 

At the start of the lytic cycle, T. gondii tachyzoites move to reach the host cell, 

re-orientate and finally enter. To accomplish these steps, the parasite uses a 

complex form of movement called gliding motility, coupled with the coordinated 

discharge of micronemes and rhoptries, secretory organelles essential for 

virulence. 

When analysed on 2D substrates, T. gondii gliding motility demonstrates three 

distinct motions; twirling, circular and helical (Hakansson et al., 1999). When a 

3D matrix is used, parasites move exclusively in a left-handed corkscrew (Leung 

et al., 2014); these assays probably reflect different patterns of motility, and 

are both useful if put in the appropriate context. For example, 3D assays are 

probably more useful to study tissue migration, when parasites can travel long 

distances before reaching their target cells, and need to easily change direction 

of movement, as shown for Plasmodium ssp. (Amino et al., 2006).  
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According to the classical model of apicomplexa motility, gliding motility is 

powered by an acto-myosin motor, integrated in a complex called the 

glideosome, which anchors the Myosin A motor protein to the inner membrane 

complex (IMC) through the interaction of myosin light chain MLC1 and the 

Glideosome-associated proteins GAP45, GAP50 and GAP40 (as reviewed in 

(Tardieux and Baum, 2016, Frenal et al., 2017) . To propel the parasite forward, 

the glideosome also needs to interact with extracellular receptors; this is 

mediated by adhesins, micronemal proteins which after secretion are inserted 

into the parasite membrane to mediate interaction with extracellular molecules 

(Carruthers et al., 2000, Huynh et al., 2003). Thus, according to the linear 

model of gliding motility, Myosin A, housed in the narrow space (20-40 nm) 

between the plasma membrane and the IMC, moves short, unstable actin 

filaments (Herm-Gotz et al., 2002, Meissner et al., 2002, Wetzel et al., 2003); 

when Myosin A pulls the actin filaments rearwards, this movement is transmitted 

through a linker to the adhesins-substrate complex. The latter is translocated 

rearwards, resulting in the forward movement of the parasite over the substrate 

(Soldati and Meissner, 2004). 

Some aspects of this elegant model for gliding motility are not yet explained, or 

have been challenged by new evidence. Aldolase, which was long thought to be 

the linker between the motor and the adhesins, has been shown to be 

dispensable for motility; instead, the glideosome-associated connector (GAC) 

protein has been proposed to serve as the connector (Shen and Sibley, 2014, 

Jacot et al., 2016). Moreover, the viable knockout of several key glideosome 

factors, which were thought to be essential for motor function, and the 

discovery that T. gondii actin forms an extensive F-actin network, showed that 

more work is needed to better understand how the acto-myosin motor powers T. 

gondii gliding and invasion (Andenmatten et al., 2013, Egarter et al., 2014, 

Whitelaw et al., 2017, Periz et al., 2017).  

Thanks to the action of the acto-myosin motor, T. gondii is able to invade host 

cells in an active, very rapid process.  

At first, the parasite loosely attaches itself to the host cell, through low-affinity 

lateral contacts with the host cell surface (Carruthers and Boothroyd, 2007); 

afterwards, the  regulated discharge of micronemes mediates a firmer 
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attachment to host cell receptors, which results in a reorientation of the 

parasite at its apical end (Carruthers et al., 1999). Rhoptry neck proteins (RONs) 

are subsequently secreted in the host cytosol , and a “tight junction” (TJ) at the 

parasite/host cell interface is formed: TJ formation is mediated by the 

interaction between the micronemal protein AMA1 at the plasma membrane of 

the parasite, and RON2, a rhoptry neck protein inserted in the host plasma 

membrane (Alexander et al., 2005, Carruthers et al., 1999, Carruthers and 

Boothroyd, 2007, Frenal et al., 2017, Lamarque et al., 2011, Mital et al., 2005). 

RON2 interacts with micronemal proteins RON4, RON5 and RON8, which are 

secreted in the host cytoplasm, and are also required for subverting host cell 

functions (Besteiro et al., 2009, Lebrun et al., 2005, Guerin et al., 2017). 

Importantly, it has been shown that parasites lacking AMA1 can still form a TJ 

(Bargieri et al., 2013); it is proposed that homologs of AMA1 and RON2  can be 

upregulated to perform invasion (Lamarque et al., 2014).  

After junction formation, as the parasite pushes further into the host cell the 

AMA1-RON2 junction at the tachyzoite apical tip is translocated to the posterior 

end; from the invaginated host membrane derives the parasitophorous vacuole, 

which is established thanks to the action of Rhoptry bulb proteins (ROP) and 

Dense Granules proteins, and finally pinched off by a fission pore (Suss-Toby et 

al., 1996, Dubremetz, 2007). 

Thus, at the end of invasion the tachyzoite resides within the PV; this structure 

is important to isolate the parasite from the host lysosomal system, while also 

acting as a molecular sieve to permit diffusion of nutrients that T. gondii 

scavenges from the host (Jones and Hirsch, 1972, Clough and Frickel, 2017).  

Once formed, the PV is rapidly encaged by the host cytoskeleton (Coppens et 

al., 2006) , and the PVM recruits host cell mitochondria and endoplasmic 

reticulum (Sinai et al., 1997, Sinai and Joiner, 2001). 

1.2.2.2  Replication and egress 

Once the PV is established, the invading tachyzoite undergoes replication 

through a process termed endodyogeny, in which two daughter cells are formed 

inside the mother until they are ready to bud; this process will be illustrated in 

detail in paragraph 1.6. 
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Duplication time through endodyogeny is usually of around six hours; the 

replication process is repeated several times, until egress is triggered.  

Scanning electron microscopy revealed that egress is not a simple rupture of the 

host cell, but an active process, which can be triggered by calcium ionophores 

(Caldas et al., 2010) and, just as invasion, depends on gliding motility and 

microneme secretion. The increase in intracellular calcium levels is likely a 

response to environmental signals triggered by host cell damage or 

permeabilisation; the calcium-dependent kinase CDPK3 was shown to be 

essential for microneme secretion and subsequent egress (McCoy et al., 2012, 

Lourido et al., 2012), even if the mechanisms underlying these process are not 

yet completely understood. It is known that  the micronemal perforin-like 

protein (PLP1) has an essential role in disrupting the parasitophorous vacuole 

membrane (PVM) (Kafsack et al., 2009); moreover, it was recently shown that 

the Lecithin-cholesterol acyltransferase (LCAT) is secreted from dense granules 

to contribute to PVM permeabilisation and to the disruption of the host plasma 

membrane (Schultz and Carruthers, 2018). This disruption of host cell-derived 

membranes, coupled with the activation of the gliding machinery (Egarter et al., 

2014), leads to successful release of the parasites in the extracellular 

environment, where they are ready to start a new round of the lytic cycle.  

1.2.2.3 The end of the lytic cycle: differentiation of the bradyzoite cyst 

During their lytic cycle, tachyzoites can spread throughout the body; in 

particular, infection of monocytes and dendritic cells helps dissemination in the 

brain (Lambert et al., 2006, Courret et al., 2006), even if a recent report 

showed that tachyzoites are able to directly cross the blood-brain barrier 

(Konradt et al., 2016). 

This acute phase of infection, which can lead to the clinical manifestation of 

toxoplasmosis, is restricted by a strong cell-mediated response, which usually 

acts in a timely fashion to prevent the appearance of symptoms (Yap and Sher, 

1999). Even if this immune response is usually highly efficient at killing 

tachyzoites, some escape destruction and transform into bradyzoites (from the 

Greek brady = slow), protected by a tissue cyst which is a modified 

parasitophorous vacuole. EM analysis of  bradyzoites shows that they are quite 
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similar in structure to tachyzoites, and that their cytoplasm contains numerous 

granules of amylopectin, required for energy storage and for the correct 

formation of the cyst wall (Frenkel, 1973, Dubey et al., 1998). Bradyzoites inside 

the tissue cyst are not dormant, but have replication potential (Watts et al., 

2015); moreover, tissue cysts are not static, but probably rupture periodically to 

give rise to a new lytic cycle.Tissue cysts are impervious to drugs, can avoid 

immune-mediated destruction, and are responsible for transmission to new 

intermediate hosts, or to a definitive host; unfortunately, many technical 

challenges render difficult the study of bradyzoites and the discovery of 

treatments for latent infection (Alday and Doggett, 2017). 

1.3 Pathogenesis and clinical features 

While T. gondii was first isolated in rodent species in 1908 (Nicolle and 

Manceaux, 1908), its medical importance was discovered only in 1939, when it 

was isolated in tissues of a congenitally-infected infant (Wolf et al., 1939). 

Furthermore, its veterinary importance became known when it was found to 

cause mass abortion in sheep (Hartley and Marshall, 1957); years later, the use 

of a specific antibody test, the Sabin-Feldman dye test (Sabin and Feldman, 

1948), paved the way to the recognition of T. gondii as one of the most 

successful parasites, distributed worldwide and able to infect a wide range of 

warm-blooded hosts.  

It is assumed that in most cases T. gondii infections do not cause clinical disease 

in immunocompetent hosts; this notion has been challenged by outbreaks of 

toxoplasmosis epidemics, linked to oocyst contamination of water (Bowie et al., 

1997, Baldursson and Karanis, 2011). In general, both competent and 

immunocompromised individuals can develop the disease, especially ocular 

toxoplasmosis (Flegr et al., 2014). However, the most dangerous outcomes of 

toxoplasmosis are found in two high-risk groups: pregnant women who become 

infected with T. gondii for the first time during the pregnancy, and 

immunosuppressed individuals.  

Primary infection in pregnant women can be very dangerous for the unborn 

child, especially in the first trimester, if focal lesions develop in the placenta 

and tachyzoites reach the foetus. Usually, infection is cleared in the visceral 
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tissues of the foetus but not in the central nervous system, leading in the most 

severe cases to spontaneous abortion or stillbirth, or to new-borns developing 

congenital toxoplasmosis, with ocular and neurological pathologies (Dunn et al., 

1999).  

In immunosuppressed patients, the infection can lead to life-threatening 

cerebral toxoplasmosis: caused by re-activation of cysts in the brain, it can 

result in lethal cerebral lesions. Thanks to the advent of the highly active 

antiretroviral therapy (HAART), the number of AIDS patients suffering from 

toxoplasmic encephalitis has been drastically reduced compared to the levels 

reached in the nineties, when it was estimated that approximately 10% of AIDS 

patients in the USA, and up to 30% in Europe, had died from toxoplasmosis (Luft 

and Remington, 1992).  

T. gondii strains show different virulence and pathogenicity in different hosts, 

probably as a result of co-evolution with their respective hosts. In Europe, Africa 

and North America, three dominant groups have traditionally be identified 

(Howe and Sibley, 1995), characterised by different levels of virulence, as they 

manipulate the host cell response in distinct ways. Notably, types II and III are 

less virulent, and show a lower growth rate, than Type I parasites (Yang et al., 

2013). In addition, many atypical groups have been identified, especially in 

South America. 

1.4 Characterisation of essential genes in T. gondii 

Among Apicomplexa parasites, T. gondii is the most amenable to genetic 

manipulation, thanks to its ease of culturing, its high replication rate, and 

efficiency of transfection. Its haploid genome is sequenced, and it is regularly 

updated on the community database ToxoDB (http://toxodb.org/toxo/); it is 

constituted of 14 chromosomes, for a total genome size of around 65 Mb (Sibley 

and Boothroyd, 1992, Khan et al., 2005, Lau et al., 2016).  

T. gondii can be transfected with DNA either transiently or stably (Kim et al., 

1993, Soldati and Boothroyd, 1993a). While Plasmodium spp. can maintain 

episomes for long periods (O'Donnell et al., 2001), non-integrated episomal DNA 

is much less stable in T. gondii. 
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Conversely, stable transfection techniques rely on the targeted or random 

insertion of DNA into the parasite genome. In T. gondii, random integration is 

easily achieved, due to the action of the parasite non-homologous end joining 

(NHEJ) repair mechanism, which directly ligates broken ends of DNA Double 

Strand Breaks (DSB).  

Stable transfections based on homologous recombination between the parasite 

genome and homology sequences in a plasmid are more difficult to achieve; this 

limitation has been addressed through the generation of the Δku80 line, which 

lacks Ku80, the main effector protein of NHEJ repair mechanism (Huynh and 

Carruthers, 2009b, Fox et al., 2009). Several markers have been developed to 

select for stable transformants, as the efficiency of transfection is usually rather 

low (Wang et al., 2016). 

Since T. gondii genome is haploid, the characterization of essential genes 

requires the employment of conditional systems of knock-down and over-

expression. In recent years, many such systems have been adapted to T. gondii; 

in the following section, the ones which have been used in this thesis will be 

illustrated. 

1.4.1 DiCre system and Conditional U1 Gene Silencing 

The DiCre system has been successfully used in T. gondii (Andenmatten et al., 

2013), and in Plasmodium spp (Collins et al., 2013). It is based on the Cre-lox 

system originally described by Sauer and Henderson, who showed that the Site-

Specific Recombinase (SSR) Cre can be used to specifically remove DNA-

sequences flanked by loxP recognition sites (Sauer and Henderson, 1988). In the 

conditional DiCre system, Cre is expressed in the form of two separate 

polypeptides, each fused to a different rapamycin-binding protein (FKBP12 and 

FRB) (Jullien et al., 2003, Jullien et al., 2007). When rapamycin is added to the 

media, it brings together the two parts of the protein, and the resulting 

dimerization restores recombinase activity. In T. gondii, this system is highly 

efficient; expression of the DiCre cassette in ΔKu80 parasites was shown to 

result in 90% excision of a LoxP-flanked lacZ (Andenmatten et al., 2013).  
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The DiCre system was subsequently modified by Pieperhoff et al., merging it 

with the U1 gene silencing system (Pieperhoff et al., 2015).  The latter is based 

on the regulatory function of U1 snRNP, a splicing factor that can also block 

polyadenylation of a pre-mRNA when it binds it near its stop codon. This 

mechanism is used by mammalian cells and viruses to regulate gene expression 

of some transcripts, since block of polyadenylation causes destabilisation and 

degradation of pre-mRNA (Gunderson et al., 1998, Kaida, 2016); previous 

literature shows that it is possible to harness this system in vitro, to specifically 

downregulate transcripts through U1-binding at their 3’ end (Beckley et al., 

2001, Fortes et al., 2003, Abad et al., 2008).  

In T. gondii, the U1-mediated silencing was merged with the DiCre system to 

make it inducible: U1-recognition sequences are integrated (in the Δku80::DiCre 

strain) at the 3’UTR of the gene of interest, but are separated from its stop 

codon by a loxP-flanked sequence. Upon Rapamycin addition, the DiCre 

recombinase is reconstituted and excises the loxP-flanked region, so that the 

U1-binding sequences are now close to the stop codon of the gene of interest, 

resulting in degradation of its mRNA. As discussed in Chapter 3, this strategy was 

successfully adopted to obtain a conditional Knock-down of DrpC; upon 

Rapamycin addition, a recombination rate of ≈98% was observed, and U1 

sequences efficiently promoted DrpC downregulation (Pieperhoff et al., 2015). 

While this technique was successfully implemented for DrpC Knock-down, it has 

some drawbacks: integration of loxP sequences in the 3’-UTR region can result in 

reduced transcription levels even before Rapamycin induction, as will be 

discussed. Moreover, the kinetics of down-regulation can be slow, depending on 

the stability of the protein (Jimenez-Ruiz et al., 2014). 

1.4.2 The tetracycline-inducible system 

One of the most used systems for transcriptional regulation in T. gondii is the 

tetracycline-inducible transactivator system. Based on the tetracycline 

resistance operon of E.coli, this system was harnessed for regulation of 

mammalian gene expression by Gossen and Bujard. In this strategy, the Tet 

protein TetR, a transcriptional repressor which binds the Tet-operator DNA 

repeats (TetO) in a tetracyclin-dependent manner, is fused to the VP16 

activation domain (derived from Herpes simplex virus), generating an efficient 
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tetracycline-dependent trans-activator (tTA).  Thus, if the TetO sequences are 

located upstream of a minimal promoter, tTA binding leads to the recruitment of 

the transcription initiation machinery; when tetracycline is added, it binds to 

TetR, leading to a conformational change that abolishes DNA-binding (Gossen 

and Bujard, 1992). 

In T. gondii, the original trans-activator derived from Herpes Simplex Virus does 

not interact with the transcription machinery; to overcome this problem, a 

genetic screen was performed, where TetR was randomly inserted into the 

genome to identify functional activation domains. This led to the isolation of the 

trans-activator TATi-1 (trans-activator trap identified), which is regulated by the 

tetracycline analog ATc in a tight, inducible manner (Meissner et al., 2002). 

Moreover, the generation of a parasite parental strain which expresses this 

transactivator (RHΔKu80 TATi-1) has allowed efficient control of transcription 

simply through the replacement of the GOI endogenous promoter with a Tet-

inducible promoter (Sheiner et al., 2011). 

 The tetracycline-inducible system has some disadvantages that need to be 

considered during phenotypic analysis of a gene knock-down: the expression 

under the non-endogenous promoter can be problematic for some GOIs (for 

example, the ones that are not highly expressed in wild-type parasites), and 

ATc-mediated downregulation can allow some residual activity (Jimenez-Ruiz et 

al., 2014). Nevertheless, this system is a very useful tool which has allowed the 

generation of many knock-down strains in T. gondii. 

1.4.3  The ddFKBP system 

A faster way of regulation is represented by the ddFKBP system, which allows 

rapid modulation of protein stability. Devised by Banaszynski et al., it is based 

on the Rapamycin-binding protein FKBP, which was modified so that it is 

unstable unless it is bound to a permeable Rapamycin analogue, named Shield-1. 

Thus, the fusion of a protein of interest to this FKBP destabilisation domain 

(ddFKBP) leads to its degradation, unless Shield-1 is added to stabilize the fusion 

protein (Banaszynski et al., 2006).  
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This system has been successfully adapted in Apicomplexa (Armstrong and 

Goldberg, 2007, Herm-Gotz et al., 2007), but it is important to note that Shield-

mediated stabilisation in T.gondii is in some instances not tightly regulated. In 

T. gondii, the ddFKBP strategy has been mostly used for analysing over-

expression phenotypes and for the regulated expression of dominant negative 

mutants (Kremer et al., 2013, Agop-Nersesian et al., 2009); in particular, it has 

been useful in the study of Dynamin-related proteins of T. gondii, as the analysis 

of dominant-negative versions of DrpA and DrpB has been instrumental in the 

characterisation of their function (van Dooren et al., 2009, Breinich et al., 

2009). 

1.4.4 CRISPR/Cas9 in T.gondii 

To date, CRISPR/Cas9 is the system that holds more promise for easy genome 

manipulation in Apicomplexa parasites. This mechanism was discovered in 

archaea and bacteria (Mojica et al., 2005, Gasiunas et al., 2012, Jinek et al., 

2012), which use it as a prokaryotic immune system, as reviewed in (Lander, 

2016). Following studies that implemented this technique for genome 

engineering in mammals (Cong et al., 2013, Mali et al., 2013), this system has 

been successfully adapted in T. gondii (Shen et al., 2014a, Sidik et al., 2014): 

the nuclease Cas9 is expressed together with a single guide RNA (sgRNA), 

composed of the 20-nucleotide CRISPR RNA (crRNA) – which contains the 

homology region that will guide the nuclease to its DNA target -fused to a 

transactivating RNA (tracrRNA) scaffold, essential for correct processing of the 

crRNA and for Cas9 activity. When Cas9 binds the gRNA, it is guided to homology 

sequences in the genome, and there it will mediate a Double-Strand Break 

(DSB). Importantly, the Cas9 complex will target only genomic sequences which 

are complementary to the 20-bp gRNA and are followed by a PAM (protospacer-

adjacent motif), which is composed by the nucleotides NGG; this allows the 

complex to distinguish between the target DNA and the crRNA-coding sequences.  

In T. gondii, CRISPR/Cas9 has been implemented for two different strategies. It 

has been used as a tool for creating mutants, harnessing the high rates of non-

homologous end-joining (NHEJ) repair to obtain gene disruption: in fact, the 

parasite uses this low-fidelity mechanism to repair the Cas9-mediated DSB, 

creating frame-shift mutations and insertions at the cleavage site (Sidik et al., 
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2014). Notably, this method has been successfully used for a CRISPR/Cas9-based 

genome-wide genetic screen in T. gondii, which is a valuable resource for the 

community (Sidik et al., 2016). 

Secondly, CRISPR/Cas9 can be used to achieve gene editing: when providing a 

repair template, the DSB can be repaired through homologous recombination, 

allowing the precise insertion of epitope tags, point mutations or long sequences 

(Di Cristina and Carruthers, 2018). 

1.4.5 The auxin-inducible degron (AID) system   

To allow rapid regulation at the protein level, the auxin-inducible degron (AID) 

system has recently been adapted for genomic manipulation in T. gondii (Brown 

et al., 2017). The system is based on the auxin-dependent degradation pathway 

that plants have evolved to control gene expression in many developmental and 

growth processes (Teale et al., 2006), in a mechanism that is now well 

understood.  

Transcription of the phytohormone Auxin is repressed by the AUX/IAA 

transcription repressors. When a signal arrives for this repression to be lifted, 

Auxin itself is recruited to bind to the AUX/IAA repressors; this binding promotes 

the interaction of the E3 ubiquitin ligase SCF-TIR1 with the AUX/IAA proteins, 

which as a result are polyubiquitylated and finally rapidly degraded by the 

proteasome. Importantly, a “degron” domain in the AUX/IAA transcription 

repressors is crucial for their interaction with auxin and with SCF-TIR1 (Lavy and 

Estelle, 2016).    

This mechanism was successfully adapted in yeast, and subsequently in 

Apicomplexa such as Plasmodium ssp. and T. gondii (Nishimura et al., 2009, 

Kreidenweiss et al., 2013, Philip and Waters, 2015, Brown et al., 2017). As 

orthologs of TIR1 and AUX/IAAs are only found in plant species, the adaptation 

of this system to other organism always requires the expression of TIR1 and the 

fusion of the target protein with the “degron” domain.  

In T. gondii, a line was generated that stably expresses a codon-optimised Tir1 

in the Δku80 background; moreover, a small Degron domain was optimised and 
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fused to a target gene. When auxin was added, protein depletion was observed, 

as soon as four hours after induction (Brown et al., 2017).    

1.5 Ultrastructure of T. gondii tachyzoites 

The crescent-shaped tachyzoite is the most studied form of T. gondii; measuring 

approximatively 2x7 µm, with a pointed anterior and a more rounded posterior 

end (Fig. 1-3), it exhibits most characteristics of a standard eukaryotic cell, such 

as the presence of a mitochondrion, an ER/Golgi system, and a nucleus 

surrounded by a nuclear envelope and in contact with the ER. Notably, some of 

these structures show atypical characteristics and functions: for example, the 

mitochondrion is present as a single organelle with a distinctive lasso shape, and 

the trafficking system has been modified on a molecular level to support the 

formation of secretory organelles. 

In addition, T. gondii is characterised by novel structures and organelles, such as 

the apical complex, the inner membrane complex and the apicoplast, whose key 

characteristics are summarised here, before illustrating the two structures that 

are of most interest for this thesis: the mitochondrion and the cytoskeleton.  

 

Figure 1-3: Ultrastructure of T. gondii tachyzoite. 
(A) Schematic representation of the ultrastructure of T. gondii tachyzoite. The parasite is protected 
by a pellicle, formed by the plasma membrane (in brown) and the inner membrane complex (IMC) 
shown in red. Specialised secretory organelles, micronemes (turquoise) and rhoptries (blue) are 
located at the apical end of the parasites under the conoid (dark red); dense granules (dark blue) 
are distributed throughout the cytoplasm. At the centre of the parasite body is the nucleus, 
connected with the ER (yellow). The endosymbiotic organelles, apicoplast (green) and 
mitochondrion (pink) are in association during interphase. Other organelles shown are the Golgi 
(yellow), the endosome compartment (EC), the plant-like vacuole (PLV). At the base of the 
parasite, the basal complex is shown in green. Adapted from (Blader et al., 2015). Copyright Annu. 
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Rev. Microbiol. 2015. (B) Morphology of a typical rosette. Transmission electron micrograph 
showing four tachyzoites in the final stages of endodyogeny, still attached by their posterior ends to 
a common residual body (Rb); at the apical end, the apical complex is clearly visible (Co: conoid; 
Mn; microneme; Rh: rhoprty). The parasitophorous vacuole (Pv) surrounds the parasites. Reprinted 
from (Dubey et al., 1998). Copyright © 1998, American Society for Microbiology.  

 

1.5.1 The apical complex and secretory organelles 

The apical complex, which gives the phylum its name, exhibits variable 

morphologies in different Apicomplexa. In T. gondii, it is built around the 

conoid, a system of atypical tubulin fibers arranged in a spiral; inside it run two 

microtubules, housed between the preconoidal ring (from which the conoid 

fibers originate) and the polar ring, which acts as a microtubule organising 

centre.  

It was observed that the conoid is extruded in the first stages of invasion in a 

calcium-dependent manner (Mondragon and Frixione, 1996), suggesting that this 

protrusion has a  mechanical function during attachment or invasion (Hu et al., 

2002, Del Carmen et al., 2009). In addition, the conoid has an essential role in 

providing a regulated gateway for the release of secretory organelles during 

attachment, invasion and formation of the parasitophorous vacuole (Katris et 

al., 2014). 

Three types of secretory organelles are present in T. gondii: micronemes, 

rhoptries and dense granules.  

Micronemes play a key role in invasion and egress (Carruthers et al., 1999), as 

already described in paragraph 1.2.2.1. To date, over 50 micronemal proteins 

have been described; together with the rhoptries, micronemes are synthesised 

de novo during endodyogeny, in a process which requires trafficking through the 

endosomal pathway and maturation of the precursor proteins through proteolytic 

processing (Ngo et al., 2003, Harper et al., 2006). 

 The Dynamin-related protein DrpB is essential for biogenesis of the apical 

secretory organelles, as it mediates the budding of vesicles containing 

micronemal and rhoptry proteins from the Golgi (Breinich et al., 2009); these 

vesicles are then trafficked from the Golgi to endosomal-related compartments 
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thanks to the cargo receptor TgSORTLR (Sloves et al., 2012). Moreover, Rab 

proteins Rab5A and Rab5C are essential for correct trafficking of all rhoptry 

proteins and of some micronemal proteins (Kremer et al., 2013). Interestingly, a 

recycling pathway mediated by Vps35–Vps26–Vps29 core complex was recently 

discovered in T. gondii tachyzoites, indicating that microneme and rhoptry 

biogenesis does not depend solely on de novo production (Sangare et al., 2016). 

Rhoptries  are club-shaped organelles, usually in a number of 8-10 per cell 

(Dubremetz, 2007), formed by two compartments: the upper “neck” contains 

RON (rhoptry-neck) proteins, while the ROP proteins are housed in the bulbous 

compartment below it. 

While RON proteins have an important function during invasion (see paragraph 

1.2.2.1), ROP proteins are involved in different processes. Some ROPs, like ROP4 

and the ROP2 family, are required for the establishment and maintenance of the 

parasitophorous vacuole (Carey et al., 2004, El Hajj et al., 2007); in addition, 

some ROP kinases act as virulence factors, as they are secreted to control gene 

expression of key immune response regulators of the host (Boothroyd and 

Dubremetz, 2008, Taylor et al., 2006, Yamamoto et al., 2011). The best studied 

examples are ROP18 and ROP5, which are at the surface of the PV, where they 

phosphorylate host immune-related GTPase (IRGs) and prevent them from 

accumulating on the membrane and destroying the parasite vacuole (Fentress et 

al., 2010, Steinfeldt et al., 2010, Behnke et al., 2015).   

As previously mentioned, rhoptry proteins are trafficked thorough the same 

pathways as micronemal proteins; at the end of this process, rhoptry organelles 

are attached to the apical end of the parasite through the action of an 

armadillo-repeat protein (ARO), in a process that has been proposed to be 

dependent on actin and Myosin F (Mueller et al., 2013, Mueller et al., 2016).   

Dense granules are the third type of secretory organelle of T. gondii; these 

electron-dense compartments are observable throughout the cytoplasm, and 

measure around 200 nm in diameter. It was recently shown that dense granules 

movement is dependent on Myosin F-mediated transport along long filaments of 

actin (Heaslip et al., 2016, Periz et al., 2017). Dense granules proteins (GRA) are 

important for formation and maintenance of the PV (Mercier et al., 2005); 



33 
 
moreover, some GRA proteins, as for example GRA2, are essential for the 

formation of the membranous nanotubular network, which is formed post-

invasion and expanded as the number of parasites inside the PV increases 

(Mercier et al., 2002). Finally, similarly to rhoptry kinases, some GRA proteins 

are also responsible for the modulation of the host cell response, acting as 

virulence factors (Bougdour et al., 2014, Braun et al., 2013, Curt‐Varesano et 

al., 2016). 

1.5.2 The apicoplast 

The apicoplast is a chloroplast-like organelle found in all Apicomplexa (except in 

Cryptosporidium spp., where it was secondarily lost) (Zhu et al., 2000).  

It is derived from an event of secondary endosymbiosis, as an ancestor protist 

took up a red alga, retained it and transformed it into a fully dependent 

endosymbiont organelle (Arisue and Hashimoto, 2015) ; its photosynthetic 

function was lost during evolution, as Apicomplexa moved towards a parasitic 

lifestyle (van Dooren and Striepen, 2013). Nevertheless, the organelle is 

essential for parasite survival at all stages, and it supports three essential 

metabolic pathways: the heme synthesis pathway (which is also partly mediated 

by the mitochondrion), the type II fatty acid biosynthesis and the isoprenoid 

precursors production (Sheiner et al., 2013, Mazumdar et al., 2006, van Dooren 

et al., 2012, Nair et al., 2011). As such, the apicoplast is the target of a number 

of anti-parasitic drugs (Fichera and Roos, 1997, Jomaa et al., 1999, Dahl and 

Rosenthal, 2008). Apicoplast loss still allows parasites to reinvade, but they 

succumb to delayed death when they begin to replicate; P. falciparum 

merozoites have been shown to survive without an apicoplast if the culture is 

supplemented with isopentenyl phosphate (IPP), but this effect is not observed 

in T. gondii (Yeh and DeRisi, 2011). 

Similar to the mitochondrial genome, the genome of the apicoplast is greatly 

reduced, as most proteins are encoded in the nucleus. As a result, a complex 

trafficking system is required to ensure that apicoplast proteins are targeted to 

the right compartment in the four-membrane organelle; the apicoplast 

thioredoxin Atrx1 has recently been characterised as involved in the control of 

protein trafficking to this organelle (Biddau et al., 2018).  
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During endodyogeny, the apicoplast needs to be elongated and divided to allow 

correct segregation in daughter cells; it was shown that the Dynamin-related 

protein DrpA is required for the division step, while segregation is actin and 

Myosin F dependent (van Dooren et al., 2009, Jacot et al., 2013, Egarter et al., 

2014).   

1.5.3 The IMC 

T. gondii pellicle is a unique triple bilayer structure, formed by the plasma 

membrane and the inner membrane complex (IMC), a system of flattened 

membranous sacs sutured together. These sacs are called alveoli; characteristic 

of all Alveolates, in T. gondii the alveoli are derived from vesicles trafficked 

through the Golgi in a process mediated by the small GTPases Rab11A and B 

(Sheffield and Melton, 1968, Agop-Nersesian et al., 2010, Agop-Nersesian et al., 

2009). 

 The IMC extends through the whole length of the parasite’s body, except at the 

apical and posterior ends, where the apical and basal bodies are located, 

respectively. Several IMC sub-compartments can be identified, which are formed 

by different classes of proteins, such as the IMC sub-compartment proteins (ISPs) 

and the gliding associated proteins (GAPs). While GAP45 and GAP50 can be 

detected along the whole length of the parasite with exception of the apical 

cap, proteins like ISP1 and GAP70 can only be visualised apically; GAP80 is only 

at the posterior region and ISP1 and ISP3 are in the middle and posterior regions 

(Beck et al., 2010, Frénal et al., 2010, Frénal et al., 2014). Recently, a novel 

class of proteins in the IMC has been discovered: named the IMC sutures 

components (ISCs), they localize to the transverse and longitudinal sutures that 

demark the junctions between the alveolar sacs (Chen et al., 2015, Chen et al., 

2017). 

As already discussed, according to the linear motor model the IMC mediates the 

anchorage and stabilisation of the acto-myosin motor. Myosin A interacts through 

the myosin light chain MLC1 with GAP45, a gliding associated protein which is 

anchored at its N-terminus to the plasma membrane; at its C-terminus, GAP45 

interacts with the IMC components GAP40 and GAP50, thus anchoring the motor 

to the IMC (Gaskins et al., 2004, Frénal et al., 2010, Gilk et al., 2009).  
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Importantly, GAP40 and GAP50 have been shown to be also involved in IMC 

biogenesis; their ablation results in significant IMC morphology defects and 

ultimately in the collapse of the parasite ultrastructure. This suggests that the 

IMC has an essential role in parasite structural stability, especially during 

daughter cell formation (Harding et al., 2016). 

On its cytoplasmic face, the IMC is supported by a meshwork (called sometimes 

“alveolin network”) of intermediate filament-like (IF-like) proteins, known as 

IMC proteins; so far, 14 IMC proteins have been characterised, which have 

specific and distinct roles and localisations. These proteins are sequentially 

assembled into the cytoskeleton of budding daughters during replication, and 

thus they can be used as markers of distinct budding steps. For example, IMC15 

is the first to be recruited during replication; IMC7 is excluded from the budding 

daughters, and  is only present in the mother; IMC1 and IMC3 are both present in 

mother and daughter cytoskeletons, and they are commonly used to visualise 

parasites that are in the first stages of endodyogeny (Mann and Beckers, 2001, 

Anderson-White et al., 2012, Dubey et al., 2017). 

Below this network run the subpellicular microtubules, which will be described 

in the next paragraph; it has been proposed that a family of glideosome-

associated proteins with multiple-membrane spans (GAPMs) connects the inner 

membrane complex to the alveolin network and possibly to the microtubules 

(Bullen et al., 2009, Frenal et al., 2017), but more research is needed to prove 

this hypothesis (Harding et al., 2016).  

1.5.4 The microtubule network 

Tubulin makes up five essential structures in T. gondii tachyzoites: the conoid 

and the intraconoid microtubules in the apical complex; the replicative 

structures of spindle microtubules and centrioles; and the subpellicular 

microtubules, part of the cortical cytoskeleton, whose structural role will be 

illustrated in detail here. 

Three α and three β tubulin isotypes are present in the Toxoplasma genome 

(Nagel and Boothroyd, 1988, Xiao et al., 2010, Morrissette, 2015); while β 

isotypes are expressed similarly in different stages and show almost 98% of 
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sequence identity, α isotypes are characterised by different expression profiles, 

suggesting that they are required for the formation of different structures. 

Additionally, T. gondii genome contains also genes for γ, δ and ε tubulin, but 

only γ tubulin is expressed in tachyzoites (Morrissette, 2015). 

The subpellicular microtubules are typically composed of α1- β1 heterodimers 

assembled head-to-tail to form protofilaments; the lateral association of 13 

protofilaments results in a microtubule. The twenty-two subpellicular 

microtubules originate from the Apical Ring located below the conoid, which 

functions as a microtubule organising centre; thus, in T. gondii the plus-end of 

microtubules is the one growing away from the apical region of the parasite 

(Russell and Burns, 1984). Running below the pellicle, the microtubules form a 

left-handed spiral extending from the apical end to approximately two-thirds of 

the parasite body (Nichols and Chiappino, 1987, Morrissette et al., 1997). These 

microtubules are extremely stable compared to those of vertebrate cells, 

probably thanks to parasite-specific microtubule-binding proteins which heavily 

decorate them, such as SPM1, TrxL1 and TLAP2 (Tran et al., 2012, Liu et al., 

2013, Liu et al., 2016).  

These data suggest that the main role for subpellicular microtubules is 

structural; their close association with the IMC is essential, especially during 

parasite division, when the coordinated growth of cortical microtubules and the 

IMC regulates daughter cells packaging inside the mother. Inhibition of 

microtubule growth by the depolymerizing drug oryzalin induces abnormal IMC 

assembly and non-viable daughter cells (Morejohn et al., 1987, Stokkermans et 

al., 1996, Shaw et al., 2000, Morrissette and Sibley, 2002, Hu, 2008).  

In eukaryotes, microtubule tracks are also usually required for vesicular 

transport along the cell and for the movement of organelles; both processes are  

powered by the microtubule motors kinesin and dynein, ATPases that use the 

energy derived from ATP hydrolysis to move along microtubule tracks (Vale, 

2003).  

In general, most kinesins direct the movement towards the plus end of the 

microtubules (that is, the growing end).Their small, well-conserved motor 

domains power movement through ATP hydrolysis and mediate the interaction 
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with microtubules; the tail domains are more variable, and are required for 

cargo binding and for interaction with regulatory proteins (Hirokawa and Tanaka, 

2015). In T. gondii genome, 19 kinesins are present (Morrissette, 2015).Of these, 

only two have been characterised: Kinesin A localises to the apical ring and is 

thought to be required for its stability, while Kinesin B was localised to the 

cortical microtubules, but its function remains unknown (Leung et al., 2017).   

 Movement towards the minus end of microtubules is mainly powered by dynein 

complexes, which in mammals are divided between “cytoplasmic dyneins” and 

“flagellar dyneins”. In these proteins dimers, the force to move along 

microtubules is generated by their large heavy chain subunits, each containing 

six ATPase modules forming a ring (Hirokawa and Tanaka, 2015, Roberts et al., 

2013). In most cases, efficient dynein movement along microtubules requires the  

interaction with the cofactor dynactin; this complex of proteins binds to the 

intermediate chains of dynein to facilitate motor processivity and the anchoring 

to microtubules (Schroer, 2004). Ten dynein heavy chains are found in T. gondii 

genome, together with several types of intermediate and light chains; while 

some of these are probably “flagellar dyneins”, important for flagellar 

movement in the sexual stages of the parasite, others are hypothesised to be 

“cytoplasmic dyneins”. Moreover, some components of dynactin, namely Arp1, 

p25, p27, p62 and p50, are conserved (Morrissette, 2015). 

So far, only the dynein light chain 8-a (DLC8-a) has been characterised in T. 

gondii; when overexpressed, it localises to the conoid, spindle poles, 

centrosomes and basal end of the parasite. A later study showed only an apical 

localisation for DLC8-a, and also determined a cytosolic distribution for other 

three members of the dynein LC8 subfamily (TgDLC8-b, TgDLC8-c, andTgDLC8-d) 

(Hu et al., 2006, Qureshi et al., 2013).    

As kinesin and dynein motor proteins remain amply uncharacterised in T. gondii, 

it is not possible to determine if they are required for organelle transport or 

vesicular traffic. Moreover, as previously discussed, dense granules have been 

shown to be dependent on a Myosin F motor to be moved along actin filaments, 

and rhoptry positioning at the apical end of the parasite is also mediated by a 

acto-myosin F mechanism (Mueller et al., 2013, Heaslip et al., 2016). In 

mammalian cells, organelles like mitochondria have been shown to be 



38 
 
transported along microtubules by kinesin and dynein, as will be discussed in 

paragraph 1.7.1; to date, no data are available about mitochondria transport in 

T. gondii.  

1.5.5 The mitochondrion 

Mitochondria are the result of an endosymbiotic event which occurred 1.5 billion 

years ago, when a bacterium was internalised into a larger host cell and adapted 

to intracellular life (Wang and Wu, 2015). In all eukaryotes, mitochondria are 

delimited by the outer and the inner mitochondrial membrane (OMM and IMM, 

respectively) (Pernas and Scorrano, 2016). Inside, two aqueous mitochondrial 

sub-compartments, the intermembrane space (IMS) and the matrix, are present; 

moreover, a third, crucial sub-compartment is formed by deep invaginations of 

the IMM protruding in the mitochondrial matrix. These structures, known as  

cristae membranes, house the respiratory chain complexes and the ATP 

synthase, and are of crucial importance for energy production (Mannella, 2006).  

Traditionally, mitochondria have been described as the powerhouse of the 

eukaryotic cell, as they are the site of cellular respiration and many other 

fundamental metabolic and bioenergetics processes, such as β-oxidation of fatty 

acids and Krebs cycle, heme biosynthesis, iron/sulfur cluster assembly, and the 

metabolism of certain amino acids. In recent years, however, research has 

focused on different unique mitochondrial functions, such as their role in 

apoptosis and ageing, the mechanisms of mtDNA maintenance, and the complex 

regulation of mitochondrial dynamics (Jiang and Wang, 2004, Fang et al., 2016, 

Pernas and Scorrano, 2016). Here, an overview on mitochondrial functions and 

morphology in T. gondii will be given, before discussing in detail mitochondrial 

dynamics during endodyogeny. 

In T. gondii, the mitochondrion has the same basic characteristics found in all 

eukaryotes: it is delimited by two membranes and has a high density matrix, 

with cristae showing a peculiar omega shape (Melo et al., 2000) (Fig. 1-4). The 

TCA cycle was shown to be fully active in T. gondii (MacRae et al., 2012), as well 

as the mitochondrial electron transport chain (ETC) for oxidative 

phosphorylation (Vercesi et al., 1998). Moreover, the parasite mitochondrion is 

important for the production of precursors of other pathways, like pyrimidine 
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and heme biosynthesis; as the latter process is shared between apicoplast and 

mitochondrion, during interphase these two organelles are seen in close physical 

association (Seeber et al., 2008, Vaidya and Mather, 2009, Sheiner et al., 2013). 

Thus, the mitochondrion is essential for T. gondii survival at all stages, and it is 

a validated drug target for both Plasmodium ssp. and T. gondii (Mather and 

Vaidya, 2008, Goodman et al., 2017); currently, it is targeted by compounds 

such as atovaquone and myxothiazol, which inhibit the ETC by acting as 

ubiquinone analogues (Srivastava et al., 1997).   

Only a handful of the proteins required for the above-mentioned pathways are 

encoded in the mitochondrial genome of the parasite. In fact, though sequencing 

of the mitochondrial genome in T. gondii has been hindered by the presence of 

mtDNA-like sequences in the nucleus (Ossorio et al., 1991, Garbuz and 

Arrizabalaga, 2017), it is known that all Apicomplexa have an extremely reduced 

mitochondrial genome, with the exception of Cryptosporidium spp., where the 

mtDNA was completely lost (Putignani et al., 2004). Based on studies on P. 

falciparum mitochondrion, T. gondii mitochondrial genome is thought to encode 

only three proteins (cytochrome b, cytochrome c oxidase I Cox1, and 

cytochrome c oxidase III Cox3) and a few highly fragmented rRNA genes, while 

all other mitochondrial proteins need to be imported from the cytoplasm (Feagin 

et al., 1991, Vaidya et al., 1989). As mitochondrial genome reduction is a shared 

feature of all eukaryotes (though in Apicomplexa it has occurred in a remarkably 

bigger scale), the import of mitochondrial proteins from the cytosol is a 

conserved mechanism, which is dependent on the translocons of the outer and 

inner mitochondrial membranes (TOM and TIM, respectively) (Dudek et al., 2013, 

Manganas et al., 2017). In T. gondii, it was shown that a TOM complex is 

conserved, containing Tom40 (which forms the central pore of the complex), 

Tom22 and Tom7, but not receptor proteins Tom70 and Tom20 (van Dooren et 

al., 2016). Bioinformatics analysis has also shown that some components of the 

TIM translocon are conserved in T. gondii, but the complex remains 

uncharacterised (van Dooren et al., 2016). 

One of the most divergent aspects of T. gondii mitochondrion is probably its 

morphology; in fact, like most Apicomplexa but very differently from most other 

eukaryotes, this parasite has a single, ramified mitochondrion, which usually has 
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a lasso shape in intracellular tachyzoites, extending all around the periphery of 

the parasite (Melo et al., 2000). This morphology seems to change in 

extracellular parasites, where most mitochondria partially detach from the 

parasite periphery, and in some cases completely collapse. Parasites with a 

collapsed mitochondrion are viable, and during invasion they re-expand the 

organelle and establish the typical intracellular morphology (Ovciarikova et al., 

2017). 

 

 

Figure 1-4: Structure of the single mitochondrion of T. gondii. 
(A) Transmission electron micrographs of the single mitochondrion (m) in T. gondii tachyzoites. 
Scale bar: 0.5 µm. (B) Three-dimensional reconstruction of extracellular tachyzoites of T. gondii. 
The nucleus is in yellow, and the pellicle is in transparent white. The mitochondria is in purple, 
showing that its branches go around the periphery of the parasite.  Modified from (Melo et al., 
2000). Copyright © 2000 Academic Press. 

 

1.6 Endodyogeny 

The asexual replication of T. gondii tachyzoites, termed endodyogeny, is a 

division process where daughter cells are not formed by fission, but rather 
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assembled within the mother until they are ready to bud (Fig. 1-5) (Goldman et 

al., 1958, Sheffield and Melton, 1968, Nishi et al., 2008).  

The G1 phase comprises half of the cell cycle;  towards the end of this stage, 

the Golgi elongates and the centriole starts to divide, an event that marks the 

transition to the S phase (Pelletier et al., 2002, Hartmann et al., 2006, Suvorova 

et al., 2015). While the DNA is replicating, the apicoplast elongates (Striepen et 

al., 2000); in the late S phase, the first cytoskeleton elements of the daughter 

cells are assembled, marking the initiation of budding. Daughter buds are 

assembled in an apical to basal direction (which is established through the 

centrosome), starting from their conoid and apical ring, from where the 

subpellicular microtubules are nucleated (Hu et al., 2006). 

After a very short (or absent) G2 phase (Francia and Striepen, 2014), the M 

phase starts, overlapping with cytokinesis. In this phase, the nucleus and the 

apicoplast are divided and then segregated in the growing daughter cells, 

together with newly-formed branches of the endoplasmic reticulum (ER). At this 

point, the other organelles need to be duplicated or elongated in order to be 

segregated; thus, in the last stages of endodyogeny the daughter cells acquire 

the mitochondrion and their own set of secretory organelles, as will be detailed 

later in this paragraph.  

Budding of the daughter cells is completed through the constriction of their 

basal end. Although the mechanisms underlying this constriction are not well 

understood, it is proposed that the parasite’s basal complex, which is formed by 

MORN-1, Centrin -2 and several basal IMC proteins, acts as a contractile ring in 

the last stages of division. MORN-1 signal is detected at the start of 

endodyogeny, when it is in close juxtaposition to the apical end of the nascent 

daughters; while the budding cells grow, the MORN-1 ring encircles the growing 

ends of the daughter’s cytoskeleton, and is finally found at the basal part of the 

parasites when cytokinesis occurs (Hu et al., 2006, Hu, 2008, Gubbels et al., 

2006). When MORN-1 is ablated, double-headed parasites are formed, where the 

daughters are conjoined at their basal ends, as no cytokinesis takes place in this 

mutant (Lorestani et al., 2010, Heaslip et al., 2010). 
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At the end of endodyogeny, the cytoskeleton of the mother is disassembled and 

the plasma membrane is incorporated by the daughter parasites in a Rab11A-

dependent process (Agop-Nersesian et al., 2009). A residual body (RB) is formed, 

which is thought to help organise the rosette; this function is also effected by 

the membranous nanotubular network (MNN), a complex of membranes that 

connect the parasites together and to the PV membrane (Sibley et al., 1995, 

Mercier et al., 2002). The RB usually contains some secretory organelles, 

together with mitochondrial and nuclear fragments; the membrane connections 

between the RB and the tachyzoites in the PV can persist until they egress 

(Muñiz-Hernández et al., 2011). It was recently shown that an intravacuolar 

actin network runs through these interconnections, and is important for 

transport of material between parasites in the same rosette (Periz et al., 2017). 
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Figure 1-5: Endodyogeny of T. gondii. 
(A) T.gondii tachyzoites during interphase. (B) During endodyogeny, the daughter cells develop in 
an apical to basal direction; Golgi and apicoplast replicate and divide in the early stages, and are 
incorporated in the growing buds; secretory organelles are degraded inside the mother, and newly 
synthesised in the daughter cells. (C) Towards the end of the process, when the buds are almost 
ready to emerge, cytokinesis occurs at the basal end, and the plasma membrane of the mother is 
acquired by the daughters. (D) Timeline of events taking place during endodyogeny. Mitochondria 
division occurs late in replication, together with organelle biosynthesis and ER replication. 
Reproduced from (Nishi et al., 2008). Copyright © 2008 Company of Biologists. 

 

The use of time-lapse microscopy has greatly increased our knowledge on 

organellar dynamics during endodyogeny (Hu, 2008, Nishi et al., 2008); the 
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molecular mechanisms underlying these processes, however, are not yet fully 

understood. 

As previously discussed, it is proposed that secretory organelles are synthetized 

de novo by budding and fusion of vesicles emerging from the ER and Golgi, in a 

process driven by the Dynamin-related protein B; evolutionary conserved 

regulators of endosomal trafficking, such as HOPS/CORVET complex subunits, 

Rab5a and the sortilin-like receptor TgSORTLR, have been shown to be involved 

in the process (Breinich et al., 2009, Morlon-Guyot et al., 2015, Kremer et al., 

2013, Sloves et al., 2012). Moreover, it has been recently suggested that 

micronemes and rhoptries from the mother are degraded and their components 

recycled in the daughter cells (Jimenez-Ruiz et al., 2016, Sangare et al., 2016).  

On the contrary, organelles of endosymbiotic origin cannot be formed de novo: 

during evolution, their successful acquisition always requires the establishment 

of a mechanism to divide and partition them between the progeny. In T. gondii, 

these processes follow the cell cycle, requiring a coordination between daughter 

formation and organelle division.  

In the case of the apicoplast, it has been proposed that this coordination is 

achieved by anchoring the organelle to the newly duplicated centrosomes before 

daughter cell budding starts. In this way, when the daughter IMC begins to 

extend the apicoplast is extended as well, forming a U-shape that is constricted 

at the basal end of the growing parasites by the basal complex. At this point, a 

Dynamin-related protein called DrpA mediates fission (for more detail, see 

paragraph 1.8.2), so that each of the daughters has its own organelle (van 

Dooren et al., 2009, Lorestani et al., 2010).     

The mechanism of mitochondrial fission in T. gondii has not been characterised, 

and is the focus of this thesis. Time-lapse microscopy (Nishi et al., 2008) has shown 

that the mitochondrion of the mother cell starts elongating at an early stage of 

daughter IMC formation, branching in multiple locations; these elongations remain 

in the plasma membrane of the mother until the last stages of cell division. 

Finally, the elongated organelle’s branches are inserted inside the daughter buds, 

and seemingly pulled up, till the two interconnected, lasso-shaped organelles are 

surrounding the periphery of the daughter cells; the connection between them is 
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subsequently cleaved, so that independent organelles are now present in each 

daughter cell (Fig. 1-6). 

 

 

Figure 1-6: Dynamics of mitochondrial replication in T. gondii. 
(A) Time-lapse microscopy of parasites during endodyogeny, showing IMC (labelled with IMC1-
YFP, in green) and the mitochondrion (labelled with HSP60-RFP, in red). In interphase, the 
mitochondrion has the typical lasso shape; when daughter cells start to form (t=0), the 
mitochondrion forms branches (arrowheads), which later (t=60’) elongate and encircle the buds 
(t=95’) but do not enter them; when the daughters are emerging form the mother, the mitochondrial 
branches quickly enter them (t=110’) and are pulled towards the cell periphery (t=120’). The 
mitochondria remain connected for a variable time (t=140), and at the end of endodyogeny a 
mitochondrial portion is visible in the residual body (t=160). Scale bar: 5 µm. Reproduced from 
(Nishi et al., 2008). Copyright © 2008 Company of Biologists. 

 

Thus, at least two mitochondrial dynamics seem at play during endodyogeny: 

fission, to cleave the connection and form two distinct mitochondria, and motility. 

In the following paragraph, I will illustrate how mitochondrial dynamics are at play 

in other eukaryotes, where the molecular effectors of these processes have been 

studied in detail. 

 

1.7 Mitochondrial dynamics in higher eukaryotes 

Mitochondrial dynamics have been extensively studied both in yeast - an 

excellent system for forward genetic screens - and in human cells, especially 

since altered mitochondrial dynamics have been linked to diseases such as 

cancer, Parkinson’s and Alzheimer’s dementia, and amyotrophic lateral sclerosis  

(Nunnari and Suomalainen, 2012, Chen and Chan, 2009). 
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Extensive research has shown that mitochondria in yeast and humans are not 

independent, discrete organelles; rather, during interphase they form a 

“mitochondrial network”. This network needs to be strictly integrated with 

other cellular compartments, and, above all, highly dynamic, capable to 

constantly change its organisation in correlation with the needs of the cell. To 

effect these dynamic changes, the mitochondrial network depends on the 

processes of division, fusion, and transport: these mechanisms are in a highly 

regulated balance which determines the shape, number, fitness and correct 

location of mitochondria in cells, as reviewed in (Ramachandran, 2017) (Fig. 1-

7). 

When this balance is misregulated, pathology ensues; in particular, there is a 

strong link between neurodegenerative disease and perturbed mitochondrial 

dynamics, as the latter influence not only ATP production, but also apoptosis 

regulation and reactive oxygen species production (Gao et al., 2017). Thus, 

excessive mitochondrial fragmentation is a common factor in 

neurodegeneration, and it has been shown to be induced by factors associated 

with these diseases; for example, the phosphorylated protein Tau and mutant 

Htt (associated with Alzheimer and Huntington diseases, respectively) induce 

mitochondrial fission and impair fusion, leading to impaired mitochondrial 

function and increased cell death (Kandimalla et al., 2016, Shirendeb et al., 

2012). 

Mitochondrial dynamics change drastically upon cell division. Just before 

mitosis, mitochondrial fusion rates are increased, probably to organise 

mitochondrial distribution (Horbay and Bilyy, 2016). However, during mitosis 

mitochondria are extensively fragmented by the Dynamin related protein Drp1, 

which is activated by the mitotic kinases Aurora A and cyclin B–cyclin-dependent 

kinase (CDK)1 (Taguchi et al., 2007). Moreover, mitochondrial motility is 

observed in polarised cells which require mitochondrial transport to the bud 

(Kanfer and Kornmann, 2016). After cytokinesis, Drp1 activity decreases and 

fusion rates are increased, leading to the establishment of the mitochondrial 

network. 
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1.7.1 Mitochondria motility   

The mechanisms of mitochondria transport in yeast greatly differ from the ones 

used by specialised human cells such as neurons, reflecting their respective 

complexity and needs. In yeast, mitochondrial motility and tethering are mainly 

required upon cell budding, to ensure that both mother and daughter cells are 

equipped with their own mitochondrial network (Labbe et al., 2014). To this 

end, mitochondria are transported in an active process involving actin and the 

myosin motor Myo2, whose depletion results in defective mitochondrial 

distribution in the buds (Altmann et al., 2008, Fortsch et al., 2011). Myo2 

interacts with at least two adaptors on the mitochondria surface, Mmr1 and 

Ypt11 (Itoh et al., 2002, Itoh et al., 2004); interestingly, Mmr1 functions also as 

a tether between mitochondria and ER in the daughter cell (Swayne et al., 

2011).  

In mammalian cells, mitochondria movement has been mostly studied in 

neurons, where transport to the axons is essential to provide these active 

regions with the necessary source of energy and metabolites (Lackner et al., 

2013). In contrast to yeast, mammalian mitochondria move across microtubules. 

The small Rho-GTPase Miro, inserted in the mitochondrial outer membrane, 

mediates bidirectional movement; when Miro-1 is depleted, neurons show 

altered mitochondrial distribution and motility (Misko et al., 2010). 

Immunoprecipitation experiments uncovered that this transmembrane protein 

interacts with the Kinesin Kif5 (through the TRAK/Milton family of molecular 

adaptors) for anterograde transport, and with Dynein/dynactin complex for 

retrograde movement (Glater et al., 2006, Morlino et al., 2014, Russo et al., 

2009). Recently, Miro has also been shown to recruit the actin motor Myo19 on 

the mitochondria membrane, suggesting that it has an additional role in coupling 

the mitochondria to the actin cytoskeleton; this function could be important for 

mitochondrial segregation during mitosis (Lopez-Domenech et al., 2018, Tang, 

2018). 

Similarly to what observed in yeast, mitochondrial positioning in axons is also 

regulated by static anchor complexes. Immobilisation of axonal mitochondria 

requires the mitochondrial outer membrane protein syntaphilin, which is 

proposed to function as “brake”:  it can anchor mitochondria to microtubules, 
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and at the same time inhibit KIF5, the microtubule motor which mediates 

anterograde motility. Thus, positioning of mitochondria is regulated through a 

molecular interplay between motor and docking proteins (Chen and Sheng, 2013, 

Kraft and Lackner, 2017).  

1.7.2 Mitochondrial fusion  

Similarly to what just described for mitochondria positioning, the number and 

shape of the mitochondria are determined by a balance of two opposing 

mechanisms: mitochondrial fusion and fission (Fig. 1-7). This balance is essential 

for the correct function and structure of the mitochondrial network, and the 

equilibrium can be shifted in response to cytosolic cues to accommodate the cell 

needs. For example, it was observed that, upon cell starvation, fission is 

attenuated: as a result, the mitochondrial network becomes more fused, which 

is associated with an increased production of ATP (probably thanks to enhanced 

exchanges in the network of metabolites and mtDNA) (Gomes et al., 2011, 

Rambold et al., 2011). Furthermore, it is well established that apoptotic 

signalling requires mitochondrial fragmentation to release cytochrome c in the 

cytoplasm; this fragmentation is induced through increased fission activity and 

through inhibition of fusion (Suen et al., 2008).  
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Figure 1-7: Mitochondrial dynamics and the balance between fission and fusion 
(A) Mitochondrial dynamics in mammalian cells depend on the opposing forces of fission and 
fusion, and on the movement on microtubule or actin tracks. In mammals, the key agents of 
mitochondrial fission are Drp1 and Dyn2, both belonging to the Dynamin superfamily (B) Fusion is 
a two-step process; in mammalian cells, outer membrane fusion is mediated by Mfn1-2, while 
OPA-1 is the key effector of inner membrane fusion. (C, D and E) Mitochondrial movement in 
mammals is largely microtubule-mediated, though actin filaments have been associated with short-
distance mitochondrial movement. Microtubule-based movement is mediated by the anterograde 
motor kinesin-1 and by the retrograde motor dynein/dynactin; interaction with the mitochondrial 
proteins Milton and Miro is essential for movement. Panel reprinted from (Gao et al., 2017). (F) The 
balance between mitochondrial fusion and fission is important for the maintenance of the 
mitochondrial network. In yeast, Dnm1 and Fzo1p are the key agent of fission and fusion, 
respectively; in wild-type yeast, their balanced action maintains a tubular mitochondrial network 
(middle). When Dnm1 is ablated, unopposed mitochondrial fusion results in a mitochondrial net 
(left); conversely,  loss of  Fzo1p leads to excessive fragmentation owing to unregulated 
mitochondrial fission (right). Figure reprinted from (Shaw and Nunnari, 2002). Copyright © 2002 
Elsevier Science Ltd. 

 

Mitochondrial fusion is an essential merging event that ensures homogeneity in 

the mitochondrial population of a cell through the exchange of proteins, mtDNA, 

lipids and metabolites. Fusion starts with two mitochondria coming in close 
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contact (probably through the regulation of the actin cytoskeleton); 

successively, both the Outer and the Inner Mitochondrial Membrane (OMM and 

IMM, respectively) need to undergo fusion, through distinct mechanisms which 

are mediated by Dynamin-related proteins (Drps), large GTPase proteins of the 

Dynamin superfamily (as reviewed in (Lee and Yoon, 2016).  

OMM fusion is mediated by the OMM integral protein Fzo1/Mitofusin1-2 (in yeast 

and humans, respectively) (Hermann et al., 1998, Chen et al., 2003). Mitofusin 

complexes need to be present in both adjacent mitochondria (Koshiba et al., 

2004), and their trans-interaction tethers the two organelles together; 

subsequent GTPase activity brings them closer, forming a “docking ring”, and 

fusion occurs at the periphery of this ring (Brandt et al., 2016). 

IMM fusion is performed through the action of the transmembrane IMM protein 

OPA1 (Mgm1 in yeast), a Dynamin-related protein which is also involved in 

mtDNA maintenance and cristae integrity (Cipolat et al., 2004, Meeusen et al., 

2006, Pernas and Scorrano, 2016).  In contrast to what observed for 

Fzo1/Mitofusin, the activation of OPA1 activity on just one of the fusing 

mitochondria is sufficient for IMM fusion (Song et al., 2009). IMM fusion 

mechanism is not completely understood; moreover, while it is clear that in 

yeast OMM and IMM fusion events are coordinated (Sesaki and Jensen, 2004), it is 

not known how this is accomplished in mammalian cells.  

1.7.3 Mitochondrial fission  

Mitochondrial fission is the division process where the constriction and cleavage 

of a pre-existing “mother mitochondrion” gives rise to new organelles. This 

process is important in dividing cells, as mitochondria cannot be created de 

novo. In budding yeast, mitochondria are first expanded in size, then divided 

and partitioned in daughter cells (Friedman and Nunnari, 2014, Ramachandran, 

2017). When mitochondrial fission is impaired, yeast cells can still complete 

meiosis, but mitochondria are not correctly partitioned in the progeny. Similarly, 

inhibiting fission during meiosis leads to the production of inviable progeny in 

mammals (Gorsich and Shaw, 2004, Waterham et al., 2007, Ishihara et al., 

2009). 
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 Recently, it has been proposed that fission and replication of mitochondrial DNA 

(mtDNA) are strictly connected, as replication of mtDNA occurs near sites that 

are marked for fission, to ensure that the daughter mitochondria inherit their 

own genome (Lewis et al., 2016). 

As recently reviewed (Kraus and Ryan, 2017), mitochondrial fission is also 

important in post-mitotic cells, where is essential to: 1) maintain a healthy 

population through the fragmentation of damaged mitochondria, which are then 

targeted for degradation (a process termed mitophagy) (Twig et al., 2008) ; 2) 

facilitate mitochondrial transport, since smaller organelles are more easily 

transported  along cytoskeletal tracks, especially in narrow regions like the thin 

axonal processes of neurons (Verstreken et al., 2005), and 3) enhance the 

release of cytochrome-c after apoptotic induction (Montessuit et al., 2010).  

Mitochondrial fission is mediated by the coordinated action of cytoskeletal 

elements and proteins residing both in the cytoplasm and on the mitochondrion, 

and both the OMM and IMM are severed as a result. The first molecule found to 

have a key role in this process was the yeast Dynamin related protein Dnm1. A 

forward genetic screen showed that knockout of this protein caused the 

mitochondrial network to become highly elongated and interconnected. It was 

shown that Dnm1 has a cytoplasmic pool, but also forms puncta along the 

mitochondria, and that the GTPase activity was essential for its function (Otsuga 

et al., 1998). At the same time, a mitochondrial function and localisation were 

observed for its human homolog, Drp1 (Smirnova et al., 1998). Importantly, Drp1 

function is also essential for peroxisome fission (Koch et al., 2003, Li and Gould, 

2003). 

Subsequent research has shown that Dnm1/Drp1 are key effectors of 

mitochondria membrane constriction (Bleazard et al., 1999, Smirnova et al., 

2001). These mechanochemical enzymes wrap around the mitochondrial 

membrane and form spirals; upon GTPase hydrolysis, conformational changes in 

Drp1 helices cause a two-fold decrease in ring diameter to facilitate membrane 

constriction (Mears et al., 2011, Koirala et al., 2013) (see paragraph 1.8). 

Moreover, additional players of mitochondrial fission have been uncovered, 

which will be discussed here. 
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Not all the puncta of Dnm1/Drp1 on the mitochondria lead to fission; future sites 

of mitochondrial fission are usually marked by a “pre-constriction step”, which is 

needed to reduce the diameter of the mitochondrial tubule (which normally 

measures ∼300–500 nm) to ∼150 nm, the width of the Dnm1/Drp1 helix 

(Ingerman et al., 2005). This pre-constriction step is mediated by the concerted 

action of Endoplasmic Reticulum (ER) and actin: the ER wraps around 

mitochondria at sites of future fission (Friedman et al., 2011) and in those sites 

actin polymerization occurs, mediated by the ER-localised Formin 2 (INF2) and 

by the mitochondrial protein Spire1C (Korobova et al., 2013, Manor et al., 2015). 

It is proposed that myosin II is subsequently recruited to these sites to help pre-

constrict the mitochondrial tubules (Korobova et al., 2014). However, it was 

recently noted that mitochondrial fission can also be elicited by mechano-

stimulation in mammalian cells (Helle et al., 2017). 

To further constrict the membrane, the oligomerisation of Dnm1/Drp1 is 

required; as already mentioned, this protein has a cytoplasmic pool, and needs 

to be recruited to the mitochondrial outer membrane, a function carried out by 

a number of different adaptors/receptors (Pagliuso et al., 2018). In yeast, the 

transmembrane OMM protein Fis1 is the main adaptor, binding the yeast-specific 

receptors Mdv1 and Caf4 to recruit Dnm1 and promote its assembly (Mozdy et 

al., 2000, Lackner et al., 2009, Griffin et al., 2005). Human cells also express 

Fis1, but it is dispensable for fission (Otera et al., 2010, Osellame et al., 2016). 

Nevertheless, its knockdown induces a mild elongation phenotype; this could 

suggest that Fis1 could play a role in Drp1 recruitment under some physiological 

conditions (Loson et al., 2013). Drp1 recruitment and assembly at constriction 

sites in mammalian cells is mediated by the primary adaptor Mff, conserved in 

all metazoans (Gandre-Babbe and van der Bliek, 2008), and by the chordate-

specific OMM proteins MiD49 and MiD51 (Palmer et al., 2011). Strikingly, these 

adaptors can work independently to recruit Drp1 (Koirala et al., 2013), and the 

activity of Drp1 can be modulated differently by these interchangeable 

adaptors. For example, it has been shown that when mitochondrial fission is 

induced by apoptotic signals, Drp1 recruitment is mediated by MiD49 and MiD51, 

not Mff (Otera et al., 2016). Furthermore, Drp1/Dnm1-mediated fission can also 

be modulated by phosphorylation, sumoylation and ubiquitination; thus, Drp1 

activity to the OMM relies not only on its receptor complex, but also on 
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numerous posttranslational modifications (Pagliuso et al., 2018, Kanfer and 

Kornmann, 2016, Taguchi et al., 2007). 

Dnm1/Drp1 recruitment leads to the formation of helices on the membrane, 

which contribute to the tubule constriction (see paragraph 1.8). It was recently 

found that the final severing step requires an additional mechanochemical 

enzyme, the classical Dynamin Dyn2 (Lee et al., 2016). Dyn2 is transiently 

recruited to constricted mitochondrial sites to facilitate severing of the 

membrane; moreover, its ablation led to elongated mitochondria, which in some 

regions were constricted by Drp1, but not severed. It is thus proposed that Drp1-

mediated constriction facilitates the assembly of Dyn2, which then completes 

division.  

As already noted, mitochondrial fission interests both IMM and OMM, but it is not 

clear if the two membranes are cleaved in distinct steps. To date, no inner 

membrane fission machinery has been identified. Whether the constriction of 

the OMM pushes the IMM together until it fuses, or additional proteins are 

involved in coordinating inner membrane fission, it is not known; intriguingly, 

recent work has suggested a coordination between the fission machinery and 

OPA-1, the regulator of IMM fusion (Anand et al., 2014). 

1.8 Dynamin superfamily: universal membrane 
remodelling effectors 

As discussed above, mitochondrial division and fusion are mediated by the action 

of Dynamin-related proteins (Drps), which belong to the superfamily of 

Dynamins, large mechanochemical enzymes that mediate different membrane 

remodelling processes. Members of this family share two key characteristics: a 

large GTPase domain at their N-terminus, which is the most conserved region 

throughout the family, and shows low GTP-binding affinity; and a GTPase 

activation mechanism that is oligomerization-dependent (Praefcke and 

McMahon, 2004, Faelber et al., 2013).  

Dynamin was first characterised as a GTPase that associates with microtubules in 

vitro (Shpetner and Vallee, 1989, Obar et al., 1990); subsequent studies in D. 

melanogaster showed that temperature-sensitive mutants lacking Dynamin do 
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not perform endocytosis, as scission of clathrin-coated vesicles from the plasma 

membrane is blocked (Kosaka and Ikeda, 1983, van der Bliek and Meyerowitz, 

1991).  

Today, members of the Dynamin superfamily have been described in most 

eukaryotes and even in bacteria, and are divided in classical Dynamins and 

Dynamin-related proteins. While the former are best known for their role in 

endocytosis, Dynamin-related proteins have evolved to perform different 

membrane remodelling processes, from organelle division and fusion, to plant 

cytokinesis (Heymann and Hinshaw, 2009).  

 In addition to the GTPase domain, members of this superfamily are usually 

characterised also by a Middle domain and a GTPase Effector domain (GED). 

Classical Dynamins, but not Dynamin-related proteins, also present a Pleckstrin-

Homolgy (PH) domain and a Proline-Rich domain (PRD), which are important for 

membrane binding, as they mediate lipid and protein interaction, respectively 

(van der Bliek, 1999). Dynamin-related proteins are thought to rely mostly on 

protein interactions to bind target membranes; however, in place of the PH 

domain they present a unique sequence called insert B (InsB), which in some 

cases has been shown to mediate interaction with the lipid cardiolipin (Bustillo-

Zabalbeitia et al., 2014, Ugarte-Uribe et al., 2014, Stepanyants et al., 2015). 

1.8.1  Dynamin-related proteins: mode of action 

Most of our knowledge on Drps mechanism of action is based on classical 

Dynamins; when the crystal structure of Drp1 was uncovered, its polymerisation 

and constriction mechanisms were shown to be similar to classical Dynamins, 

though some modifications were also evident (see Fig. 1-8) (Frohlich et al., 

2013, Ford et al., 2011). 
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Figure 1-8: Structure and assembly of classical Dynamin and mitochondrial Dynamin-
related proteins. 
(A) Comparison of the domain architectures of classical Dynamin (Dyn) and mitochondrial 
Dynamin-related proteins Dnm1/Drp1. (B) Once recruited to the membrane, all member of the 
Dynamin superfamily polymerise thanks to interactions mediated by their stalk domains; the 
GTPase domain (bound to GTP, in yellow) projects from the spiral backbone. (C) The regions of 
the stalk that mediate dimerization (interface 2) are distinct from the ones that mediate 
polymerisation (interface 1 and 3). (D) Interaction of the GTPase domains between adjacent 
strands of the Dynamin spiral stimulates GTPase hydrolysis, which in turn changes the 
conformation of the stalks, leading to constriction of the spiral. (E, F) While classical Dynamins 
form a single-start helix around membranes, Drp1/Dnm1 form double-start spirals. (GED: GTPase 
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effector domain; PRD: proline-rich domain; BSE: bundle signalling element; PH: pleckstrin 
homology; InsB: insert B. Domains are color-coded in the same manner throughout the figure. 
Reproduced from (Bui and Shaw, 2013). Copyright © 2013 Elsevier Ltd. 

 

Fission Drps contain the characteristic N-terminal GTPase domain, which binds a 

single molecule of GTP through four GTP-binding motifs (G1–G4): the P-loop in 

the G1 motif coordinates the phosphates, while a Threonine in the G2 motif is 

required for catalysis; a conserved Glycine in the G3 motif forms a hydrogen 

bond with the γ-phosphate of GTP, and the G4 motif is important for the 

coordination of the base and ribose part of the molecule (Reubold et al., 2005, 

Praefcke and McMahon, 2004). 

Drp1/Dnm1 is recruited to the mitochondrial membrane in its GTP-bound state 

in vivo (Ingerman et al., 2005). Once recruited, the Middle and GED domains fold 

to form a “stalk”, while the GTPase domain faces away from the membrane (van 

der Bliek et al., 2013, Bui and Shaw, 2013). Microscopy and crystallography 

analyses show that the interaction between stalks of different subunits is 

required to mediate the formation of multimeric spirals typical of all Dynamins 

(Chappie et al., 2011, Gao et al., 2010). In Dynamin-related proteins, this 

polymerisation results in the formation of a double-start helix, where the 

GTPase domains project from the back-bone in opposite directions; this causes 

the GTPase domain of molecules in two adjacent rungs of to interact, and as a 

result the GTPase activity is highly stimulated (Wenger et al., 2013).  

GTP hydrolysis induces a conformational change in the BSE (bundle signalling 

element), a segment positioned between the GTPase domain and the stalk; it is 

proposed that, similar to what observed in classical Dynamins, this acts as a 

“power-stroke” which is then transmitted to the stalk region, changing the 

geometry of the helix around the membrane and finally causing membrane 

constriction (Chappie et al., 2011, Mears et al., 2011, Zhang and Hinshaw, 

2001).  

1.8.2 Dynamin-related proteins in T. gondii  

Three Dynamin-related protein are present in T.gondii genome (Breinich et al., 

2009, van Dooren et al., 2009, Pieperhoff et al., 2015): DrpA, DrpB and DrpC. 
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Localisation of DrpA shows that it forms small patches in the cytosol, but is also 

strongly associated with the apicoplast; during endodyogeny, DrpA is both at the 

tips of the organelle and at the region where division occurs, strongly suggesting 

a role in apicoplast fission (van Dooren et al., 2009). To confirm this hypothesis, 

a mutated form of DrpA, bearing a point mutation in a key residue of the GTPase 

domain, was expressed: this strategy has been used with success in various 

studies on Dynamins, as it is proven that mutations in the GTPase domain 

specifically disrupt Dynamin function in a dominant-negative fashion, through 

abolition of its GTPase activity (van der Bliek et al., 1993, Otsuga et al., 1998, 

Herskovits et al., 1993). Expression of a dominant-negative form of DrpA led to 

severe apicoplast defects, as the organelle failed to divide (van Dooren et al., 

2009).  

Thus, DrpA is a key effector of apicoplast fission; its mode of action, though, is 

not well understood. The authors hypothesised that formation of DrpA helices 

during apicoplast division requires a pre-constriction step, as the diameter of 

the unconstricted organelle is too wide to allow DrpA polymerisation around it. 

This pre-constriction was proposed to be mediated by the MORN1 ring in the 

basal complex, which is essential for cytokinesis (see paragraph 1.6). In the 

proposed model, the apicoplast is anchored to the centrosome at the start of 

endodyogeny; when daughter buds start to extend inside the mother, the 

apicoplast is pulled down and stretched, assuming a U shape. It is hypothesised 

that the base of the U is constricted by the MORN-1 ring, allowing DrpA 

polymerisation on the apicoplast membrane (van Dooren et al., 2009); this 

model is supported by the observation that apicoplast fission is abolished in 

mutants lacking MORN-1, suggesting that, in absence of this pre-constriction 

step, DrpA helices cannot assemble (Lorestani et al., 2010, Gubbels et al., 2006, 

Heaslip et al., 2010). 

As already discussed, DrpB is a key factor in secretory organelle biogenesis and 

maintenance (Breinich et al., 2009). This protein is concentrated at the Golgi, 

and a dominant-negative DrpB mutant was shown to result in aberrant trafficking 

of secretory proteins. When expression of the dominant-negative DrpB is 

induced, de novo biogenesis of secretory organelles is blocked, and micronemal 

and rhoptry proteins are re-routed to the constitutive secretion pathway; thus, 
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they are not found at the apical complex, but either in the lumen of the 

parasitophorous vacuole or at the plasma membrane. Thus, DrpB is essential for 

the biogenesis of secretory organelles; however, new data suggest that it could 

also be involved in other processes, such as recycling of proteins form the 

mother to daughter cells during replication.   

Phylogenetic analysis shows that DrpA and DrpB are alveolate-specific, and show 

the three characteristic domains of Drps: GTPase, Middle and GED domains (Fig. 

1-9). In contrast, in the sequence of DrpC only the GTPase domain can be 

identified, and the protein is Apicomplexa-specific; moreover, it was previously 

shown that it has an essential role in T. gondii, as its ablation results in 

drastically impaired parasite growth (Pieperhoff et al., 2015). Further 

characterisation of this protein and of its interactors is the aim of this thesis.     
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Figure 1-9: Dynamin-related proteins in T. gondii 
(A) Scheme of the domains architecture of different representative of the Dynamin superfamily. 
While the Dynamin Dyn2 shows the five domains typical of classical Dynamins, Dynamin-related 
proteins usually are formed by a GTPase, Middle and GED domains. T. gondii DrpA and DrpB 
show this typical architecture, while DrpC presents only the large GTPase domain (Sc: 
Saccharomyces cerevisiae; Mm: Mus musculus; At: Arabidopsis thaliana; Tg: Toxoplasma gondii). 
(B) Multiple sequence alignment of the GTPase domain of 49 Dynamin-related proteins, showing 
that three Dynamin-related proteins are conserved in T.gondii. Panel (A) reprinted from (Breinich et 
al., 2009); panel B reprinted from (van Dooren et al., 2009). Copyright © 2009, CellPress. 
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1.9 Aim of study 

Of the three Dynamin-related proteins present in T. gondii, DrpC is the only one 

that is Apicomplexa-specific (Breinich et al., 2009, van Dooren et al., 2009); 

moreover, it shows a highly divergent domain architecture, as its GTPase is the 

only recognisable domain in its structure. Finally, it was shown that ablation of 

DrpC results in parasite death (Pieperhoff et al., 2015). Thus, DrpC could prove 

an interesting drug target, as it is essential, highly divergent from mammal 

dynamin-related proteins, and  conserved in parasites that are showing 

resistance to traditional therapies, such as Plasmodium spp. (World Health 

Organization: World malaria report 2017). However, the function of this protein 

is still unknown in T. gondii.  

Thus, this works aims to: 

 Characterise DrpC localisation and function in T. gondii; 

 Assess whether its GTPase domain is required for parasite fitness; 

 Investigate the mechanism of mitochondrial fission in T. gondii; 

 Characterise potential interactors of DrpC. 
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2 Materials and Methods  

2.1 Equipment 

Table 2.1-1. Equipment 

Applied Biosystems 
 
Real-time PCR light cycler (Prism 7500), MicroAmp® optical 96-well 
reaction plate, MicroAmp® optical adhesive film 

Applied Precision DeltaVision® Core microscope 
BD Biosciences  Syringes, Needles (23-25 gauge), FACS tubes with cell strainer cap  

 

BioRad 

 
Agarose gel electrophoreses equipment, UV transilluminator, SDS-PAGE 
system, Blotting apparatus (Transblot SD and Mini transblot 
electrophoretic transfer cell), gel documentation system, gene Pulser 
Xcell, Micropulser, S3e™ Cell sorter 

BTX Electroporation cuvettes and system (ElectroSquare Pore 830) 
Eppendorf Thermocycler (Mastercycler Epgradient), Thermomixer compact 
Fished Scientific Ultrasound water bath FB15047 
GE healthcare Nitrocellulose membrane (Hybond ECL),  
Grant Water bath  
Heraeus Instruments Incubator  
Ibidi 15 μ-Slide 10.8 Luer collagen IV chambers  
KD scientific Syringe pump 
Kuehner Shaking incubator (ISF-1-W) 
Li-COR Odyssey CLx 
Lonza 4D-Nucleofactor™X electroporation unit, Single 100 µl Nucleovette™   
Milipore MilliQ water deionising facility, 3 µm Millipore filters 
Photometrics CoolSNAP HQ2CCD camera  
Sanyo CO2- incubator tissue culture 
Satorius Analytical balances  
Sciquip Sigma 6K 15 centrifuge (1150 rotor and 12500 rotor)  
StarLab ErgoOne Single & Multi-Channel pipettes, StarPet Pro pipette controller  

Stuart 
Heat block, Roller mixer, Orbital Shaker 
 

ThermoFisher scientific 

CO2- incubator tissue culture, Nanodrop spectrophotometer, 
Centrifuge (sorvall legend XFR), Table top centrifuge Heraeus Pico 21, 
Tabletop cooling centrifuge Heraeus Fresco 21, Invitrogen™ DynaMag™ 
magnets.  
 

Zeiss 

Axioskop 2 (mot plus) fluorescence microscope with Axiocam MRm CCD 
camera, Primo Vert (light microscope), Axiovert 40 CFL fluorescence 
microscope with Axiocam ICc1, Axiovert A1 fluorescence microscope 
with Axiocam IMc1, ELYRA PS.1 Super-resolution microscope, sCMOS 
pco SIM camera, Plan Apochromat 63x lens   

 

2.2 Computer Software 

Table 2.2-1. Software 
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Adobe Systems Inc.  Adobe design premium CS4  
AcaClone software  pDraw32  
Applied Precision  SoftWoRx explorer and SoftWoRx suite  
BioRad ProSort™ 
Carl Zeiss Microscopy Zen Black and Zen blue 
CellProfiler  Cell Profiler 2.1.1 Analyst software 
CLC Bio CLC Genomics Workbench 6 
GraphPad software Inc.  GraphPad Prism version 7.3 
Li-COR Image Studio 5.0 
Microsoft Corporation  Windows 7, Microsoft Office 2010  
National Institute for 
Biotechnology Information (NCBI) 

Basic Local Alignment search tool (BLAST) (Altschul et al., 
1990) 

National Institute of Allergy and 
Infectious Diseases (NIAID) 

ToxoDB (Gajria et al., 2007) 

National Institutes of Health ImageJ (Schindelin et al., 2015), Fiji (Schindelin et al., 2012)  
New England Biolabs (NEB) NEB tools™: Double Digest Finder, Enzyme Finder, 

NEBCutter®, NEBBioCalculator®, Tm Calculator  
OligoCalc Oligo Analysis tool (Kibbe, 2007) 
PerkinElmer  Volocity 3D Image Analysis Software  
Thermo Scientific Thermo Scientific web tools: Tm Calculator 
Thomson Scientific  Endnote X8  
University of Utah 
BioEdit 

ApE Plasmid Editor v2.0.53c Copyright© by M. Wayne Davies 
BioEdit Sequence alignment editor 

 

2.3 Consumables, biological and chemical reagent 

Table 2.3-1. Biological and chemical reagents 

Clontech Shield-1 
Formedium  Tryptone, yeast extract  
Li-COR Chameleon Duo Pre-stained protein ladder 
Life technologies  Phosphate buffered saline 1X (PBS), Trypsin/EDTA (0.05%), 

PureLink® RNA mini kit, DNaseI, Platinum Taq DNA 
Polymerase High Fidelity, NuPage SDS loading buffer and 
reducing agent, Sodium bicarbonate, Ultrapure agarose  

Marvel  Milk powder (skimmed)  
Melford  Agar, ditriothreitol, IPTG, X-Gal 
NEB DNA ladder (1 kb), All Restriction enzymes and associated 

buffers, T4 DNA ligase, Taq polymerase, Phusion® and Q5® 
high-fidelity DNA polymerase, Calf intestinal phosphatase 
(CIP)  

Pheonix Research Products   GelRed nucleic acid stain 
Promega  pGEM®-T Easy vectors system 
Roche  MgSO4 × 7H2O, potassium hydroxide, paraformaldehyde  
Sigma Ammonium persulfate, Bromophenol blue sodium salt, 

Casein hydrosylate, Dulbecco’s Modified Eagle Medium 
(DMEM), Ficoll, Ethylene glycol tetraacetic acid, Ponceau S, 
Isopropanol, Sodium dodecyl sulfate (SDS), dimethyl sulfoxide 
(DMSO), N,N,N’,N’-tetramethylethylenediamine, Triton X-
100, Rapamycin, beta mercaptoethanol, Tween20, Giemsa 
stain, RNase-ZAP, L-glutathione reduced, Adenosine 5′-
triphosphate disodium salt hydrate, Glutamine, 30% acryl-
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bisacrylamide mix, Sodium deoxycholate, K2HPO4, 
Magnesium chloride, Bleomycin (BLEO), Ampicillin sodium 
salt, Gentamicin, Xanthine, Chlorampehicol (CAT), Indole-3-
acetic acid sodium salt (IAA, Auxin)  

Southern Biotech Fluoromount G (with and without DAPI) 
Thermo Scientific  Bovine serum albumin (BSA), Ethylene diamine tetraacetic 

acid, Glycerol, Glycine, Methanol, Tris, Sodium chloride, 40 
nM FluoSpheres® Carboxylate-Modified Microspheres, 
Platinum Taq DNA Polymerase High Fidelity, Restore Western 
blot stripping buffer, Invitrogen™ Dynabeads™ magnetic 
beads. 

VWR CaCl2 × 2 H2O, Glacial acetic acid, Ethanol, HEPES, Potassium 
chloride, Na2HPO4, KH2PO4 

Zeiss  Immersion oil 

 

2.4  Kits 

Table 2.4-1. Nucleic acid extraction and amplification kits 

Qiagen Spin Mini-prep, Plasmid Midi-prep, MinElute PCR Purification MinElute, 
QIAquick gel extraction kit, DNeasy blood and tissue 

Roche PureLink® RNA isolation mini kit, high Pure PCR product purification 
Thermo scientific Maxima SYBR green/ROX qPCR Mater Mix  

 

2.5 Buffers, solutions and media  

Table 2.5-1. Buffers for DNA Analysis 

50X TAE buffer 2M Tris, 05M Na2EDTA, 5.71% glacial acetic acid (v/v) 
5X loading dye 15% Ficoll (v/v), 20 mM EDTA, 0.25% Bromophenol Blue in H2O 
NEB 1 kb + DNA ladder 150 μl 1kb ladder (1 μg/μl), 300 μl 5X DNA loading buffer, 1050 μl 

H2O 

 

Table 2.5-2. Buffers for Western blot analysis 

RIPA buffer  50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 0.5% sodium 
deoxycholate, 0.1% SDS (w/v), 1 % triton X-100 (v/v)  

4X separating gel buffer  1.5 M Tris-HCl (pH 8.8), 0.4% SDS (w/v) 
Separating gel  8-15% of 30% acryl-bisacrylamide, 25% 4X separating gel buffer, 

0.1% APS 10% (w/v), 0.2% TEMED (v/v)  
4X stacking gel buffer  0.5 M Tris/HCl (pH 6.8), 0.4% SDS (w/v)  
Stacking gel  4% of 30% acryl-bisacrylamide, 25% 4X stacking gel buffer (v/v), 

0.1% APS 10% (w/v), 0.2% TEMED (v/v)  
SDS PAGE running buffer  25 mM Tris, 192 mM glycine, 0.1% SDS (w/v)  
Transfer buffer for wet 
blot  

48 mM Tris, 39 mM glycine, 20% methanol (v/v)  

Blocking solution  0.2%Tween (v/v), 3% skimmed milk powder (W/v), 0.037 SDS 
(W/V)  
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Washing solution (PBS-
Tween)  

0.2% tween (v/v) in 1X PBS  

1 M DTT  3.085 g 1,4-dithio-DL-threitol (DTT) in 20 ml 10 mM NaAc (pH 5.2)  
10 % APS  1 g ammonium persulfate in 10 ml H2O  

 

Table 2.5-3. Buffers and media for bacterial culture 

LB medium  10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl  
LB agar  1.5% (w/v) agar in LB medium  
SOB medium  2% tryptone (w/v), 0.5% yeast extract (w/v), 0.05% NaCl (w/v), 2.5 

mM KCl, 10mM MgCl2  
SOC medium  20 mM glucose in SOB medium  
NYZ broth  5 g/l NaCl, 2 g/l MgSO4*7H20, 5 g/l yeast extract, 10 g/l casein 

hydrolysate, pH adjusted to 7.5 with NaOH  
Ampicillin (1000X)  100 mg/ml in H2O  
IPTG (100 μl/petri dish)  100 mM IPTG in H2O  
X-Gal (20 μl/petri dish)  50 mg/ml in N,N-dimethylformamide  

 

Table 2.5-4. Buffers and media for T. gondii tachyzoites and mammalian cell culture 

DMEMCOMPLETE  500 ml DMEM, 10 % FCS (v/v), 2 mM glutamine, 
20 μg/ml gentamicin  

2 x Freezing solution  25 % FCS (v/v), 10 % DMSO (v/v) in 
DMEMCOMPLETE  

Electroporation buffer (Cytomix) 10 mM K2HPO4/KH2PO4, 25 mM HEPES, 2 mM 
EGTA pH 7.6, 120 mM KCl, 0.15 mM CaCl2, 5 
mM MgCl2 with 5 mM KOH adjusted to pH 7.6,  
3 mM ATP, 3 mM GSH  

Giemsa staining solution  10 % Giemsa stain (v/v) in H2O  
MPA (500X)  
XAN (500X) 

12.5 mg/ml in methanol  
20 mg/ml, 1M KOH 

Pyrimethamine (1000X) 
Shield-1 (1000X) 

1 mM in EtOH 
1 mM in 70 % EtOH 

Rapamycin (1000X)  
IAA  (Auxin) (1000X) 

ATc (1000X) 

50 μM in DMSO 
500 mM in EtOH  
0.5 μg/ml 

FACS buffer  1 % FCS, 1 mM EDTA in PBS  
PFA fixing solution  4 % PFA (w/v) in PBS  
Permeabilisation solution  0.2 % triton X-100 (v/v) in PBS  
Blocking solution  2 % BSA (w/v) in permeabilisation solution  
  
 
 

 
 

 

  



65 
 
 

2.6 Antibodies 

Table 2.6-1. Primary antibodies 

 

Table 2.6-2. Secondary antibodies, fluorescent ligands and stains 

              Dilution  

Name Species IFA WB Live-IM Source 

Alexa Fluor350 anti-mouse Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor488 anti-mouse Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor594 anti-mouse Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor633 anti-mouse Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor350 anti-rabbit Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor488 anti-rabbit Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor594 anti-rabbit Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor633 anti-rabbit Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor350 anti-rat Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor488 anti-rat Goat 1:3000 (-) (-) Life Technologies 
Alexa Fluor594 anti-rat Goat 1:3000 (-) (-) Life Technologies 
IRDye680RD anti-Mouse Goat (-) 1:5000 (-) Li-Cor 
IRDye800CW anti-Mouse Goat (-) 1:5000 (-) Li-Cor 
IRDye680RDanti-Rabbit Goat (-) 1:5000 (-) Li-Cor 
IRDye800CW anti-Rabbit Goat (-) 1:5000 (-) Li-Cor 

 

        Dilution  
Name Species IFA WB Source 

Aldolase Rabbit (-) 1:3000 Sibley, L. D. 

Catalase Rabbit (-) 1:3000 Soldati, D. 

GAP45 Rabbit 1:1000 (-) Soldati, D. 

GFP Mouse 1:500 1:2000 Roche 

HA Rat 1:500 1:1000 Roche 

HA Mouse 1:100 (-) Cell signaling 

HSP60  Rabbit 1:2000 (-) Sheiner, L. 

IMC1 Mouse 1:1000 (-) Ward, G. 

TOM40 Rabbit 1:2000 (-) Van dooren, G. 

Mic4 Rabbit 1:3000 (-) Soldati, D. 

Rop2,4 Mouse 1:500 (-) Dubremetz, JF. 

Gra5 Mouse 1:500 (-) Delauw, M. F 

CPN60 Rabbit 1:1000 (-) Sheiner, L. 

c-MYC  Mouse 1:250 1:500 Sigma 

DrpB Rat 1:1000 (-) Keith Gull 

Tubulin (acetylated) Mouse 1:500 (-) Sigma 
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2.7 Oligonucleotides  

 

Table 2.7-1: Oligonucleotides used in this study 

Name Sequence 5’  3’  Purpose 

 DrpC-LIC fw              TACTTCCAATCCAATTTAATGCCCGAG                                                      DrpC-YFP 
 DrpC-LIC rev             TCCTCCACTTCCAATTTTAGCAGCC                                                          DrpC-YFP 
 DrpCYFP int fw         GCGCCACTCACGACGAAG                                                         DrpCYFP integration PCR 
 DrpCYFP int rev        ATGGGCACCACCCCGG                                                           DrpCYFP integration PCR 
 DrpC-HA-U1 fw        CAGGACCTCGAGGAGAGC                                                                                              qRT-PCR DrpC-HA-U1 
 DrpC-HA-U1 rev       CCAACGCTCTGAACGAGGC                                                                                             qRT-PCR DrpC-HA-U1 
 Q5wt fw                    TTTAGATCTAAAAGGGAATTCAAGAAAAAATG                                        p5RT70-GFP-DrpC 
 Q5wt rev                   GCCATGGCCATGCATAGT                                                               p5RT70-GFP-DrpC 
 Q5DN fw                    GAGCATGGGCGCGACGACCCTTCTC                                               p5RT70-DD-GFP-DrpCDN 

 Q5DN rev                                     TGCTGCCCGAAGACGACA                                              p5RT70-DD-GFP-DrpCDN 

 Q5GTPase only fw                     TAATCACCGTTGTGCTCAC                                  p5RT70-DD-GFP-DrpC GTPase only 

Q5GTPase only rev                      CTCACTCAAGAGGCTCTG                                    p5RT70-DD-GFP-DrpC GTPase only 

DD-DrpCtrunc fw               CCTTAATTAATTACGCCCCATTCAACGGTGACGGAAGC                          p5RT70-DD-GFP-DrpCTRUNC 
DD-DrpCtrunc rev       CCATGCATGGAGCCTTCGAGAGTTCATTCTCTCTGCACCTCC                            p5RT70-DD-GFP-DrpCTRUNC 

DD-Fis1 fw          gggCCTAGGTACCCATACGATGTTCCAGATTACGCTATGGAAGACTCCAACTTCAG             p5RT70-DD-HA-mCherry-Fis1 
DD-Fis1 rev                              gggTTAATTAATTATTTTGATAGCGTCCAC                                             p5RT70-DD-HA-mCherry-Fis1 
Fis1 5’ fw                                  GGGTCATGAGTCTCTTTTGAAGACGTGCACCG                                                   Tet07-Sag1-Fis1 5’ 
Fis1 5’ rev                                 ggGGATCCTCTCGTACAGTGCTCACAAAAAACG                                                  Tet07-Sag1-Fis1 5’ 
Fis1 N-t fw                                cccAGATCTATGGAAGACTCCAACTTCAGTC                                                         Tet07-Sag1-Fis1 N-t 

Fis1 N-t rev                               gggACTAGTGGGCGAAACACGCAAGTAAC                                                           Tet07-Sag1-Fis1 N-t 
Tet07-Sag1-Fis1 int fw            GCTGCACCACTTCATTATTTCTTCTGG                                         Tet07-Sag1-Fis1 integration PCR 
Tet07-Sag1-Fis1 int rev           GCTATAAACACAGCCGAGGCGAC                                               Tet07-Sag1-Fis1 integration PCR    

p50-mAID-HA fw    GAGGAGAAGAGCAACGATGTAAAATCAGAAACTGATACCCAG GCTAGCAAGGGCTCGG              p50-mAID-HA     

p50-mAID-HA rev   catgcgttctggacactgcacgcagcccctatgtgcagcgacc GTAATACGACTCACTATAGGGC                          p50-mAID-HA 
p50 gRNA fw                             AAGTTgtctttggtcgctgcacatagG                                                                                    p50 gRNA                      

p50 gRNA rev                            AAAACctatgtgcagcgaccaaagacA                                                                                  p50 gRNA 
 
 

   

2.8 Plasmids 

Table 2.8-1. Main plasmids used in this study for cloning and expression in T. gondii  

Expression vector Resistance Reference 

DrpC-YFP DHFR This study 
DrpC-HA-U1 HX (Pieperhoff et al., 2015) 
TdTomato- TGME49_2154 CAT (Ovciarikova et al., 2017) 

p5RT70-GFP-DrpC HX This study  

p5RT70-DD-GFP-DrpCDN HX This study 
p5RT70-DD-GFP-DrpCwt HX (Pieperhoff, unpublished) 
p5RT70-DD-GFP-DrpCGTPaseonly 

p5RT70-DD-GFP-DrpCTRUNC      

p5RT70-DD-HA-mCherry-Fis1         

HX 
HX 
HX 

This study 
This study 
This study 

Tet07-Sag1-Fis1 HX  This study 
p50 gRNA                      No selection  This study 
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2.9 Cell strains  

2.9.1 Bacteria strains 

Bacteria strains used in this study are listed in Table 2-13.  

 Table 2.9-1. Escherichia coli competent cells for plasmid transformation 

XL10-Gold Stratagene Chemically competent 

DH5α NEB Chemically competent 

 

2.9.2 Toxoplasma gondii strains 

T. gondii strains used in this study are listed in Table 2-14. 

Table 2.9-2: T. gondii strains used in this study 

Strain (full name) Selectable Marker Reference 

RHΔhxgprt 
RHΔku80 

- 
- 

(Donald and Roos, 1993) 
(Huyn and Carruthers, 2009) 

RHΔku80 DrpC-YFP 

RHΔku80DrpC-YFP::TdTomato-    
TGME49_215430 

DHFR 
DHFR,CAT 

This study 
This study 

RHΔku80DiCre DrpC-HA-U1 HX (Pieperhoff et al., 2015) 

RH p5RT70-DD-GFP-DrpCDN HX This study 

RH p5RT70-DD-GFPDrpCGTPaseonly 

RH p5RT70-DD-GFP-DrpCTRUNC    

RHΔku80 TATi 

HX 
HX 
- 

This study 
This study 
(Sheiner et al., 2011) 

RHΔku80 TATi Tet07-Sag1-Fis1  HX This study 

RH p5RT70-DD-HA-mCherry-
Fis1         

HX This study 

Tir1Δku80 CAT (Brown et al., 2017) 
Tir1Δku80 p50-mAID-HA HX,  CAT This study 
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2.9.3 Mammalian cell lines 

Tachyzoites were grown in human foreskin fibroblasts (HFFs, purchased from 

ATCC), cultured up to passage 23. These primary cells grow in a monolayer due 

to contact inhibition, and were used for maintenance, transfection, subcloning 

and phenotypic characterisation of T gondii. 

2.10 Molecular biology 

2.10.1 Isolation of genomic DNA from T. gondii  

The extraction of genomic DNA (gDNA) was performed using the DNeasy® blood 

& tissue Kit. Parasites were collected either when freshly egressed, or when 

forming big vacuoles inside the host cells (in the latter case, scratching and 

syringing through a 25-gauge needle was performed to release parasites and 

disrupt the host cells). Parasites were subsequently pelleted by centrifugation 

(1200 g for 10 min), and resuspended in 200 µl of PBS 1X. gDNA extraction was 

accomplished by following the protocol described by the manufacturer, with a 

final elution in 200 µl H2O. 

2.10.2 mRNA extraction and cDNA synthesis 

107Parasites were pelleted by 600 g centrifugation for 5 min at 4ºC and kept on 

ice all the time. Total RNA was isolated using the PureLink® RNA mini kit 

following the manufacturer’s specifications. All equipment was cleaned using 

RNase-ZAP before use. The integrity of the RNA material was evaluated by 

running an agarose gel (app. 6ng per lane). In the gel, separation of the 28S and 

18S bands could be observed after 10-15 min at 100V (Aranda et al., 2012). 1 µg 

of total RNA was used as template to synthetize cDNA using the reverse 

transcriptase SuperScript™ III kit (Invitrogen©) and random primer sets, according 

to manufacturer's protocol. For the reverse transcription reaction, an initial 

incubation step of 25 °C for 10 minutes was followed by 15-minute incubation at 

50 °C and final step of 85 °C to terminate the reaction. 
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2.10.3 qRT-PCR  

For qRT-PCR, mRNA was extracted from approximately 2x107 parasites of the 

strains RHΔku80DiCre DrpC-HA-U1 (± 72 h 50 nM rapamycin induction) and RH. 

mRNA was extracted and cDNA synthesised as described in 1.10.2. qPCR 

reactions were performed with Power SYBR Green PCR Master Mix (Life 

Technologies) with 50 ng cDNA using a 7500 Real-Time PCR machine (Applied 

Biosystems); the master mix (Table 2-15) was prepared in duplicate per each 

sample, containing a negative control to discard contamination of the mix 

components or DNA material. Reactions were set up in MicroAmp® optical 96-

well reaction plates and sealed with MicroAmp® optical adhesive films, then run 

using the thermic profile described in Table 2-16. Primer efficiencies were 

confirmed to be within the 90–110% recommended efficiency range using qPCR 

reactions with 2-fold serial dilutions of cDNA. For each gene of interest, mRNA 

levels were calculated relative to housekeeping act1 (TGGT1_209030). 

Table 2.10-1. qPCR master mix  

Component Volume (µl) 

Maxima SYBR® green (2X) 6.25 
Fw primer 0.5  
Rv primer 0.5  
Nuclease free H2O 4.25 
Template [50ng] 1 

 

Table 2.10-2. qPCR thermic profile  

 

 

 

 

2.10.4 Polymerase chain reaction  

PCR was used in this study for different purposes: to amplify DNA fragments for 

molecular cloning, for colony screening in transformed bacteria, and to test 

genetically modified T. gondii strains for correct integration of transfected DNA 

in the parasite genome. 

Temperature Time Cycles 

50ºC 2 min  
95ºC 10 min  
95ºC 15 sec  x40 
60ºC 1 min 



70 
 
To reduce the occurrence of mutations, high fidelity polymerases with proof-

reading activity were used for molecular cloning. Q5® High-Fidelity DNA 

Polymerase (NEB) was mainly used in this study. Mix preparation and thermic 

profiles are listed in Tables 2-17 and 2-18. 

Table 2.10-3. Q5®Taq reaction 

Component Volume (µl) 

5X Q5 Reaction Buffer 5 
10mM dNTP Mix 0.5 
10 µM Fw primer 1.25 
10 µM Rv primer 1.25 
Q5® Taq DNA pol 0.25 
Template (10-50 ng) 1 
H2O  To 25 

 

Table 2.10-4. Q5® Taq amplification thermic profile 

Temperature Time Cycles 

98ºC 30 sec  
98ºC 10 sec  
50ºC-72ºC* 30 sec     X30 
72ºC 30 sec/kb^  
72ºC 5 min  
4ºC indefinitely  

(*) Calculated based on primers Tm 
(^) Calculated based on amplicon size  

 

Taq DNA polymerase (NEB) was used to amplify products for colony screening 

and analytical purposes. PCR reaction and thermal cycler conditions are listed in 

Tables 2-19 and 2-20.  

Table 2.10-5. Taq DNA polymerase PCR reaction 

Component Volume (µl) 

10X ThermoPol buffer 2.5 
10mM dNTP Mix 0.5 
10 µM Fw primer 0.5 
10 µM Rv primer 0.5 
Platinum® Taq DNA pol 0.125 
Template (>1000 ng) 1 
H2O  To 25 

 

Table 2.10-6. Taq DNA polymerase thermic profile  

Temperature Time Cycles 

95ºC 30 sec  
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95ºC 30 sec  
45ºC-68ºC* 60 sec     X30 
68ºC 1 min/kb^  
68ºC 5 min  
4ºC indefinitely  

(*) Calculated based on primers Tm 

(^) Calculated based on amplicon size  

 

2.10.5 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to separate DNA fragments and amplicons 

according to their size (Lee et al., 2012). Gels were prepared diluting agarose 

(0.8 - 2%) in 1X TAE (W/V) by boiling in a microwave; to visualise the bands, 

0.01% GelRed was added.  Sample DNA was mixed with 6x DNA loading dye and 

loaded into the wells; 5 μl of 1 kb plus DNA ladder (Thermo Scientific™) was used 

as a reference. Agarose gels were run in an electrophoresis chamber filled with 

1X TAE for 1 hour at 100 V.  The DNA was visualised using a UV trans illuminator.   

 

2.10.6 Restriction endonuclease digest 

DNA digestion with restriction endonucleases was used throughout this study for 

molecular cloning, plasmid verification and linearization of constructs for 

transfection. All restriction enzymes and buffers were supplied by NEB®; 

reactions were usually carried out for 3 hours. 

For molecular cloning, 3 µg of PCR product or 0.5 µg of plasmid were digested 

with the appropriated restriction enzymes according to specifications of the 

manufacturer. 

Plasmid DNA isolated from the bacteria was verified using diagnostic digests, 

using 100 ng of DNA.  

For stable transfections, plasmids were linearized with a single cutting enzyme; 

moreover, certain plasmids were double cut to dispose of the backbone. For 

transfections in BioRad© electroporator, 60 µg of the plasmid of interest was 
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digested. For Amaxa© transfections, 20 µg the plasmid of interest was digested 

following manufacturer’s directions.  

2.10.7 Dephosphorylation of digested DNA plasmids  

For molecular cloning, the digested plasmids were treated with alkaline calf 

intestinal phosphatase (CIP), which mediates the dephosphorylation of the 5’ 

end of DNA, to prevent the re-ligation of the backbone. Incubation of 10 U/µl 

(0.5 µl) of CIP with the sample at 37ºC for 1 hour is enough to treat the plasmids 

before purification.  

2.10.8 Purification of DNA  

After running the digested plasmid in agarose gels, purification of DNA bands was 

performed using the QiAquick gel Extraction kit. The desired band was cut from 

the agarose gel using a sterile scalpel blade over a UV transilluminator. The 

piece of agarose containing the band was weighed, extracted following the 

specifications of the manufacturer, and eluted in 10 μl H2O.  0.5 μl elution was 

run on an agarose gel to assess contamination with other DNA fragments. 

2.10.9 Determination of nucleic acid concentrations 

Nucleic acid concentrations were determined using a nanodrop 

spectrophotometer to measure absorbance at 260 nm, and to check for the 

presence of proteins or other chemical contaminants (Desjardins and Conklin, 

2010). 

2.10.10  Ligation of DNA fragments 

To obtain covalent binding of insert and plasmid backbone for molecular cloning, 

T4 DNA ligase (NEB®) was used. This enzyme catalyses the formation of 

phosphodiester bonds between the 5’ phosphate and 3’ hydroxyl ends in dsDNA. 

Reactions were performed by mixing the backbone and the insert at a molar 

ratio of 1:3; 50 ng of backbone were used. 1 µl of T4 DNA ligase Buffer, 1 µl of 

T4 DNA Ligase and H2O were added in a final volume of 10 µl. Ligations were 

incubated overnight at room temperature.  
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2.10.11 Plasmid transformation into bacteria 

The ligation reaction was transformed in chemically competent E. coli to amplify 

the desired plasmid. Bacterial recipients were thawed on ice; 50 µl of bacteria 

were used per reaction. Bacteria were mixed with 5 µl of the ligation reaction 

and incubated together for 30 min; after this time, they were heat shocked at 

42ºC for 30 sec, and returned to ice for 2 min. 450 µl of NZY rich broth was 

added, and bacteria were left to recover for one hour at 37ºC shaking. They 

were subsequently plated on LB-ampicillin agar plates, and incubated at 37ºC 

overnight. Colonies were screened by analytical digest or by colony PCR; positive 

colonies were cultured by shaking in LB broth at 37ºC overnight. 

2.10.12 Isolation of plasmid DNA from bacteria 

To extract plasmid DNA from bacteria, overnight grown cultures were pelleted 

by centrifugation, and the pellet was resuspended in a buffer containing EDTA 

and RNase A. Bacteria were subsequently lysed using a lysis buffer containing 

SDS and NaOH, which breaks the cells open and denatures proteins. Moreover, 

NaOH disrupts the hydrogen bonding between DNA bases, separating the double-

stranded DNA into single-stranded DNA. Next, the lysis step is stopped using a 

solution containing potassium acetate, which neutralizes the alkaline conditions 

of the lysis buffer; in this environment, hydrogen bonds can reform, allowing the 

small, single strands of the plasmid DNA, but not the longer strands of the 

bacterial genomic DNA, to reanneal. The high concentration of salts precipitates 

the cellular debris; by high-speed centrifugation, all unwanted contaminants 

from the lysis will be pelleted, thus yielding a solution containing the plasmid 

DNA. From this point, plasmid DNA was purified by using silica columns provided 

in QiAprep spin Miniprep and Midiprep kits (Qiagen®). Alternatively, ethanol 

precipitation was used to obtain large amounts of plasmid. In this case, ethanol 

100% was added after centrifugation. The precipitation was facilitated by 

keeping the mix at -80ºC for 30 min or -20ºC overnight. DNA and ethanol 100% 

were separated by ultracentrifugation, followed by a washing step with ethanol 

70%. Finally, plasmid DNA was eluted in 100 µl ddH2O, yielding around 500 µg to 

1 mg of DNA material.   
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2.10.12.1 Small scale DNA plasmid extraction 

When relatively small amounts of DNA plasmid yields were required, plasmid 

DNA was purified by QiAprep spin Miniprep (Qiagen®). For this, colonies 

containing the plasmid of interest were grown overnight in 4 ml of LB broth 

shaking. After this time, cells were lysed as described above, and DNA extracted 

using QIAprep spin Miniprep kit (Qiagen®) following the manufacturer’s protocol. 

The DNA material was eluted in a final volume of 50 µl in ddH2O, yielding around 

5-20 µg of plasmid.   

2.10.12.2 Medium and large scale DNA plasmid extraction 

Large amounts of plasmid DNA are required for parasite transfection; for this 

reason, cells containing the final plasmids were grown overnight in 50 ml LB 

broth shaking. Bacteria were pelleted by centrifugation and plasmid DNA was 

extracted by following QIAprep spin Midiprep kit (Qiagen®) specifications. This 

protocol yields between 50 and 300 µg of plasmid DNA diluted in a final volume 

of 200 µl in ddH2O. 

2.10.13 DNA sequencing 

DNA sequencing was used to verify inserts and final vectors prior transfection. 

DNA samples were prepared under specifications of GATC© Biotech in a final 

volume of 10 µl containing 5 µl of purified DNA [80-100 ng/µl], and 5 µl of primer 

[5 pmol/µl]. 

2.10.14 Cloning performed in this study 

All primers used in this study are listed in Table 2-11.  

To generate the plasmid TgDrpC-YFP LIC, the C-terminal part of the gene was 

amplified using the primers DrpC-LIC fw and DrpC-LIC rev; the resulting PCR 

product was inserted into the plasmid pLIC-YFP by ligation independent cloning 

(Huynh and Carruthers, 2009a, Fox et al., 2009). 

The parental strain p5RT70-DD-GFP-DrpCwt (previously generated by Manuela 

Pieperhoff) was modified with Q5 modification kit (New England BioLabs, 
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Catalog number E0554S) to delete the DD cassette, and obtain the plasmid 

p5RT70-GFP-DrpCwt, using primers Q5wt-fw and Q5wt-rev. Similarly, the vectors 

p5RT70-DD-GFP-DrpCDN and p5RT70-DD-GFP-DrpCGTPase only were obtained 

through modification of the p5RT70-DD-GFP-DrpCwt plasmid, using the primers 

Q5DN-fw and Q5DN-rev, and   Q5GTPase only-fw and Q5GTPase only–rev, 

respectively.  

To generate the plasmid p50RT70-DD-GFP-DrpCtruncated, DrpC cDNA was 

amplified using oligonucleotides DD-DrpCtruncated-fw and DD-DrpCtruncated-rev, 

respectively. Subsequently, ligation through NsiI-NotI restriction into the 

parental vector p5RT70-DD-myc-GFP-HX was performed. 

The plasmid p5RT70–DD-mCherry-HA-Fis1 was generated by amplifying Fis1 

coding sequence with primers DD-Fis1-fw and DD-Fis1-rev; the PCR product was 

inserted in the parental vector p5RT70-DD-mCherry-HA-HX via AvrII/PacI cloning. 

To generate the plasmid Tet07-Sag1-Fis1, Fis1 5’UTR was amplified with primers 

Fis5’-fw and fis5’-rev, and the N-terminus of Fis1 was amplified with primers Fis 

N-terminus-fw and FisN-terminus-rev. All fragments were cloned into the 

parental vector Tet07-Sag1-HX, and the linearised plasmid was transfected in 

the strain TATIΔKu80ΔHX. 

For p50 ablation, a plasmid containing the coding sequence of mAID in frame 

with a HA epitope tag, and followed by the 3’UTR of the DHFR gene (Brown et 

al., 2017), was amplified with the primers p50-mAID-HA-fw and p50-mAID-HA-

rev. To facilitate tagging, this PCR product was co-transfected with the vector 

pTOXO_Cas9-CRISPR (Curt-Varesano et al., 2016), which expresses Cas9 under a 

constitutive promoter, and harbours the TgU6 promoter upstream of the single 

guideRNA (sgRNA) cloning site (BsaI). Oligonucleotides p50 gRNA-fw and p50 

gRNArev were cloned using the Golden Gate strategy.  

2.10.15 Ethanol precipitation  

Verified and purified final vectors were precipitated using ethanol prior 

transfection. For this, plasmid DNA was mixed with 1/10 of 3M sodium acetate 

(pH 5.2), and 3 volumes of ice-cold 100% ethanol. Plasmids were precipitated by 
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centrifugation at 13,000 rom at 4ºC for 30 min, followed by two washes with 70% 

ethanol to remove salts. Ethanol was discarded and the pellet was air-dried 

before resuspending it in either cytomix or P3 buffer, depending on the 

electroporator used (BioRad© or Amaxa©, respectively).  

2.11 Cell biology 

2.11.1 Toxoplasma gondii tachyzoites and mammalian cells 

in vitro culturing 

Toxoplasma gondii tachyzoites were grown in human foreskin fibroblast 

monolayer (HFF), cultured in Dulbecco’s modified Eagle’s medium (DMEM), 

which was supplemented with 10 % fetal bovine serum (FBS), 4 mM L-Glutamine 

and 10 µg/ml gentamycin. Cells were grown at 37°C and 5% CO2 in a humidified 

incubator. Parasites were maintained by passing extracellular tachyzoites to 

fresh confluent HFF monolayers; alternatively, intracellular parasites were 

artificially released from their vacuoles. In the latter case, the HFF monolayer 

was scratched with a cell scraper, and host cells were lysed by passing them 

through a 23 G needle three times. The volume of parasites passaged varied 

according to the experiment to perform. 

2.11.2 Trypsin/EDTA treatment of mammalian cell lines 

HFFs were split 1:4 weekly by Matthew Gow. Cell splitting was performed using 

trypsin protease to detach cells from the bottom of the culturing flasks. Host 

cells were washed three times with 1XPBS to remove all residual media, 

trypsin/EDTA was added to cover the monolayer, and culturing flasks were left 

at 37ºC for 5 min. At this point, flasks were tapped to facilitate detachment. 

The reaction was stopped by adding DMEMCOMPLETE to a volume 1:4 to pass the 

cells to new containers. 

2.11.3 Cryopreservation of T. gondii and thawing of stabilates  

To generate parasite stabilates, large intracellular vacuoles were frozen in 

cryotubes. To this end, host monolayers heavily infected with T. gondii were 

gently scratched using a cell scraper, and pelleted by centrifugation. Pellets 

were resuspended in 750 µl DMEM and an equal volume of 2x freezing media 
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(Table 2-8); the suspension was transferred to 2 ml cryotubes, which were 

immediately put at -20ºC. Subsequently, cryotubes were transferred to a -80ºC 

freezer where they can be stored for several weeks; however, storage in liquid 

nitrogen is necessary for long term preservation.    

Frozen T. gondii stabilates were thawed at 37ºC, and parasites added to 

confluent host cells. The next day, fresh media was added to help their 

recovery. 

2.11.4 Transfection of T. gondii 

In T.gondii, electroporation is used to achieve transient or stable transfection of 

exogenous DNA (Soldati and Boothroyd, 1993b); throughout this study, 

transfections were performed using either BioRad or Amaxa electroporators. 

These machines differ in efficiency and buffers required. BioRad electroporator 

yields up to 30% transfection efficiency, and uses a homemade buffer called 

cytomix (Table 2-8) which mimics intracellular ion composition. In contrast, 

Amaxa nucleofactor works with commercially available buffer P3, and yields up 

to 90% transfection efficiency.  

2.11.4.1 Transient transfections 

Transient transfections are used in T. gondii to express circular exogenous DNA; 

the circular plasmid is not integrated in the genome, but stays extra-

chromosomal and is lost after a series of cell divisions (Suarez et al., 2017). 

Transient transfections were performed using Amaxa equipment to achieve high 

transfection efficiency. Briefly, 106 parasites were pelleted and resuspended in 

Lonza P3 buffer. At the same time, 10-20 μg of plasmid DNA were precipitated, 

and the pellet was resuspended with 50 µl of Lonza® P3 buffer. The two 

components were mixed in an electroporation cuvette. Following transfection, 

parasites were inoculated onto HFFs grown on coverslips and incubated between 

24 and 72 hours prior to fixation and analysis. 

2.11.4.2 Stable transfection  

Stable transfection techniques rely on the targeted or random insertion of DNA 

into the parasite genome. As discussed in paragraph 1.4, random integration of 
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exogenous DNA in T. gondii is facilitated by the action of the parasite non-

homologous end joining (NHEJ) repair mechanism, which is mediated by the 

Ku80 enzyme (Donald and Roos, 1993).  

In this study, overexpression vectors were randomly integrated in T. gondii 

genome using BioRad electroporator. 60 μg of plasmid DNA were linearized; 

after checking complete linearization by gel electrophoresis, the DNA was 

precipitated and dissolved in 100 µl of Cytomix. 107 parasites were resuspended 

in 640 μl of cytomix, to which 30 μl ATP (100 mM) and 30 μl GSH (100 mM) were 

added. DNA and parasites were subsequent mixed, and 10 units of the restriction 

enzyme used for linearization were added to the transfection mix before 

electroporation. This technique, called restriction enzyme mediated insertion 

(REMI) is used to increase transfection efficiency: REMI was shown to activate 

the DNA repair machinery, and results in elevated recombination event (Black et 

al., 1995).  

Stable transfections based on homologous recombination between the parasite 

genome and homology sequences in a plasmid are carried out in Δku80 parasites: 

as this parental strain is not able to use the NHEJ repair mechanism, 

transfection efficiency of endogenous tagging and gene replacements constructs 

is highly increased (Huynh and Carruthers, 2009, Fox et al., 2009).  

In this study, the line DrpC-YFP was obtained through linearization and 

transfection of 30 µg of the plasmid DrpC-YFP in the strain Δku80, using BioRad 

electroporator. To generate the line Tet07-Sag1-Fis1, 20 µg of the plasmid 

Tet07-Sag1-Fis1 were linearised and transfected with the Amaxa electroporator 

in the parental strain TATIΔKu80ΔHX. The strain p50-mAID-HA was obtained 

through co-transfection of 20 µg of p50 gRNA plasmid and the PCR product (see 

paragraph 2.10.14) with Amaxa electroporator. 

2.11.4.3 Drug-mediated positive selection  

After transfection, drug selection is necessary to enrich transfected parasites in 

the pool. Several markers have been developed in T. gondii; in this study, 

parasites were either selected in presence of 25 mg/ml mycophenolic acid and 

40 mg/ml xanthine (which select for HXGPRT resistance cassette) (Donald and 
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Roos, 1993), or  by using 1 µM pyrimethamine for the dihydrofolate reductase-

thymidylate synthase allele DHFR-TD (Donald et al., 1996). 

2.11.5 Isolation of clonal parasite lines by limited dilution  

The isolation of stable, clonal parasite lines was obtained through limited 

dilution of a stable pool on a 96 well plate. After 5-7 days, plaques were formed 

in the host cell monolayer; wells with one plaque indicate a single parasite 

clone, because only one parasite was initially present in this well. Clonal 

populations were transferred to 24 well plates, and checked by 

immunofluorescence analysis, Western Blot and integration PCR.   

2.12 Tachyzoite phenotypic analysis 

2.12.1 Immunofluorescence assay  

Immunofluorescence analysis (IFA) was used to determine localisation of proteins 

and to assess expression of mutants. For immunofluorescence analysis, HFF cells 

grown on cover slips were inoculated with T. gondii; infected HFF monolayers 

were fixed in 4% paraformaldehyde for 20 min at room temperature, and washed 

once with PBS. Next, coverslips containing parasites were blocked for 40 min in 

permeabilising conditions (0.2% triton X-100, 2% BSA in 1X PBS). Probing with 

primary antibodies was performed for 60 min in a wet chamber: coverslips where 

placed upside down into a petri dish that contained wet paper towel, parafilm 

and 30 μl drops of primary antibody diluted in blocking solution. Afterwards, 

coverslips were washed 4 times and incubated with secondary antibodies in 

blocking buffer for 1 hour. Finally, coverslips were washed 4 times with PBS, and 

fixed using Fluoromount™ containing DAPI. All procedures were performed at 

room temperature.  

2.12.2 Plaque assay 

1x103 parasites were inoculated on confluent HFF monolayers grown in 6-well 

plates. The plates were incubated at 37°C, 5% CO2 for 7 days. After this time, 

monolayers were gently washed once in PBS and fixed with cold methanol for 20 

min. Fixative was removed and cultures were stained with Giemsa (1:10 in H2O) 
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for 45 min, then washed three times with PBS. Images were acquired using 

Axiovert 40 fluorescence microscope with Axiocam. When required, plaque size 

was measured using ImageJ software and normalized to the appropriate control. 

2.12.3 Replication assay 

1 × 105 tachyzoites were inoculated onto HFF monolayers grown on glass 

coverslips. Infection was allowed under normal growth conditions for 1 hour; 

after this time, coverslips were washed in PBS to remove extracellular parasites 

and therefore synchronise replication. Parasites were allowed to replicate under 

standard culturing conditions for 24 hours prior fixation. Samples were labelled 

using αIMC1; 100 vacuoles were counted, and categorised by number of parasites 

contained in each vacuole (2, 4, 8, 16, >32). Numbers were expressed as 

percentage. Assays were done in triplicate in three independent experiments.  

2.12.4 Time-lapse video microscopy 

Video microscopy was conducted with the DeltaVision Core microscope, 

equipped with a temperature and gas control chamber which was used to 

maintain culture conditions (37ºC and supplying 5% CO2). Parasites were grown in 

glass bottom live cell dishes (Ibidi µ-dish35mm-high). Obtained videos were analysed 

using SoftWoRx® or Fiji software. 

2.13 Biochemistry 

2.13.1 Preparation of parasite cell lysates 

107 parasites were used for Western Blot analysis. Parasites were scratched and 

syringed, filtered and pelleted by centrifugation at 1500 g for 5 min at 4ºC, then 

washed twice in cold PBS. Subsequently, parasites were resuspended and 

counted; then, the volume containing around 1x107 parasites was pelleted and 

the supernatant was removed. Parasite pellet was lysed on ice (to prevent 

protein degradation) with 8 μl RIPA buffer (see Table 2-6) for 5 minutes; the 

insoluble material was subsequently removed by centrifugation at 4 °C for 10 

minutes at maximum speed. The supernatant was transferred to a fresh 
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Eppendorf with 1.2 μl reducing agent (Invitrogen©) and 3 μl NuPage® 4x loading 

dye. Samples were boiled for 10 minutes at 95 °C.  

2.13.2 Sodium dodecyl sulphate polyacrylamide gel 

electrophoresis  

Protein separation was achieved by sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE) (Laemmli, 1970). SDS-polyacrylamide gels were made 

in a 1.5 mm thick glass cassette at 8% .APS and TEMED were used to catalyse 

polymerisation; therefore, they were added right before the gels were poured. 

The resolving gel (see Table 2-6) was first poured, and isopropanol was added on 

top, to avoid uneven polymerization in the gel upper surface; after its 

polymerisation, the stacking gel mix was added on top, together with a 10-well 

comb. Gel cassettes were assembled in the Bio-Rad© mini-PROTEAN® Tetra Cell 

with 1 x SDS running buffer; parasite lysates were loaded, and 2µl Chameleon™ 

Duo protein ladder (Li-COR) was included to assess gel migration and protein 

size. Samples were run at 90 V for 10 minutes through the stacking gel, then the 

voltage was increased to 120 V (for 50 minutes) for separating the proteins in 

the resolving gel.   

2.13.3 Western blotting 

For Western blotting, proteins were transferred from the polyacrylamide gel to 

Hybond® ECL™ nitrocellulose membranes (Sigma-Aldrich®), by using a wet 

transfer method. To this end, membrane and gel were “sandwiched”, on each 

side, by 3xWhatman filter paper and a foam pad; everything was pre-soaked in 

transfer buffer. This assembly was placed in Bio-Rad© mini-PROTEAN® Tetra Cell 

and submerged with transfer buffer (See Table 2-6). Protein transfer was 

performed at 100 V for 60 minutes on ice in a cold room to prevent overheating.  

2.13.4 Ponceau-staining 

Protein transfer to the membrane was verified by Ponceau staining. Membranes 

were stained with Ponceau S solution for 5 min at RT, shaking. After 

visualization, the dye was removed by washing twice with PBS for 5 min. 
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2.13.5 Immunostaining  

Membranes were blocked for 1 hour in 3% skimmed milk in PBST (see Table 2-6) 

at room temperature while shaking. Afterwards, membranes were incubated 

overnight at 4ºC in a wet chamber with the primary antibody diluted in 1 mL 

blocking buffer. Afterwards, membranes were washed three times with PBST, 

and finally incubated with the secondary antibody (IRDye® LiCor®) diluted in 6 

mL blocking buffer for 1 hour while shaking. Finally, the membranes were 

washed three times in PBST and twice in PBS.  

2.13.6 Visualisation and quantification of the protein bands  

Proteins were detected using the Li-Cor® Odyssey® equipment. This system 

allows highly accurate quantitative infrared detection of the protein of interest. 

2.13.7  Stripping  

Membranes can be re-probed by removing previous antibodies. This was achieved 

by incubating membranes in Li-COR® stripping buffer for 20 min shaking. 

Afterwards, membranes were washed three times in PBS to remove all the 

stripping buffer and detached antibodies, and at this point immunostaining could 

be performed again.  

2.13.8 Immunoprecipitation 

To find potential interactors of DrpC, immunoprecipitation experiments were 

performed on the strain p5RT70-DD-GFP-DrpCwt. RH-GFP parasites were used as a 

control; experiments were performed in triplicate. Dynabeads™ Goat Anti-Mouse 

IgG (Invitrogen) beads were used in combination with Invitrogen™ DynaMag™ 

magnets. 

Intracellular tachyzoites (1x109 parasites were used per condition) were 

incubated with 0.2 µM of Shld-1 for 4h, and then scratched and syringed. After 

filtering to avoid host cell contamination, parasites were counted, washed with 

PBS, and finally lysed in a salt buffer containing 50 mM TrisHCl pH 7.5, 50 mM 

Sodium Citrate, 0,1% CHAPS, 0,7% Nonidet P-40 (NP-40), and a phosphate 

inhibitor cocktail (P-5726). Lysis was carried out on ice for 20 minutes; 
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microscopy was used to make sure that parasites had been properly lysed. The 

samples were centrifuged at 15,000 g for 30 min (at 4ºC). In the meantime, the 

magnetic beads Dynabeads™ Goat Anti-Mouse IgG (Invitrogen) were prepared. 50 

µl of beads were used per reaction; after washing them with PBS, they were 

incubated in blocking solution (1 mL PBS-BSA 4%) for 15 minutes. Afterwards, 

they were treated with PBS-Tween 0.02% for 15 minutes, and finally incubated 

for 30 minutes in 1 mL solution containing 10 µl of α-GFP antibody (Mouse, 

Roche) (4 µg of antibody were used for 50 µl of beads) diluted in PBS Tween-20. 

GFP-conjugated beads were then crosslinked as per manufacturer instructions to 

avoid co-elution of the antibody, and finally incubated in the lysis buffer. At this 

point, the supernatant obtained after centrifugation of the parasite lysate was 

incubated with the GFP-conjugated beads for 1 h at 4ºC while shaking. 

Afterwards, the beads were washed three times in the same buffer solution and 

antigens were eluted from the beads with 60 µl of elution buffer (20 mM TrisHCl, 

2% SDS). Samples were boiled for 20 min at 72º before elution; NuPage and DTT 

were finally added to the eluate. Western Blot analysis was performed on the 

immunoprecipitation fractions, and the eluate for each pull-down was analysed 

by mass spectrometry.  

2.13.9 Co-immunoprecipitation 

To assess the putative interaction between Fis1 and DrpC, co-

immunoprecipitation experiments were performed in the strain DD-mCherry-HA-

Fis1:: DrpC-YFP.  

DD-mCherry-HA-Fis1:: DrpC-YFP parasites was induced with 0.2 µM of Shield-1 

for 4 hours, to obtain a weak overexpression of Fis1. The lysate was subjected to 

IP with beads conjugated with α-GFP antibody (as described in the previous 

paragraph). The eluate was used for Western Blot analysis, probing with α-GFP 

and α-HA antibodies to assess the presence of DrpC and Fis1, respectively. 
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2.14 Bioinformatics 

2.14.1 Sequence alignments 

DNA and protein sequences were aligned using BioEdit Sequence alignment 

editor, which was also used to check the chromatogram of sequenced samples.  

DNA or amino acid sequences were searched and/or aligned using BLAST® local 

alignment tool (Altschul et al., 1990) available in either ToxoDB 

(http://toxodb.org/toxo/), UniProt (https://www.uniprot.org/) or NCBI 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) web pages. 

2.14.2 Homology modelling 

In order to construct a reliable homology for DrpC, BLAST+ was used to identify 

related sequences in the UniProt data base (The UniProt Consortium, 2016). The 

conserved N-terminal GTPase domain comprising of approximately 300 residues 

was then used to construct the homology model using SWISSMODEL (Bertoni et 

al., 2017, Biasini et al., 2014). All potential models were evaluated manually 

with the model based on PDB:3L43 determined at a resolution of 2.3 Å, which 

shares a sequence identity of approximately 22%, being the most reliable (30% 

over the GTPase domain.) Visual inspections, structural comparisons, least-

squares superpositions and figures were prepared using Pymol (DeLano, 2002). 

This analysis was conducted by Dr. Ehmke Pohl, Durham University.  

2.14.3 Data and statistical analysis 

Primary data entry was done using Microsoft Excel and GraphPad Prism® 7.03. 

Statistical analysis was performed using GraphPad Prism® 7.03. When comparing 

two groups, the P value was calculated using an unpaired Student's t-test. When 

comparing multiple groups, the P value was determined using One-way ANOVA 

accompaniedby Dunnet’s multiple comparison test.
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3 Characterisation of the Dynamin-related protein 
DrpC in T. gondii 

Dynamins constitute a conserved superfamily of proteins performing a variety of 

essential roles, from membrane budding to organelle division and cytokinesis 

(Praefcke and McMahon, 2004). This superfamily includes classical Dynamins and 

Dynamin-related proteins; their mechanism of action is very similar, as all 

members are mechanochemical enzymes which polymerise around membranes 

and use GTP hydrolysis to catalyse membrane constriction. As discussed in 

paragraph 1.8, Dynamins are the major effectors of endocytosis, and are 

characterised by five domains; Dynamin-related proteins display a wider range of 

functions, and show only three of these domains: the GTPase, Middle and GED 

domains (Ramachandran, 2017). 

Previous bioinformatics analyses have revealed that T. gondii encodes for two 

well conserved Dynamin-related proteins, DrpA and DrpB; DrpA plays an essential 

role in apicoplast division (van Dooren et al., 2009) while DrpB is required for 

secretory organelle biogenesis (Breinich et al., 2009) (see  paragraph 1.8.2). 

DrpC, a protein which is only conserved in Apicomplexa, was identified as a third 

potential member of the Dynamin superfamily. While DrpA and DrpB display 

conservation of the three domains typical of Dynamin-related proteins (GTPase, 

Middle and GED regions), DrpC domain architecture is highly divergent. This 

protein is characterised by a large GTPase domain (Breinich et al., 2009, van 

Dooren et al., 2009, Purkanti and Thattai, 2015), but Middle and GED domains 

are not recognisable in its long, disorganised C-terminus. 

DrpC was shown to be essential, as its depletion leads to parasite death 

(Pieperhoff et al., 2015), but no detailed functional analysis has been 

performed; here, I will illustrate how DrpC localisation and function was further 

characterised during my thesis project. 
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3.1 Generation and confirmation of the knock-in strain 
DrpC-YFP  

DrpC localisation was assessed using an endogenous tagging approach developed 

in T. gondii by Huynh and Carruthers (Huynh and Carruthers, 2009b). The 3’ 

genomic region of DrpC (not including its stop codon) was amplified and the 

resulting PCR product inserted into the plasmid LIC-YFP by ligation independent 

cloning (see paragraph 2.10.14); thus, a portion of DrpC C-terminal region is 

fused to YFP in the plasmid DrpC-YFP. This vector was transfected in the Δku80 

strain, where homologous integration is favoured (Fox et al., 2009, Huynh and 

Carruthers, 2009b), so that the region of homology in the construct recombined 

with the homologous sequences in the endogenous gene (Fig. 3-1a). Correct 

integration at the 3’ end of DrpC was verified by analytical PCR on genomic DNA: 

two separate PCR reactions amplified specific amplicons in the strain 

RHΔku80DrpC-YFP (hereafter called DrpC-YFP), which were not amplified in the 

recipient strain (Fig. 3-1b). Western Blot analysis confirmed fusion of GFP at 

DrpC C-terminus, showing the expected band size of ≈160 kDa (Fig. 3-1c).  
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Figure 3-1: Endogenous tagging of DrpC 
(A) Scheme of endogenous tagging strategy; a single crossover event allows genomic integration 
of DrpC fused to YFP; the plasmid contains a DHFR resistance cassette that allows selection of 
integrants. (B) Analytical PCR confirms correct integration in the DrpC-YFP strain; the two pairs of 
primers used (to confirm 5’ and 3’ integration) are indicated as red and blue arrows in (A) and (B). 
(C) Western blotting on the DrpC-YFP strain using α-GFP antibody shows the expected band for 
the fusion protein (≈160 KDa).  
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3.2 Analysis of DrpC localisation  

To determine DrpC localisation in T. gondii intracellular tachyzoites, 

immunofluorescence analysis was performed on IFA plates inoculated with DrpC-

YFP parasites; RH parasites were used as a control. As DrpC is not strongly 

expressed, α-GFP antibody was used. While in RH parasites no signal for YFP was 

detected, in the DrpC-YFP line a specific signal was found.  DrpC-YFP has a 

distinct pattern of punctate structures distributed both along the periphery and 

at the basal part of the parasite; moreover, a faint but specific cytoplasmic 

signal is also detected (Fig. 3-2a). Further analysis revealed that DrpC puncta do 

not have a significant colocalisation with apicoplast, Golgi, rhoptries, 

micronemes, or the dynamin-related protein DrpB (Fig. 3-2b).  Conversely, a 

distinct colocalisation with the mitochondrion was observed: quantification 

confirmed that most puncta of DrpC appear associated with the mitochondrial 

tubule (Fig. 3-2b and c), though some puncta seem associated with the parasite 

periphery, and not with the mitochondrion, as will be discussed later. 
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Figure 3-2: Localisation of DrpC  
(A) IFA on RH and DrpC-YFP parasite lines reveals a specific YFP signal (green) in the latter 
strain. (B) Colocalisation analysis shows that DrpC does not colocalise to micronemes (Mic4, red), 
apicoplast (HSP60, red), Golgi (DrpB, red) and ER (Grasp-RFP). Conversely, co-staining with 
Tom40, a marker for the mitochondrial outer membrane, reveals an association between DrpC and 
the mitochondrion. Scale bars: 5 µm. (C) Quantification of the colocalisation between DrpC and the 
indicated organelles: the analysis was carried by counting DrpC puncta that seemed to be 
coinciding with the signal of different organelles (n=3, 100 vacuoles counted per each condition). 

 
 

 

Structured Illumination Microscopy (SIM) shows that the number and size of 

these structures are highly variable: at times, spiral-like structures of DrpC are 

visible around the mitochondrial tubule (Fig. 3-3a, upper inset), while in other 

cases the puncta are small and resemble dots (Fig. 3-3a, lower inset). 3D 

reconstructions confirm that the majority of puncta are in close proximity with 

the mitochondrion (Fig. 3-3b), concentrated both at the periphery and at the 

basal end of its outer membrane. As already described in Fig. 3-2c, a small but 

significant percentage of DrpC foci are found to not colocalise with the 
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mitochondrion (Fig. 3-3a); these puncta are usually at the periphery of the 

parasite, while at the basal end DrpC foci more consistently coincide with Tom40 

signal.  

 

Figure 3-3: DrpC associates with the mitochondrion in T. gondii. 
(A)  SIM analysis on DrpC-YFP parasites, using α-GFP (green) and α-Tom40 (red) antibodies, 
shows that puncta on the mitochondrion can have different shapes: in some cases, a ring is seen 
on the membrane (upper inset), while other puncta form smaller dots. (B) 3D rendering confirms 
that the majority of DrpC puncta (in yellow) are at the mitochondrial membrane; this image was 
made by Leandro Lemgruber (cyan). Scale bars: 5 µm. 

 

To gain insight into the meaning of this interaction, DrpC localisation was 

analysed during endodyogeny and put in relation to mitochondria dynamics 

during parasite replication. Parasites were inoculated on IFA coverslips, the 

cultures were synchronised and then stopped after 4 hours, when most of the 

parasites were undergoing endodyogeny; IFA was performed using antibodies α-

YFP (to assess DrpC localisation), α- Tom40 and α-tubulin (to assess mitochondria 

position and endodyogeny progression, respectively). 

 As previously discussed, mitochondria dynamics in T. gondii closely follow the 

cell cycle: the mitochondrion of the mother is replicated during endodyogeny 

and subsequently partitioned in the daughter cells (Nishi et al., 2008). As shown 

in Fig. 3-4a, when the daughter buds start to assemble (in white), the 

mitochondrion (in red) starts forming new branches; the signal of DrpC (in green) 

is associated with the new ramifications, and in some occasion it is possible to 

see that it encircles them (Fig. 3-4a, inset).  



91 
 
While the budding daughters’ cytoskeleton continues to grow, the new 

mitochondrial branches remain associated with the mother; only towards the 

end of endodyogeny the mitochondrial branches associate with the basal end of 

the buds, and are subsequently inserted inside, as shown in figure 3-4b. From 

this stage, it is possible to observe two different population of DrpC puncta. In 

one group are the puncta which are recruited to the basal end of the budding 

parasites, colocalising to the mitochondrial bundle that is still outside of the 

daughter cells (Fig. 3-4b, asterisk); this population persists at the basal end of 

the organelle when the mitochondrial branches are completing their migration 

inside the daughter cells, as seen in Fig. 3-4c. As already discussed, 

mitochondria remain attached to each other at their base for a variable period 

of time, until the interconnections are cleaved to allow each daughter to 

acquire an autonomous, single organelle. In this stage, the concentration of 

DrpC puncta at the basal end colocalises with these mitochondrial 

interconnections (Fig. 3-4c, asterisk).  

The second population of DrpC signal shows a very different localisation; when 

mitochondria are still largely outside the daughter cells, puncta of DrpC are not 

in contact with the mitochondrial membrane, but rather are at the periphery of 

daughter cells (Fig. 3-4b, arrowheads). This population is seen again in contact 

to mitochondrial branches once these have entered the buds and start encircling 

their periphery (Fig. 3-4c, arrowheads). 
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Figure 3-4: DrpC localisation in different stages of mitochondria replication and 
segregation.  
(A) At the start of daughter cell formation (grey), the mitochondrion (in red) starts forming new 
branches; the signal of DrpC (in green) is associated with these ramifications. In the inset, the 
same picture is showed with 3D rendering, to show DrpC (in yellow) half-encircling the 
mitochondrial membrane (cyan). (B) When buds are almost completely formed, the mitochondria 
enter them from their basal end. At this stage, DrpC signal is visible both at the basal end of the 
parasite, colocalising with the mitochondrion (asterisk in the inset), but also at the periphery of the 
parasite, seemingly in close proximity to the cytoskeleton (arrowhead in inset). (C) Once the 
mitochondria have entered the buds, they migrate till they fully encircle the parasites periphery. The 
DrpC puncta that in the previous stage seemed in contact to the cytoskeleton are now in close 
proximity to the extending mitochondrial branches (arrowheads). At this stage, the mitochondria in 
the vacuole are still interconnected between each other; the second population of DrpC puncta 
colocalises with the interconnections (asterisk). Vacuoles were stained with α-tubulin, α-GFP and 
α-Tom40 antibodies. Arrows highlight the regions that are shown at a higher magnification in the 
insets. Scale bars are = 5 µm, unless otherwise stated in the figure. 

 

 
 

The localisation of DrpC puncta at the interconnections is very intriguing, as it is 

highly reminiscent of the mitochondrial recruitment observed in other 

eukaryotes for Drp1 and Dnm1, Dynamin-related proteins which are important 

for mitochondrial fission (Pagliuso et al., 2018). Thus, the behaviour of DrpC in 

the last phases of endodyogeny, in particular in the stages when the 

interconnected mitochondria are finally cleaved, needed to be more 

investigated. 

To this end, the DrpC-YFP strain was transfected with the plasmid TdTomato- 

TGME49_215430, as verified by Western Blot analysis (Fig. 3-5a). In this 

construct, a strong promoter drives the expression of the Outer Mitochondrial 
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marker TGME49_215430 fused to the fluorescent protein tdTomato (Ovciarikova 

et al., 2017); thus, in the strain DrpC-YFP::TdTomato- TGME49_215430, the 

localisation of DrpC and of the mitochondrion can be followed by live 

microscopy.     

As shown in Fig. 3-5b, we focused on parasites at the last stages of replication, 

which present mitochondria that are still interconnected at the basal end. In the 

example movie shown, two DrpC puncta are visible at the periphery of the 

mitochondrion, and their localisation is quite static; conversely, the two puncta 

at the basal connection between the two mitochondria (time point 00:20) are 

highly dynamic. At time point 00:40, one of the DrpC foci coincides with a 

constriction of the mitochondrial membrane, which goes on to be cleaved in this 

region (time point 1:24); at 1:27, DrpC is now at the terminal end of the 

mitochondria tubule, as a result of the cleavage of the interconnection. The 

puncta remain at the basal end of the newly formed parasites even after the 

interconnections have been cleaved.  

 

Figure 3-5: Analysis of the dynamic localisation of DrpC during mitochondrial fission. 
(A) Western blot analysis using the antibodies reported in the figure confirms the generation of the 
DrpC-YFP::TdTomato- TGME49_215430 strain, where the plasmid TdTomato-TGME49_215430 
(probed with α-RFP antibody) is randomly integrated in the genome of the DrpC-YFP strain. (B) 
Time-lapse analysis on the same strain illustrates dynamic localisation of DrpC during the last 
stages of mitochondria fission (in red, TGME49_215430-tdTomato; in green, DrpC-YFP). TgDrpC 
is at the mitochondria periphery and at the basal interconnection; the signal at the basal end is 
highly dynamic and localises to region of constriction and fission of the mitochondrial membrane.  
Time is indicated in minutes. Scale bar: 5 µm. 
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These observations were confirmed by SIM analysis performed on the DrpC-YFP:: 

tdTomato-TGME49_215430 strain, choosing replicating vacuoles of different size 

(two-, four- or eight- parasite stages) where the mitochondria are 

interconnected (as TGME49_215430 is fused to the fluorescent protein 

TdTomato, no antibody is necessary to visualise the signal of this outer 

mitochondrial membrane marker in this strain). As shown in Fig. 3-6, multiple 

puncta of DrpC are visible at the interconnections of the mitochondria; in some 

cases it is possible to notice the invagination and what seems like a constriction 

of membranes colocalising with DrpC signal. 

 
Figure 3-6: DrpC puncta colocalise with mitochondrial interconnections 
DrpC signal (in green, α-GFP) was imaged with SIM microscopy in parasites presenting 
interconnected mitochondria (in yellow, TdTomato- TGME49_215430). Arrows indicate regions that 
are enlarged in the insets. The signal of DrpC at the basal ends coincides with the 
interconnections, and at times a constriction is observable at these foci. Scale bars: 5 µm. 

 

 

3.3 Analysis of DrpC knockdown 

In a previous study, a DiCre-U1 knockdown strategy was successfully used to 

obtain the downregulation of DrpC in the DiCreΔku80 parental strain (Pieperhoff 

et al., 2015). As shown in Fig. 3-7a , DrpC genomic locus in the RHΔku80DiCre 
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DrpC-HA-U1 line (which will be called hereafter DrpC-HA-U1) is modified so that 

DrpC is fused at its 3’ to an HA epitope tag, which is followed by a floxed region 

containing Sag1 3’UTR and a resistance cassette; four U1 sequences are placed 

downstream of  this region. When Rapamycin is added, DiCre recombinase is 

reconstituted; its activity leads to excision of the loxP-flanked region 

downstream of the modified DrpC locus. As a result, the U1 sequences are 

translocated close to the stop codon of DrpC, thus mediating degradation of its 

mRNA (for more detail, see introduction paragraph 1.4.1). 

Pieperhoff et al. showed that the excision event was highly efficient, and that it 

results in downregulation of DrpC in the strain DrpC-HA-U1. Further 

characterisation was needed to understand the role of this protein. 

In my analysis, DrpC knock-down in the DrpC-HA-U1 strain was analysed both at 

mRNA and protein levels. qRT-PCR showed that mRNA levels of DrpC are 

significantly downregulated 72 hours after Rapamycin treatment, as shown in 

Fig. 3-7b: comparing Rapamycin-induced DrpC-HA-U1 with RH (Wild-type) 

parasites, a reduction of more than 80% in DrpC transcript levels is seen. It was 

also found that tagging of DrpC results in significantly reduced mRNA levels prior 

to Rapamycin induction, an effect that was seen in other cases where this 

strategy was applied; it is proposed that this is due to integration of loxP 

sequences within the 3’UTR (Pieperhoff et al., 2015). This however does not 

affect viability of this strain in absence of Rapamycin, as shown by plaque assay 

(Fig. 3-7d). 

Western Blot analysis probing with α-HA antibody confirmed efficient 

Rapamycin- induced DrpC downregulation: after 72 hours of induction, α-HA 

signal is no longer detected (Fig. 3-7c). 
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Figure 3-7: Rapamycin induction efficiently promotes DrpC downregulation 
(A) Scheme of the modified locus of DrpC in the DrpC-HA-U1 strain. (B) qRT-PCR measuring 
transcription levels of DrpC shows that in the strain DrpC-HA-U1, a 50% reduction of DrpC mRNA 
levels is seen compared to the level measured in RH parasites. 72 hours after Rapamycin 
induction, a further downregulation of DrpC is evident, so that the residual expression is only 20% 
of the transcript levels in wild-type parasites. Quantitative RT-PCR was conducted in duplicate of 
three biological replicas; data shows mean ± SEM (* p<0.005, unpaired two-tailed Student’s T-
test). (C) Western Blot analysis with α-HA antibodies shows that DrpC signal is virtually 
undetectable 72 hours post Rapamycin induction. (D) Plaque assay shows that DrpC depletion is 
lethal for T. gondii. Plaque assay reproduced from (Pieperhoff et al., 2015). 

 

 

  

These results were confirmed by IFA analysis, which showed that DrpC puncta are 

no longer visible 72 hours after Rapamycin induction. At this time point, I found 

that DrpC down-regulation has no significant effect on the biogenesis of 

micronemes and rhoptries. Apicoplast biogenesis and rosette organisation are 

likewise not significantly affected by DrpC knock-down. Golgi morphology was 

assessed by transient transfection of the GRASP-RFP marker (Pelletier et al., 2002) 

in the DrpC-HA-U1 line, and  no significant differences in Golgi morphology 

between induced and non-induced parasites 72 hours after induction were found 

(Fig. 3-8a and b). 

 In contrast, while in non-induced DrpC-HA-U1 parasites 96% of the mitochondria 

have normal morphology, in Rapamycin-treated parasites around 90% of the 

mitochondria look misshapen (Fig. 3-8b). Importantly, when wild-type parasites 

are treated with Rapamycin, ≈95% of the vacuoles show normal, lasso-shaped 

mitochondria (data from two independent experiments).  
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Figure 3-8: Analysis of DrpC knock-down on different organelles of T. gondii 
(A) IFA analysis shows that 72 hours post induction, DrpC down-regulation does not affect 
secretory organelles such as micronemes (probed with α-Mic4) and rhoptries (probed with α-
Rop13). Similarly, apicoplast, IMC and Golgi (markers α-HSP60, α-Gap45 and Grasp-RFP, 
respectively) show normal morphologies at these time point. Scale bars: 5 µm. (B) Quantification 
(n=3, 100 vacuoles counted per experiment) shows that DrpC down-regulation has a specific effect 
on mitochondrial morphology: at 72 hours post-induction, around 90% of the vacuoles show 
aberrant mitochondrial morphologies, while the other indicated organelles do not show significant 
differences.   

 

 

 

Three different mitochondria phenotypes were identified. In the induced 

parasites, 41% of the vacuoles contain mitochondria that remain interconnected 

with each other. 39.2% of the vacuoles show mitochondria membranes that are 

severely misshapen, a phenotype we refer to as “thick membranes”, while 

around 7% of the vacuoles show mitochondria that are reduced to small, closed 

circles (“collapsed”) (Fig. 3-9a and 3-9c).  
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To confirm that the mitochondria phenotype is specific, a complementation 

experiment was carried out. To this end, the plasmid p5RT70 -GFP-DrpC was 

generated, encoding a copy of DrpC tagged with GFP and under the control of 

p5RT70 ,a constitutive promoter composed of the fusion between the five-

repeat element of sag1 5’UTR and the minimal promoter of α-tubulin (Soldati 

and Boothroyd, 1995) . When the plasmid was transiently transfected in induced 

DrpC-HA-U1 parasites, IFA analysis revealed that GFP-DrpC fully rescues the 

mitochondria defect observed upon DrpC down-regulation (Fig. 3-9b and c).  
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Figure 3-9: DrpC knock-down leads to abnormal mitochondria morphology 
(A) Immunofluorescence analysis at 72 hours post induction of DrpC down-regulation shows three 
types of abnormal mitochondrial morphology: interconnected mitochondria, thick membranes and 
small, circular mitochondria (“collapsed”). (B) Complementation experiments show that expression 
of DrpC-GFP rescues DrpC knockdown phenotypes, as quantified in (C). Scale bars: 5 µm. (C) 
Quantification was obtained through comparison of three independent experiments, each with at 
least 300 vacuoles, and statistical analysis performed to compare the observed distributions. Error 
bars show SD, and asterisks indicate significant difference (P<0.001 multiple t-test). 
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3.4 Generation of a dominant negative form of DrpC  

DrpC down-regulation showed that this protein is implicated in mitochondria 

biogenesis; this is in agreement with the mitochondrial localisation observed in 

the DrpC-YFP strain. The analysis of its specific role, though, was complicated 

by the observation that two main mitochondria phenotypes are seen upon DrpC 

knock-down. Two explanations are possible: the first is that DrpC contributes to 

different aspects of mitochondria biology; alternatively, it can be hypothesised 

that only one of the observed phenotypes is the primary effect of DrpC 

depletion, and the other is a knock-on effect due to general mitochondrial 

dysfunction.  

To be able to differentiate between these possibilities and to identify the 

primary role of the protein, a more rapid system for DrpC functional ablation 

was required. It is well documented that dynamin activity can be blocked in a 

dominant-negative fashion when a second copy carrying a non-functional GTPase 

domain is introduced in the genome; several amino acid substitutions in the 

GTPase domain have been reported to block GTP hydrolysis (van der Bliek et al., 

1993, Otsuga et al., 1998). This strategy has been successfully used in T. gondii 

for the study of DrpA and DrpB functions (van Dooren et al., 2009, Breinich et 

al., 2009); since the overexpression of dominant negative DrpA and DrpB is lethal 

for the parasite, the authors generated stable cell lines where the 

overexpression could be inducibly expressed using the ddFFKBP system (see 

introduction paragraph 1.4.3).  

The same strategy was adopted for DrpC: its cDNA was cloned in the plasmid 

p5RT70 –DD-GFP to generate the construct p5RT70 –DD-GFP-DrpCwt, where the 

constitutive promoter p5RT70 controls the expression of DrpC fused to GFP and 

to the destabilisation domain (DD), which in absence of Shield-1 causes 

degradation of the fused protein (this plasmid was generated by Manuela 

Pieperhoff). Further manipulation of this construct allowed me to introduce a 

specific mutation in the GTPase domain of DrpC; sequencing of the plasmid 

confirmed the generation of the new construct p5RT70 –DD-GFP- DrpCDN, where 

the Lysine at the residue 129 of DrpC is mutated in Alanine (Fig. 3-10a). After 

transfection and selection in RH parasites, a stable line was obtained where the 

construct is randomly integrated in the genome. Western Blot analysis on 
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RHp5RT70-DD-GFP-DrpCDN parasites (which I will call DD-GFP-DrpCDN) shows that 

no signal is detected when they are grown in absence of Shield-1; upon Shield-1 

addition, the signal of the expected band size is visible as soon as 4 hours post 

induction, and remains at stable levels at 24 hours p.i. (Fig. 3-10b). As expected, 

this line is not viable when grown in presence of Shield-1 for 7 days, as measured 

by plaque assay (Fig. 3-10c).   

Figure 3-10: Shield-1 mediated expression of a dominant negative form of DrpC impairs 
parasite growth. 
 (A) Scheme of the plasmid randomly transfected in RH parasites to obtain the strain DD-GFP-
DrpCDN, (B) Western blotting shows that Shield-1 rapidly stabilises the protein DD-GFP-DrpCDN; 

probing with α-GFP antibody reveals expression of the protein as soon as 4 hours post induction, 
and the expression levels remain stable at 24 hours post induction. (C) Plaque assay shows that 
T.gondii tachyzoite growth is severely impaired upon DD-GFP-DrpCDN induction.          

 

Immunofluorescence analysis on this line at 24 hours post induction reveals no 

effects on secretory organelles, apicoplast or IMC (Fig. 3-11a). Conversely, the 

localisation of DD-GFP-DrpCDN changes at different times of Shield-1 induction; 

this correlates to a drastic effect in mitochondrial morphology, as the 

mitochondria in the vacuoles become increasingly interconnected (Fig. 3-11b 

and c). At 4 hours post-induction, DD-GFP-DrpCDN puncta are at the periphery 

and at the basal part of the mitochondrion; quantification shows that at this 

time point only 9% of the vacuoles have interconnected mitochondria. At 8 hours 

post-induction, almost all the signal is accumulated at the basal part of the 

mitochondrion, and the percentage of interconnected mitochondria rises to 23%; 
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at 24 hours post-induction, 53.6% of the vacuoles have this phenotype, and DD-

GFP-DrpCDN signal completely covers the interconnection.  

This analysis provides support for the hypothesis that DrpC has a specific 

mitochondrial function; moreover, in the strain DD-GFP-DrpCDN only one 

mitochondrial phenotype is observed, while the other abnormal morphologies 

seen upon DrpC-HA-U1 knockdown (thicker membranes and “collapsed” 

mitochondria) were not revealed. This suggests that the primary effect of DrpC 

functional ablation is a failure in mitochondrial fission. 
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Figure 3-11: Over-expression of a dominant-negative form of TgDrpC leads to 
interconnected mitochondria. 
(A) IFA analysis on the DD-GFP-DrpCDN line at 24 hours in presence and absence of Shield-1 
shows that the dominant negative DrpC has no effect on micronemes (probed with α-mic4), 
rhoptries (α-Rop13), apicoplast (α-HSP60) or IMC (α-Gap45). (B) Immunofluorescence analysis 
showing mitochondrial phenotype in induced DD-GFP-DrpCDN parasites. Four hours after Shield-1 
stabilisation, puncta of the overexpressed protein are visible at the periphery and basal part of the 
mitochondrion; at 8 and 24 hours, an accumulation of the signal on the basal part of mitochondria, 
which become increasingly interconnected, is seen. The quantification of this set of experiments is 
shown in (C); at least 100 parasitophorous vacuoles were counted in triplicate, and statistical 
analysis performed to compare the observed distributions. Error bars represent SD from the three 
independent experiments. Asterisks indicate significant difference (P<0.001 multiple t-test).Scale 
bar: 5 µm. 

 

 

These experiments show that GTPase activity is essential for DrpC function; a 

detailed in silico analysis performed by Dr. Ehmke Pohler supports the notion of 

GTPase activity for DrpC.  In order to provide molecular insight into the putative 

GTPase activity of this protein, he constructed a homology model using 

SWISSmodel (Biasini et al., 2014): the closest model in the protein data base as 

identified by BLAST (Camacho et al., 2009) is the crystal structure of the human 

Dynamin 3 GTPase domain (PDB: 3L43), determined by the Toronto Structural 

Genomics Consortium at a resolution of 2.3 Å.  

DrpC and human Dynamin 3 share a sequence identity of 31% over the GTPase 

domain (amino-acids 118-401); thus, a reliable homology model for the overall 

structure of this domain could be calculated for DrpC, even if a number of 

insertions and deletions, in particular on the C-terminal side of DrpC GTPase 

domain, were found. While these differences will lead to significant local 

structural changes, the overall fold is predicted to be conserved, as shown in 

Fig. 3-12a. The GTP binding site is mainly conserved, with the diphosphate-

contacting P-loop (shown in yellow in Fig.3-12a) displaying only small changes. 

Moreover, based on the homodimeric human Dynamin 3 structure (Bertoni et al., 

2017),  DrpC GTPase is predicted to adopt a similar homodimer (Fig. 3-12b); the 

oligomeric structure of the full-length DrpC, however, remains to be elucidated. 
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Figure 3-12: Modelling of the GTP binding domain of DrpC 
(A) Monomer model for DrpC GTPase domain. The P-loop is indicated in yellow, while the less 
conserved region is in blue. (B) Model of the dimerization of DrpC GTPase domains. Data obtained 
by Dr. Ehmke Pohl. 

 

3.5 Overexpression of full-length and truncated forms of 
DrpC 

Next, the phenotype caused by the overexpression of DrpC was analysed. Drp1 

overexpression causes fragmentation of the mitochondrial network in C. elegans 

(Labrousse et al., 1999); in mammalian cells, however, there are contrasting 

reports: some authors showed that Drp1 overexpression leads to mitochondria 

fragmentation (Szabadkai et al., 2004), while others find that mitochondria are 

fragmented only when Drp1 receptors- such as Mff and Fis1- are overexpressed 

(Smirnova et al., 2001, Otera et al., 2010, Loson et al., 2013). 

Analysis of the stable line RHp5RT70-DD-GFP-DrpCwt (which was previously 

generated by Manuela Pieperhoff, and will be called here DD-GFP-DrpCwt) was 

carried out (Fig. 3-13 a). In this strain, DrpC overexpression is efficiently induced 

by Shield-1: Western Blotting analysis on parasites grown for 24 hours in 

presence and absence of Shield-1 reveals a protein of the expected band size 

only in induced parasites (Fig. 3-13 b). DrpC overexpression does not affect 

parasite growth: plaque assay (Fig. 3-13 c) on DD-GFP-DrpCwt parasites shows no 

difference between induced and non-induced parasites. IFA analysis reveals that 

overexpressed DD-GFP-DrpCwt localises correctly on the mitochondrion, and no 

fragmentation is visible (Fig. 3-13 d). 
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Next, the ddFKBP system was harnessed to express truncated version of the 

protein, in the attempt to gain information about the domains required for DrpC 

recruitment to the mitochondrion. To this end, the plasmid p5RT70-DD-GFP-

DrpCwt was modified by Q5 mutagenesis, and the plasmid p5RT70-DD-GFP-

DrpCGTPase only (expressing only the N-terminus of DrpC, which encodes for the 

GTPase domain) was obtained (Fig. 3-13 e). Moreover, a p5RT70-DD-GFP-

DrpCTRUNCATED plasmid was generated by amplifying the C-terminus of DrpC 

(without the GTPase domain) and cloning it into the plasmid p5RT70 –DD-GFP 

(Fig. 3-13 i). After transfection and selection, the two stable lines DD-GFP-

DrpCGTPase only and DD-GFP-DrpCTRUNCATED were obtained. Western Blot 

confirmed efficient stabilisation of DD-GFP-DrpCGTPase only and DD-GFP-

DrpCTRUNCATED when the respective strains were grown in presence of 1 µM 

Shield-1 for 24 hours (Fig. 3-13 f and 3-13 j, respectively).  

Surprisingly, IFA analysis showed that mitochondria recruitment of DrpC is 

abolished when DD-GFP-DrpCGTPase only (Fig. 3-13 h) and DD-GFP-DrpCTRUNCATED 

(Fig. 3-13 l) are stabilised for 24 hours with Shield-1. Both the overexpressed 

versions of DrpC are instead found exclusively in the cytoplasm; since they don’t 

localise on the mitochondrion, no dominant effect is expected. Plaque assay 

confirmed this prediction: DD-GFP-DrpCGTPase only and DD-GFP-DrpCTRUNCATED 

parasites grown in presence of Shield-1 do not present any growth defect, as 

shown in Fig. 3-13 g and 3-13 k, respectively.    
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Figure 3-13: Overexpression of wild-type and truncated forms of DrpC 
Plasmids DD-GFP-DrpCwt (A), DD-GFP-DrpCGTPase only (E) and DD-GFP-DrpCTruncated (I) were 
stably transfected in RH parasites; Western Blot analysis using antibodies α-GFP and α-Catalase 
confirms that 24-hour exposure to 1 µM Shield-1 efficiently stabilises the randomly integrated 
proteins DD-GFP-DrpCwt  (B), DD-GFP-DrpCGTPase only (F) and DD-GFP-DrpCTruncated (J) in the 
respective strains. Plaque assays shows that the in the strains DD-GFP-DrpCwt  (C),  DD-GFP-
DrpCGTPase only (G) and  DD-GFP-DrpCTruncated (K), parasite growth is not impaired when Shield-1 
is added to the media. Localisation analysis demonstrates that DD-GFP-DrpCwt forms puncta that 
localise on the mitochondrion (D); conversely, DrpCGTPase only (H) and DD-GFP-DrpCTruncated  (I) 
localise on the cytoplasm, and do not form puncta . IFA analysis was conducted with α-GFP (in 
green) and α-Tom40 (in red) antibodies. Scale bars: 5 µm. 
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3.6 Conclusions 

Though the main events taking place during T. gondii endodyogeny have been 

described (Nishi et al., 2008), the mechanisms underlying mitochondria 

replication and segregation have not been characterised. In this chapter, 

functional analysis of Apicomplexa-specific protein DrpC is presented, and leads 

to the conclusion that this bona fide Dynamin-related protein is essential for 

mitochondria biogenesis.  

Endogenous tagging reveals that DrpC forms a cytoplasmic pool but is also found 

in foci at the periphery and basal part of the parasites; a significant portion of 

these puncta colocalise with the resting mitochondrion, as shown through 

colocalisation with the two outer membrane markers Tom40 and 

TGME49_215430. Recruitment at the basal part of the organelle seems to be 

important during the last steps of endodyogeny, when the replicated 

mitochondrion is present as an interconnected structure between the daughter 

cells: time-lapse and fixed microscopy show that DrpC is at these mitochondrial 

interconnections, and in some cases an invagination of the mitochondrial tubule 

is visible where DrpC has been recruited.  

These observations led me to hypothesise that T. gondii DrpC acts as a 

functional homolog of Drp1/Dnm1, key effectors of mitochondrial fission in 

human and yeast. When Drp1 and Dnm1 are down-regulated, fission is blocked; 

as a result, fusion is unopposed, and the mitochondria forming the typical 

network observed in higher eukaryotes become all connected with each other 

(Smirnova et al., 2001, Otsuga et al., 1998) . 

In T. gondii, there is no mitochondrial network, but rather a single, usually 

lasso-shaped mitochondrion; the only fission step that has been observed takes 

place when - following mother mitochondrion elongation and the insertion of the 

new branches in the budding cells - the mitochondrial connections between the 

two daughter cells need to be cleaved. If DrpC is involved in fission, then it is 

logical to expect that its absence would result in an abnormal persistence of 

mitochondrial interconnections between daughter cells in a vacuole.  
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To verify this model, two different strategies for DrpC functional ablation were 

utilised; phenotypic analysis in the strain DrpC-HA-U1 showed a specific 

mitochondrial effect upon DrpC down-regulation, as more than 90% of vacuoles 

present defects in mitochondria biogenesis, which result in parasite death. Of 

these vacuoles, more than 40% show an “interconnected mitochondria” 

phenotype.  

These observations were confirmed by the analysis of the DD-DrpCDN strain: 

Shield-mediated stabilisation of a dominant-negative form of DrpC leads to the 

rapid formation of vacuoles with interconnected mitochondria. Conversely, 

inducible overexpression of a wild-type copy of DrpC is shown to not have any 

effect on mitochondrial biogenesis. Truncated version of DrpC (DD-GFP-

DrpCGTPase only and DD-GFP-DrpCTRUNCATED) do not polymerise on the 

mitochondria: as a result, only a cytoplasmic signal is detected. No dominant 

negative effect is detected upon overexpression of these exogenous, truncated 

proteins; this is probably due to the fact that these truncated forms cannot bind 

the mitochondrion, and thus the endogenous, wild-type DrpC can still carry out 

its function. Conversely, in the DD-DrpCDN strain, the mutated protein (which 

carries only a single mutation in its GTPase domain, making it inactive) is still 

able to bind the mitochondrion, thus impairing the function of the endogenous 

DrpC.  

Thus, this chapter proposes that DrpC primary function in T. gondii is in 

mitochondrial fission; the GTPase domain is essential for the protein function, 

and homology modelling supports the notion of GTPase activity. 

However, some observations could point to a second role of DrpC. As already 

mentioned, a second population of DrpC puncta is observed at the periphery of 

the resting mitochondrion, but no membrane constriction is seen in 

correspondence with these foci. Moreover, at the endodyogeny stage when the 

replicated mitochondrion is present as a “bundle” still outside of the daughter 

cells, these puncta are already visible at the periphery of the daughter cells, 

and seem to contact the mitochondrial branches only when they start entering 

the buds. This observation could mean that DrpC has also a role as a bridge 

between the parasite structural elements and the mitochondrion. This could be 

in accord with the data on DrpC down-regulation: in fact, upon Rapamycin 
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addition, a second phenotype is visible, where mitochondria are club-shaped, as 

if the two sides of the lasso are collapsed on each other. Could this suggest that 

DrpC additional role is in tethering the lasso to the cytoskeleton of the parasite? 

If so, why is this phenotype not observed upon induction of the dominant-

negative form of DrpC? Both points will be discussed in more detail in the 

general discussion chapter (see pages 150-154).     
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4 Analysis of potential interactors of DrpC in T. 
gondii 

 

Data shown in the previous chapter suggest that DrpC is recruited to the 

mitochondria to promote fission; next, the potential mechanisms that ensure 

DrpC binding on the mitochondrial tubule were investigated. 

As described in paragraph 1.7.3, Dynamins bind to their target membranes in 

different ways. Classical Dynamins are recruited to sites of membrane budding 

through the concerted action of two domains: the Proline-Rich domain (PRD), 

which mediates protein-protein interactions, and the Pleckstrin Homology 

domain (PH), which has a high affinity for phosphatidylinositol 4,5-bisphosphate 

(Shpetner et al., 1996, Okamoto et al., 1997, Bethoney et al., 2009). 

Conversely, Dynamin-related proteins, which do not display PRD and PH 

domains, are usually recruited by adaptor proteins; in recent years, the 

mechanisms underlying mitochondria recruitment of the Dynamin-related 

proteins Drp1 and Dnm1 have been well studied. Though Drp1 can directly 

interact with some lipids such as cardiolipin (Bustillo-Zabalbeitia et al., 2014, 

Stepanyants et al., 2015), Drp1/Dnm1 specific binding to the mitochondrion is 

mainly achieved through interaction with a “fission complex”, a system of 

adaptor proteins on the mitochondrial membrane (Pagliuso et al., 2018). 

Mitochondrial recruitment of yeast Dnm1 is mediated by the complex Fis1-Caf4-

Mdv1; Fis1, a transmembrane mitochondrial protein, is essential for fission and 

directly interacts with Dnm1 (see paragraph 1.7.3) (Mozdy et al., 2000, Tieu et 

al., 2002, Griffin et al., 2005). While Fis1 is highly conserved, its role in 

mammals has long been controversial: today, it is believed that mammalian Drp1 

is primarily recruited through the adaptors Mff, MiD49 and MiD50 (Gandre-Babbe 

and van der Bliek, 2008, Palmer et al., 2011), and that human Fis1 is not 

essential for fission. In fact, only a moderate elongation phenotype is visible 

upon Fis1 depletion in mammalian cells (Loson et al., 2013); recently, it was 

proposed that in mammalian cells Fis1 plays a specific role in stress-induced 

mitochondrial fission (Shen et al., 2014b). 
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Intriguingly, both Fis1 and Mff are also present on peroxisomal membranes, and 

both have been involved in Drp1 recruitment during peroxisome fission, though 

Fis1 downregulation does not affect peroxisome morphology (Schrader et al., 

2016). 

Here, I aimed to identify the adaptor proteins required to recruit DrpC to the 

mitochondrial membrane, an attempt which led me to characterise the Fis1 

homolog conserved in the parasite genome. 

4.1 Conservation of the fission complex in T. gondii  

In order to identify T. gondii “fission complex”, I performed a literature search 

and collected the amino acid sequence of proteins which are identified as 

mitochondrial adaptors in human, yeast and plants. Next, I performed a BLAST-P 

search to find T. gondii homologs of these molecules. As seen in Table 4-1, only 

the protein Fis1 was found to have a significant degree of conservation, as a 

BLAST-P search using the human homolog Fis1 retrieves T. gondii protein 

TGME49_263323 with a e-value of 1e-12 (the Clustal-Omega alignment between 

the two proteins is shown in Fig. 4-1). Reciprocal BLAST with T. gondii 

TGME49_263323 in the NCBI database identifies it as a member of the Fis1 

family, and it can be hypothesised that it is a functional homolog of human Fis1. 

To test this hypothesis, the localisation and function of TGME49_263323 (which 

will be referred to as Fis1 in this chapter) were assessed. 
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Protein  Function Toxoplasma gondii 

Fis1 (human, yeast, plants) Mitochondrial outer 

membrane adaptor 

 

TgFis1 

(TGME49_263323) 

Phenotype score: 

+0.94 (Sidik et al., 

2016) 

Location: 

mitochondrion 

(Padgett et al., 

2017) 

Mdv1/Caf4/Num1/Mdm36 (yeast) Mitochondrial 

receptor for Dnm1 

          - 

Mff (human) Recruits Drp1 on the 

mitochondrial 

membrane 

          - 

MiD49/50 (human) Drp1 receptors           - 

ELM1 (plants) Recruits Drp3 to the 

mitochondrial 

membrane 

          -  

Table 4.1-1: Conservation of the known mitochondrial fission complex in T. gondii 
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Figure 4-1: Fis1 alignment  
Clustal - Omega alignment of human Fis1 and T. gondii Fis1. Identity/similarity threshold for 
shading is 70%.  
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4.2 Overexpression of Fis1 

In the database ToxoDB, Fis1 is identified as a tetratricopeptide repeat-

containing protein; transcriptome data shows that the protein maintains stable 

expression levels during the cell cycle in tachyzoites, and it is predicted to have 

a transmembrane domain at its C-terminus. This suggests that tagging at its C-

terminus could perturb Fis1 function; thus, to assess its localisation, Fis1 cDNA 

was cloned in the plasmid p5RT70-DD-mCherry-HA, to generate the construct 

p5RT70–DD-mCherry-HA-Fis1 (Fig. 4-2a). The plasmid was randomly integrated in 

the strain DrpC-YFP, and parasites Δku80p5RT70DD-mCherry-HA-Fis1:: DrpC-YFP 

(hereafter called DD-mCherry-HA-Fis1:: DrpC-YFP) were analysed. In this line, 

Fis1 is N-terminally tagged, and its expression can be modulated using Shield-1 

at different concentrations and induction times; moreover, since in the parental 

strain DrpC is endogenously tagged (as described in the previous chapter of 

results), it is possible to assess the effects of Fis1 overexpression on DrpC 

localisation and function.  

In absence of Shield-1, a weak signal for DD-mCherry-HA-Fis1 of the expected 

size of ≈ 57 kDa was detected by Western Blot probing with α-HA antibody; IFA 

analysis using α-HA antibody does not show any signal under these conditions 

(Fig. 4-2b and 4-2c). To assess Fis1 localisation, a weak overexpression was 

induced, by treating the strain with 0.2 µM of Shield-1 for 4 hours; Western Blot 

analysis shows a faint band of the expected size. In these conditions, the 

overexpressed protein is also detectable by IFA analysis: the signal of α-HA 

antibody is evenly distributed on the mitochondrion and overlaps with the 

marker of the outer membrane Tom40.  

Subsequently, the effects of Fis1 overexpression were assessed by inducing DD-

mCherry-HA-Fis1:: DrpC-YFP with 1 µM of Shield-1 for 24 hours; at this time 

point, Western Blotting shows a strong signal for DD-mCherry-HA- Fis1 (Fig. 4-

2c). IFA analysis confirms that Fis1 signal overlaps with Tom40; strikingly, the 

overexpression leads to a severe defect in mitochondrial morphology, while the 

structure of the parasite is not compromised. Quantification revealed that more 
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than 80% of vacuoles present an abnormal mitochondria phenotype: the 

mitochondria are completely collapsed at their base, with only few branches 

visible inside the connected parasites (Fig. 4-2b and 4-2d). Plaque assay 

confirmed a strong phenotypic effect: while DD-mCherry-HA-Fis1:: DrpC-YFP 

parasites grown in absence of Shield-1 can form normal plaques, their growth is 

completely abolished when they are induced with 1µM of Shield-1 (Fig. 4-2e). 

 
Figure 4-2: Fis1 localisation and overexpression 
(A) Scheme of the plasmid randomly transfected in DrpC-YFP parasites to obtain the strain DD-
mCherry-HA-Fis1:: DrpC-YFP. (B) Immunofluorescence analysis shows that in absence of Shield-
1, no signal is detected when probing with α-HA antibody; after 4 hours induction with 0.2 µM 
Shield-1, α-HA signal overlaps with the mitochondrial marker Tom40. Induction of DD-mCherry-HA-
Fis1:: DrpC-YFP strain for 24 hours with 1 µM of Shield results in a severe mitochondrial 
phenotype, where the mitochondria look thick at their base, and the mitochondrial branches are 
greatly reduced.  Scale bars: 5 µm. (C) Western blot probing with α-HA antibody shows that upon 
induction with 0.2 µM of Shield-1, a weak expression of Fis1 is achieved; treatment with 1 µM of 
Shield-1 for 24 hours results in high expression levels of the protein. (D) Quantifications carried out 
at 24 hours post induction (with 1 µM of Shield-1) show that at this time point, 84% of the vacuoles 
present a severe mitochondrial phenotype. The experiment was carried out in triplicate, counting 
100 vacuoles per each replicate. (E) Plaque assay shows that T.gondii tachyzoite growth is 
severely impaired upon DD-mCherry-HA-Fis1 induction.  

 

 

Next, the effect of Fis1 overexpression on DrpC localisation was analysed. Since 

at 24 hours post induction the mitochondrial phenotype is severe, I decided to 

include an intermediate time point, analysing mitochondria phenotype and DrpC 

localisation at 0, 12 and 24 hours post induction with 1 µM of Shield (Fig. 4-3a 

and 4-3b). Western Blotting at these time points confirms that Fis1 is not 

detected by α-HA probing at 0 hours, while at 12 and 24 hours post induction a 
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strong expression is observed (Fig. 4-3a). In absence of Shield-1 no defect in 

mitochondria morphology are detected by IFA analysis using the mitochondrial 

marker Tom40. Moreover, as described in Chapter 3, two populations of DrpC 

puncta are visible: one population is at the periphery of the mitochondrion, 

while the other is recruited at the basal part of the organelle (Fig. 4-3b). At 

twelve hours post induction, it is possible to notice a thickening of the 

mitochondria; at this time point, DrpC foci still decorate both their periphery 

and basal part. At twenty-four hours post-induction, when around 80% of 

vacuoles show mitochondria which are almost completely collapsed at their 

centre, DrpC puncta which are normally found at the periphery appear to retain 

their localisation, even though they are no longer in contact with the 

mitochondrion; the population which is usually at the basal part of the organelle 

seems to be reduced, though this was not quantified (Fig. 4-3b).  

Next, the interaction between Fis1 and DrpC in T. gondii was investigated by co-

immunoprecipitation in the strain DD-mCherry-HA-Fis1:: DrpC-YFP. To this end, 

the DD-mCherry-HA-Fis1:: DrpC-YFP strain was induced with 0.2 µM of Shield-1 

for 4 hours, to obtain a weak overexpression of Fis1. The lysate was subjected to 

IP with beads conjugated with α-GFP antibody, and Western Blot analysis was 

performed using α-GFP and α-HA antibodies to assess the presence of DrpC and 

Fis1, respectively. As shown in Fig. 4-3c, both the signal for DrpC and Fis1 are 

found in the input and output fractions, but in the eluted fraction only the signal 

of DrpC is found; thus, the experiment did not demonstrate an interaction 

between Fis1 and DrpC. 
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Figure 4-3: Analysis of Fis1 and DrpC putative interaction 
(A) Western blot analysis assessing the expression levels of Fis1 at the indicated time points; Fis1 
overexpression is not detected in absence of Shield--1, but is efficiently induced at 12 and 24 hours 
post induction. (B) IFA analysis assessing the effect of Fis1 overexpression on DrpC localisation. In 
absence of Shield-1, the mitochondrion shows a normal morphology, and DrpC puncta are found 
both at the periphery and at the basal part. At 12 hours post induction (1 µM of Shield-1), the 
mitochondrion shows a thicker membrane, but still maintains its usual lasso-shape, and DrpC 
localisation is kept at the periphery and basal part of the organelle. At 24 h post-induction, the 
mitochondrion is present as a thick dot at the basal end of the parasite and shows only few 
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branches; DrpC is found at the periphery of the parasite, but is not in contact with the 
mitochondrion. DrpC signal at the base of the organelle seemed reduced, but this effect could not 
be quantified. Scale bars: 5 µm. (C) Western blot analysis of the co-immunoprecipitation of HA-
tagged Fis1 and GFP-tagged DrpC captured with GFP-conjugated beads.  

 

 

4.3 Knockdown of Fis1 

While the data derived from overexpression could suggest an essential role of 

Fis1 in mitochondrial integrity, a recent genome wide screen for essential genes 

suggests that Fis1 is not important for parasite growth in vitro (phenotypic score: 

+0.94) (as a comparison, DrpC has a phenotypic score of -4.54) (Sidik et al., 

2016).  

Therefore, it was decided to investigate Fis1 function by employing the 

tetracycline inducible transactivator system to induce Fis1 knockdown. This 

system was chosen because, as detailed in paragraph 1.4.2, it is widely used for 

generation of knockdown strains in T. gondii; it allows also endogenous tagging 

at the N-terminus of the GOI (as Fis1 has a transmembrane domain at its C-

terminus, it is predicted that a tag in that region could affect its function; thus, 

the DiCreU1 system could not be used). It requires the replacement of the GOI 

endogenous promoter with the tetO7-Sag1 inducible cassette (consisting of seven 

tetracycline-operator sequences fused to the Surface antigen 1 (SAG1) minimal 

promoter) in the parental line TATIΔKu80ΔHX, where the transactivator TATi-1 is 

under the control of a constitutive promoter. When the GOI is under the control 

of the Tet07-SAG1 cassette in this strain, its expression is induced by the TATi-1 

transactivator; upon ATc induction, downregulation of the GOI is achieved (see 

paragraph 1.4.2) (Meissner et al., 2002).    

A 978-bp portion of the N-terminus of Fis1 (starting from the annotated start 

codon) and a 994 bp-region upstream of the ATG were amplified and cloned in 

the plasmid Tet07-Sag1-HX. The linearized plasmid was transfected in the strain 

TATIΔKu80ΔHX (Sheiner et al., 2011, Salamun et al., 2014); upon double 

homologous recombination, the line TATIΔKu80Tet07-Sag1-Fis1 (hereby called 

Tet07-Sag1-Fis1 ) was generated, where Fis1 is N-terminally tagged with c-myc 

epitope tag and is under the control of the conditional promoter TetO7Sag1 (Fig. 
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4-4 a). Integration was confirmed by analytical PCR using the primers highlighted 

in fig. 4-4 a. A specific band of 1.1 kb is amplified in the Tet07-Sag1-Fis1 strain 

and not in the parental line with the primers highlighted in red, and the primers 

highlighted in blue confirmed that the endogenous locus has been successfully 

replaced in the mutated strain (Fig. 4-4 b). In absence of ATc, Western Blot 

analysis shows a band of the expected size (≈16 kDa) when probing with α-myc 

antibody (Fig. 4-4 c); IFA analysis confirms that Fis1 is evenly distributed on the 

mitochondrial surface, overlapping with the signal of Tom40 (Fig. 4-4 e). 

Efficient downregulation was demonstrated by immunoblot and 

immunofluorescence analyses, which reveal that the signal of Fis1 is 

undetectable at 72 hours post induction with ATc (Fig. 4-4 c and 4-4 e, 

respectively).  

The effect of Fis1 depletion was first measured by plaque analysis; surprisingly, 

T. gondii growth was not significantly affected upon ATc induction (Fig. 4-4 d). 

This observation was further confirmed by IFA analysis on parasites grown in 

presence of ATc for 72 hours: no phenotype was observed in the induced 

parasites, and mitochondria morphology was not affected by Fis1 knockdown 

(Fig. 4-4 e).  These results suggest that Fis1 is not essential for T. gondii growth 

in vitro; moreover, Fis1 localises on the mitochondrion but its down-regulation 

does not affect the organelle morphology.     
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Figure 4-4: Fis1 Knockdown 
(A) Scheme of knockdown strategy: a double cross-over event allows the replacement of Fis1 
endogenous promoter with TetO7-Sag1 inducible cassette, and the endogenous tagging at Fis1 N-
terminus with c-myc epitope. (B) Integration PCR with primers indicated as red and blue arrows in 

(A) confirms successful integration. (C) Confirmation of ATc-mediated protein knockdown. In 

absence of ATc, Western Blot analysis shows the expected protein size of 16 kDa, tagged with c-
Myc; the induction of TgFis1 Knock-down with ATc shows that at 48 hours the protein is no longer 
detectable by Western Blot. (D) Plaque assay shows that Fis1 deletion does not impair parasite 
growth. (E) Immunofluorescence analysis confirms that TgFis1 is evenly distributed in the 
mitochondrial outer membrane. In presence of ATc, the signal of Fis1 is no longer detectable, but 
mitochondria morphology is not affected. Scale bar: 2 µm 
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4.4 Immunoprecipitation experiments 

Next, immunoprecipitation on DrpC was performed to find potential interactors. 

As DrpC is not highly expressed and rather unstable, it was decided to use the 

strain DD-GFP-DrpCwt, which was induced with 0.2 µM of Shield-1 for 4 hours to 

obtain a weak overexpression of DrpC. Pull-down experiments were performed in 

triplicate with parasites expressing inducible DD-GFP-DrpCwt, and with a control 

line RH-GFP. Fig. 4-5 shows a representative Western blot of one of these pull-

down experiments; since Shield-1 induction was performed for only 4 hours, it is 

possible to notice some degradation of the protein DD-GFP-DrpCwt. 

 

Figure 4-5: Immunoprecipitation on the strain DD-GFP-DrpCwt 
Western Blot analysis on the indicated fractions of immunoprecipitation performed on the strain 
DD-GFP-DrpCwt probing with α-GFP antibody 

 

The whole eluate for each pull-down was analysed by mass spectrometry. Table 

1 lists the identified proteins that appeared in the triplicates of DD-GFP-DrpCwt 

immunoprecipitates. The proteins listed are the ones which were identified by 

more than two peptides, with Mascot probability score of 20 or above; 

moreover, they were always absent from the triplicates of parental line control. 
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Table 3-1: DrpC pull-down results  

 

As shown in Table 1, DrpC was the protein found with the highest score in all 

three immunoprecipitation experiment. Unfortunately, no putative receptor on 

the mitochondrial membrane could be identified. Previous literature in other 

organisms shows that the interaction of Drp1/Dnm1 with the adaptor complex is 

highly transient (Otera et al., 2010, Liu and Chan, 2015); thus, it seems that the 

conditions here used for the immunoprecipitation experiments do not capture 

the binding of DrpC to mitochondrial proteins. Conversely, a potential 

interaction of DrpC to the microtubule cytoskeleton was highlighted, as a β-

tubulin (TGME49_221620) and microtubule-associated proteins are pulled down 

in these experiments. In particular, three of these proteins are identified as part 

of microtubule-based motors: TGME49_286660 (which was present with high 

score in two of the three replicates) is identified in ToxoDB as a putative 

kinesin, while TGME49_309980 is described as a dynein heavy chain, and 

TGME49_46740 as p50 (also known as dynamitin), a component of the dynactin 

protein complex, which is an essential regulator of dynein movement along 

microtubule tracks.    

While kinesin and the dynein-dynactin complexes were found in two of the three 

experiments, two other hits were present with high score in just one of the 
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replicates: TGME49_263520, which has been characterised as the microtubule-

associated protein SPM1 (Tran et al., 2012), and TGME49_231630, a cytoskeletal 

protein.  

Overall, five of the more robust hits in these experiments can be defined as 

microtubule-associated proteins (MAPs) (Morrissette, 2015);  moreover, three of 

these are subunits of motor complexes which are responsible for movement 

along microtubules, and which have not been characterised in T. gondii. In the 

next chapter, I will illustrate the characterisation of one of these proteins, the 

dynactin subunit p50. However, during my work I also tried to investigate the 

role of the kinesin protein (TGME49_286660) which was also consistently present 

in the eluate of DrpC immunoprecipitation experiments; unfortunately, my 

endeavours to tag the kinesin at its 3’ end and to downregulate it with the DiCre 

U1 system were not successful. Further work (possibly trying a different knock-

down strategy) will be required to investigate the interaction between DrpC and 

TGME49_286660. 

4.4 Conclusions 

Dynamin-related proteins do not directly bind lipids, but rely on protein-protein 

interactions to be recruited on their target membranes (Bethoney et al., 2009). 

In the previous chapter, DrpC has been shown to be a key factor in mitochondria 

biogenesis, but further study was necessary to understand the mechanisms 

underlying its recruitment on the mitochondrion during fission. 

My analysis started with the hypothesis that T. gondii could show conservation of 

the “fission complex”, a system of adaptor proteins which recruit Dynamin-

related proteins onto the mitochondria membrane in other eukaryotes (Pagliuso 

et al., 2018). Starting with this hypothesis, I performed BLAST-P searches in the 

T. gondii genome to identify potential homologs of known proteins of the fission 

complex in human, yeast and plants.  

The composition of this complex greatly varies among model organisms; a BLAST-

P search in T. gondii found that only one of these members, the transmembrane 

protein Fis1, is conserved in the parasite genome. The interpretation of this 

result, however, needs to take in account another possibility: as DrpC is a highly 
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divergent Dynamin-related protein, its adaptor on the membrane could likewise 

be dissimilar from the proteins described in common model organisms, and as 

such it would not be identified by standard BLAST-P searches.  

As Fis1 shows high sequence similarity to its human homolog, it was decided to 

investigate its function. The ddFKBP system was successfully adopted to 

modulate the overexpression levels of Fis1, and thus to investigate its 

localisation (in conditions of weak overexpression) and the effects of its strong 

overexpression on parasite viability. It was found that in conditions of low 

expression, Fis1 is evenly distributed on the mitochondria surface; this was 

recently confirmed by Padgett et al., who identified Fis1 as a Tail-anchored 

protein, and showed that when ectopically expressed it localises at the 

mitochondrion (Padgett et al., 2017). Surprisingly, we saw that high 

overexpression levels of Fis1 cause a lethal phenotype, causing the 

mitochondrion, as soon as 12 hours post induction, to develop abnormally thick 

membranes; at 24 hours post induction, the mitochondrion looks collapsed on 

itself in the basal part of the parasite, and only few mitochondrial branches are 

visible. DrpC puncta are still visible at the periphery of the parasite, but are no 

longer in contact with the mitochondrion. Conversely, the concentration DrpC 

puncta at the basal region seems to be reduced. 

Interpretation of this data is rather difficult. It was hypothesised at the end of 

the previous chapter that DrpC puncta form two populations, which have 

different roles: while the puncta at the basal end are essential during 

endodyogeny to ensure cleavage of mitochondria interconnections, the ones at 

the periphery are not bound to the mitochondrion at all times, as they maintain 

this localisation even when mitochondria branches are excluded from daughter 

cells during endodyogeny. Thus, it can be proposed that, when Fis1 

overexpression leads to mitochondrial collapse, DrpC recruitment at the base is 

no longer possible; conversely, DrpC puncta at the periphery are kept in their 

position, as their localisation is not dependent on the mitochondrion.  

Why does Fis1 overexpression cause such a striking mitochondrial phenotype? If 

Fis1 is the receptor of DrpC during mitochondrial fission, then Fis1 

overexpression would be expected to result in a higher recruitment of DrpC at 

the mitochondrial basal region, with the mitochondrion becoming more 
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fragmented in that area; however, the experiments shown in this chapter show 

no such effect. Moreover, co-immunoprecipitation data shows no direct 

interaction between DrpC and Fis1 in the strain DD-mCherry-HA-Fis1:: DrpC-YFP. 

Thus, the phenotype observed upon induction could be due to a general collapse 

of the mitochondrion, whose biogenesis could be affected by the abnormally 

high levels of one of its membrane proteins: if so, the phenotype observed in the 

induced DD-mCherry-HA-Fis1:: DrpC-YFP strain is only a knock-on effect of Fis1 

overexpression, not its direct consequence.  

To reach a better understanding on Fis1 role in T. gondii, a different approach 

was needed; to this end, a knockdown strategy was implemented to assess the 

effect of Fis1 downregulation on T. gondii fitness and on mitochondrial 

morphology. The use of the TET system allowed me to obtain a strain where Fis1 

depletion can be achieved by ATc induction (Meissner et al., 2002).  

Thanks to this approach, it was shown that Fis1 knockdown is not deleterious for 

parasite fitness; moreover, no mitochondrial phenotype is visible in parasites 

where Fis1 expression is downregulated. These results suggest that Fis1 in not 

essential for parasite growth, and that it plays no role, at least in tachyzoites, in 

mitochondrial biogenesis. It is important to bear in mind, however, that the Tet-

transactivator system has been shown to allow for some residual expression of 

target genes (Jimenez-Ruiz et al., 2014); as a result, it cannot be ruled out that 

ATc- mediated Fis1 downregulation is not complete, and that residual levels of 

Fis1 are sufficient to ensure parasite survival. A clean knockout would therefore 

be necessary to ensure that Fis1 is indeed not essential in T. gondii; however, 

Fis1 downregulation data are confirmed by a CRISPR/Cas9 genome-wide screen, 

where Fis1 is classified as “dispensable”, with a phenotypic score of +0.94 (Sidik 

et al., 2016).  

Thus, the receptor responsible of DrpC recruitment during fission is still not 

known in T. gondii. In the attempt to find such receptor, GFP-tagged DrpC was 

used as bait in immunoprecipitation experiments; the analysis of these data 

showed that no putative mitochondrial protein was being pulled down with DrpC. 

Previous literature suggests that interactions between dynamin-related proteins 

and the mitochondrial fission complex are of low affinity or transient (Otera et 

al., 2010, Strack and Cribbs, 2012, Liu and Chan, 2015); thus, it is possible that a 
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more sensitive method should be adopted to capture such interaction in T. 

gondii. 

Conversely, pull-down data suggests an interaction between DrpC and tubulin. 

Moreover, the immunoprecipitation data find that kinesin and dynein, motor 

complexes which mediate movement of different organelles along microtubule 

tracks, are pulled down with DrpC. 

Interestingly, a link between dynamin-related proteins such as Drp1 and 

microtubules has been proposed in other eukaryotic systems, though its 

significance remains unclear. It was found that a Drp1 splice variant can bind to 

microtubules in mammalian cells; the authors proposed that this Drp1 sub-

population was a cytoskeletal “reserve pool”, but suggested that, as 

microtubules mediate mitochondria movement in mammalian cells, their 

interaction with Drp1 could have a deeper relevance in mitochondria localisation 

(Strack et al., 2013).   

Moreover, previous work on mammalian cells suggests that Drp1 can interact 

with the dynein-dynactin motor complex, which mediates organelle migration 

towards the minus end of microtubules: in mammalian cells, disruption of dynein 

function through the overexpression of dynactin subunit p50 (also known as 

dynamitin), leads to a reduced recruitment of Drp1, which in turn leads to the 

formation of elongated mitochondria (Varadi et al., 2004). Moreover, it was seen 

in Drosophila melanogaster larvae that at least one subunit of dynactin can 

interact directly with Drp1 (Drerup et al., 2017).  

A conserved homolog of dynamitin is found in T. gondii genome; thus, it was 

decided to investigate its location and function in the parasite, to try to shed 

light on the link between mitochondria and microtubule cytoskeleton in the 

parasite. The preliminary results will be detailed in the next chapter. 
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5 Outlook: localisation and function of p50 in T. 
gondii 

 

Microtubule-based transport of intracellular particles and organelles is a crucial 

process in eukaryotic cells; it relies on the interplay between two main motor 

complexes, kinesin and dynein. Kinesin usually drives movement towards the 

plus-end of the microtubules (i.e., their growing end), while migration towards 

the minus-end is mediated by cytoplasmic dynein, which forms a complex with 

its essential regulator dynactin (Vale, 2003, Reck-Peterson et al., 2018, 

Hirokawa, 1998, Hirokawa et al., 2009). Both motors interact with a huge array 

of different cargoes to regulate migration and spatial organization of 

intracellular vesicles, organelles and protein/RNA complexes.  

One example of such cargo in mammalian cells is the mitochondrion. In fact, 

while in yeast these organelles travel along actin filaments, in mammals their 

long-range migration is dependent on microtubule- based motility (Schwarz, 

2013). The mitochondrial proteins Miro and Milton are crucial in this process, as 

they mediate bidirectional movement through interaction with the kinesin KIF5 

(which powers anterograde movement) and with the Dynein/dynactin complex 

for retrograde movement (Glater et al., 2006, Morlino et al., 2014, Russo et al., 

2009) (for more detail, see paragraph 1.7.1). 

In T. gondii, mitochondrial migration can be predicted to have an important 

function in the last stages of endodyogeny, when the replicated mitochondria 

rapidly enter the daughter cells. The mechanisms controlling their movement 

and localisation, however, are not yet understood. Disruption of actin filaments 

does not affect mitochondria morphology (Periz et al., 2017); conversely, the 

role of the microtubule cytoskeleton in mitochondrion biogenesis is not fully 

understood, and Miro and Milton do not seem to be conserved in the parasite 

genome. 
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The parasite microtubule scaffold can be selectively disrupted using 

dinitroaniline herbicides such as oryzalin, a compound that can completely 

disassemble cytoskeletal microtubules at low doses (Stokkermans et al., 1996, 

Morrissette and Sibley, 2002); in a previous study, this approach has been used 

to understand mitochondrial behaviour in replicating parasites whose  

microtubules are disassembled (Nishi et al., 2008). It was shown that, upon 

oryzalin treatment, mitochondria still associate with the parasite periphery, but 

they seem to remain interconnected with each other. However, analysis of 

mitochondria phenotype under these conditions is particularly complicated: as a 

result of oryzalin treatment, daughter cells are unable to complete 

endodyogeny, and division of the nucleus, ER and apicoplast are likewise 

impaired, leading to abnormal, enlarged cells (Nishi et al., 2008). Thus, it is very 

difficult to tease out the primary effect of oryzalin treatment under these 

conditions. 

In this chapter, a different approach was taken to investigate whether 

microtubule-based motility is important for mitochondria biogenesis in T. gondii. 

As reported in the previous chapter, mass spectrometry data suggest an 

interaction between DrpC and β-tubulin; moreover, a kinesin motor protein 

(TGME49_286660), and two putative members of the dynein/dynactin complex 

(TGME49_309980 and TGME49_246740) co-precipitate with DrpC. These data 

could point to a role of DrpC in mediating mitochondrial movement, similarly to 

what seen for the mammalian dynamin-related protein Drp1, which can bind 

microtubules and has been shown to interact with dynactin (Strack et al., 2013, 

Varadi et al., 2004, Drerup et al., 2017). 

In order to investigate this hypothesis, it was decided to characterise the 

function and localisation of one of the motor subunits that co-precipitate with 

DrpC. The protein p50, a subunit of the regulatory dynactin complex, was 

deemed a good target, since it was present in the IP pull-down, and was found 

to be essential in a CRISPR-Cas9 screen (phenotypic score: - 3.36) (Sidik et al., 

2016). Moreover, numerous reports from other eukaryotic systems have proved 

that this subunit is essential for correct assembly of dynactin, which is an 

essential regulator of dynein processivity and cargo binding; as a result, 

knockdown or overexpression of p50 leads to the disruption of dynein/dynactin- 
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based motility (Schroer and Sheetz, 1991, Gill et al., 1991). Previous literature 

showed that this disruption causes multiple effects, from Golgi fragmentation 

and inhibition of mitotic spindle assembly, to block of mitochondrial motility and 

of transport of vesicles in the endomembrane system (Burkhardt et al., 1997, 

Valetti et al., 1999, Echeverri et al., 1996, Quintyne et al., 1999, Melkonian et 

al., 2007, Jacquot et al., 2010, Drerup et al., 2017, Reck-Peterson et al., 2018). 

In this chapter, the localisation and role of p50 in T. gondii will be analysed; this 

preliminary characterisation shows that the protein has an important function in 

intracellular tachyzoites, but further work will be needed to fully understand its 

function.   

 

5.1 Generation of an inducible knockdown of p50 

To investigate p50 localisation and function, the auxin-inducible degron (AID) 

system was adopted, to achieve a rapid regulation of p50 protein levels 

(attempts to obtain p50 knockdown through the DiCre-U1 system had previously 

failed). As discussed in paragraph 1.4.5, the mechanism of auxin-mediated 

degradation was discovered in plants, where auxin (IAA) can modulate the action 

of AUX-IAA proteins by binding them through their so-called “degron” domain. 

The binding promotes the interaction of the E3 ubiquitin ligase SCF-TIR1 with 

the AUX/IAA proteins, which as a result are rapidly degraded by the proteasome 

(Teale et al., 2006). 

This system was recently adapted for the generation of inducible mutants in T. 

gondii by Brown et al.,(Brown et al., 2017), who engineered a strain which 

constitutively expresses the E3 ubiquitin ligase TIR1 (Tir1Δku80). C-terminus 

fusion of a gene of interest with the “mini auxin inducible degron” domain 

(mAID) in the strain Tir1Δku80 allows IAA-mediated downregulation of protein 

levels (Brown et al., 2017).  

To achieve p50 ablation, a plasmid containing the coding sequence of mAID in 

frame with a HA epitope tag, and followed by the 3’UTR of the DHFR gene, was 

amplified with specific primers that contain homologous tails to the 3’ region of 
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p50. A CRISPR/Cas9 vector (Curt‐Varesano et al., 2016) containing a gRNA that 

specifically cuts in the 3’region of p50  was transiently transfected together with 

the PCR product in the strain Tir1Δku80. In this way, the double strand break 

induced in the 3’region of p50 increases the probability of homologous 

recombination between the PCR product and p50 locus, allowing the precise, in 

frame insertion of mAID and HA  just before p50 STOP codon (Fig. 5-1a) (Di 

Cristina and Carruthers, 2018).  

Correct integration at the 3’ end of p50 was verified by analytical PCR on 

genomic DNA: a specific product of 3.3 kb was shown in the strain Tir1Δku80p50-

mAID-HA (hereafter called p50-mAID-HA), and is not amplified in the parental 

strain (Fig. 5-1b). Western Blot analysis confirmed in frame fusion at p50 C-

terminus, showing the expected band size of ≈75 kDa. Though Brown et al. 

showed that this system allows downregulation of target proteins as soon as 4 

hours post auxin induction (Brown et al., 2017), in the case of p50 at least 24 

hours of treatment with 500 µM of IAA were necessary to observe a reduction of 

protein levels (Fig. 5-1c).  
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Figure 5-1: Generation of the strain p50-mAID-HA 
(A) Scheme of knock-in strategy: a double crossover event allows fusion of mAID-HA to the 3’ of 
p50; integration was facilitated by a double strand break caused by a CRISPR/Cas9 vector 
containing a p50-specific gRNA, which was transiently transfected in the strain Tir1Δku80. (B) 
Analytical PCR confirms correct integration in the p50-mAID-HA strain; a 3.3 kb product is 
amplified in the newly obtained strain, and not in the parental strain Tir1Δku80 (WT); the primers 
used are indicated as red and blue arrows in (A). (C) Western blotting on the p50-mAID-HA strain 
using α-HA antibody shows the expected band for the fusion protein (≈75 KDa); after 24 hours of 
IAA treatment, the signal of p50-mAID-HA is highly reduced.  

 

 

5.2 Analysis of p50 localisation and function 

To assess the localisation and function of p50 in T. gondii intracellular 

tachyzoites, IFA analysis was carried out on the strain p50-mAID-HA grown for 24 

hours in presence and absence of IAA. Staining with α-HA antibody shows a 

specific signal of p50 in non-induced parasites: a punctuated pattern distributed 

along the periphery of the parasite, but also found, at weaker levels, in the 

cytoplasm (Fig. 5-2, upper row). No signal is found in p50-mAID-HA parasites 
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probed with α-HA antibody after 24 hour induction with 500 µM of IAA (Fig. 5-2, 

lower row). 

 

 

Figure 5-2: p50 localisation and downregulation in the strain p50-mAID-HA  
IFA on the strain p50-mAID-HA parasite line reveals a specific HA signal (green) in non-induced 
parasites, which is not found after treatment with 500 µM of IAA for 24 hours. Scale bars: 5 µm. 

 

 

As p50 signal is localised prevalently at the periphery of the parasite, 

colocalisation with other organelles shows a partial overlap with markers of the 

IMC, the mitochondrion and the apical organelles; however, no perfect 

colocalisation with these organelles was observed (Fig. 5-3). 
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Figure 5-3: Colocalisation analysis in the strain p50-mAID-HA  
Immunofluorescence analysis shows that p50 (α-HA, green) partially colocalises at the apical end 
with micronemes and rhoptries (Mic4 and Rop13, respectively). Along the parasite periphery, but 
not at its central and basal regions, p50 signal overlaps with the IMC (GAP45), microtubules 
(Tubulin) and the mitochondrion (Tom40). Scale bars: 5 µm.    

 
 

To assess the effect of p50 downregulation on parasite fitness, plaque assay was 

carried out on p50-mAID-HA parasites grown in presence and absence of 500 µM 

IAA for seven days; the RH strain was used as a control. It was observed that 
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induced parasites can still form plaques, but the plaque area is highly reduced 

compared to non-induced parasites, as measured in Fig. 5-4; this result shows 

that p50 is important for parasite fitness. Moreover, the number of plaques 

observed was also highly reduced, which could suggest a defect in invasion.  

 

 

Figure 5-4: Quantification of growth in p50-mAID-HA parasites in presence and absence of 
IAA 
Plaque assay was used to assess growth of p50-mAID-HA line compared to wild-type parasites. 
IAA-treated p50-mAID-HA parasites showed a marked reduction in plaque size. Plaque areas were 
measured using ImageJ drawing tool. Graphic shows average ± SD. 10 plaques were analysed per 
each condition.  

 

Replication assay confirmed this observation, as it was observed that induced 

p50-mAID-HA parasites display a severe delay in replication when compared to 

the wild type strain: the percentage of vacuoles containing 2 or 4 parasites is 

much higher than in the control, while vacuoles of 8 and 16 parasites are present 

in much smaller numbers (Fig. 5-5). It was also seen that p50-mAID-HA non-

induced parasites show a slight delay in replication; this could point to a 

leakiness of the IAA system.  
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Figure 5-5: Analysis of replication in p50-mAID-HA parasite strain 
Replication assay of RH and p50-mAID-HA parasites in presence or absence of IAA 
Shows that p50 downregulation results in replication delay. The number of parasites per vacuole 
was counted 24 hours post infection. Graphic depicts mean ± SD. One-way ANOVA followed by 

Dunnett test for multiple comparisons were used to analyse the data. ****P≤0.0001, ***P≤0.0002, 

*P≤0.05, not significant (ns) P>0.05. 

 

 

To understand the cause of the impaired growth observed upon p50 

downregulation, IFA analysis on p50-mAID-HA parasites induced with 500 µM IAA 

was carried out. As shown before, Western Blot and IFA analysis show that the 

signal of p50 is significantly decreased at 24 hours post induction. It was found 

that at this time point, nucleus morphology and rosette organisation are not 

significantly affected by p50 knockdown. Likewise, biogenesis of the apicoplast 

and of secretory organelles such as micronemes and dense granules was not 

altered (Fig.5-6a and b). 
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Figure 5-6: Analysis of p50 knockdown effect on different organelles of T. gondii 
(A) Quantification (n=3, 100 vacuoles counted per experiment) shows that at 24 hours post 
induction, p50 down-regulation does not affect nucleus morphology (assessed with DAPI staining), 
parasite structure ( measured with α-GAP45 antibody) or apicoplast and microneme biogenesis 
(probed with α-HSP60 and α-Mic4 respectively). In contrast, a significant (p<0.05) increase in 
aberrant mitochondria and rhoptry biogenesis was observed. (B) Representative images of IFA 
analysis for Micronemes (α-Mic4),apicoplast (), IMC (α-GAP45), dense granules (α-Gra5) and 
nucleus (DAPI staining) in induced p50-mAID-HA parasites. Scale bars: 5 µm.  

 

 

Conversely, two organelles seemed to be affected by p50 ablation. IFA analysis 

and quantification in p50-mAID-HA parasites induced for 24 hours showed that 

p50 downregulation has an effect on mitochondria biogenesis, as 30% of the 

mitochondria displayed an aberrant morphology. In these vacuoles, the 

mitochondrial lost their characteristic lasso-shape, and were found clustered at 

one side of the parasite; thus, as a result of p50 downregulation, the 

mitochondrial membrane seemed to have lost contact with the parasite 

periphery (Fig.5-7, arrows). However, 70% of the vacuoles showed healthy, 

lasso-shaped mitochondria. Further analysis at later time points will be required 

to confirm a role of p50 in mitochondria morphology.      
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Figure 5-7: p50 knockdown leads to abnormal mitochondria morphology in 30% of counted 
vacuoles  
IFA analysis shows that at 24 hours post induction 70% of parasites p50-mAID-HA show healthy 
mitochondria; however, the remaining 30% presents mitochondria which have lost their lasso 
shape, and are clustered at one side of the parasite periphery (arrows). Red, mitochondrial marker 
Tom40; in grey, α-tubulin. Scale bars: 5µm. 

 

     

Surprisingly, upon p50 knockdown 80% of the vacuoles showed a defect in 

rhoptry distribution: staining with the marker Rop 2,4 shows that in induced 

parasites, rhoptries are not concentrated at the apical complex, but rather form 

filamentous structures along the whole length of the parasite (Fig.5-8). This is a 

different distribution from the one that is observed in dividing parasites, where 

newly-formed rhoptries are found in the body of developing daughter cells and 

in the residual body (Nishi et al., 2008); parasites undergoing division were not 

counted in the experiment (an example of rhoptry distribution in dividing 

parasites is shown in Fig. 5-8, asterisk). 
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Figure 5-8: p50 knockdown results in a defect in rhoptry biogenesis 
IFA analysis shows that at 24 hours post induction, p50 down-regulation leads to a defect in rhoptry 
distribution in 80% of the vacuoles, which show rhoptries that are no longer concentrated at the 
apical end, but are distributed along the parasite body. Parasites undergoing division were not 
counted, as rhoptry distribution changes during endodyogeny (asterisk). Red, Rhoptry marker 
Rop2,4; in grey GAP45. Scale bars: 5µm 

 

5.3 Conclusions 

In this chapter, p50 localisation and function were analysed, since data shown in 

the previous sections suggested that the dynamin-related protein DrpC could be 

linked to microtubule-based dynamics. IP experiments had found a potential 

interaction between DrpC and the microtubule motor complex dynein/dynactin. 

In T. gondii, the function of this motor has not been characterised. 

Bioinformatics analysis showed that a conserved dynein complex is present in a 

majority of Apicomplexans; moreover, as discussed in paragraph 1.5.4, dynactin 

subunits such as Arp1, p25, p27 p62 and p50 are conserved in T. gondii and 

P.falciparum (Gordon and Sibley, 2005, Morrissette, 2015). This suggests that a 
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functional dynein/dynamitin complex is active in these parasites, though its 

function has not been investigated.  

Here, the function of p50 in T. gondii was analysed. This subunit has been shown 

to be essential for the correct formation of the dynein/dynactin complex in 

higher eukaryotes, and its ablation or overexpression have been often used to 

study the function of this complex (Burkhardt et al., 1997, Echeverri et al., 

1996, Valetti et al., 1999, Melkonian et al., 2007). 

It was found that in T. gondii tachyzoites p50 is distributed along the parasite 

periphery, but is also distributed in the cytoplasm. Moreover, using the Auxin-

Degron system a downregulation of the protein was obtained. p50 knockdown is 

found to be deleterious for the parasite, as plaque assay shows a great reduction 

in plaque area in induced p50-mAID-HA parasites. This is confirmed by 

replication assays, which found a severe delay in division rates when p50 

knockdown is induced.  

Western Blot and IFA analyses indicated that 24 hours of IAA treatment were 

necessary to induce a significant down-regulation of p50; thus, a preliminary 

characterisation of p50 knockdown effects was done at this time point. It was 

seen that, while nucleus, micronemes and IMC are not affected by p50 ablation, 

a significant percentage of mitochondria show a phenotype: they do not encircle 

the parasite with their characteristic lasso shape, but rather they cluster at one 

side of the parasite periphery.  

Thus, these observations could indicate a role of the dynein/dynactin complex in 

mitochondria movement; in other systems, it is well known that the 

dynein/dynactin complex mediates mitochondria migration towards the minus 

end of the microtubules (Morlino et al., 2014, Russo et al., 2009). As already 

discussed, T. gondii subpellicular microtubules emanate from the polar ring, a 

microtubule-organizing centre located at the apical end of the parasite; thus, 

the minus-end of the microtubules is at the apical end of the parasite. In an 

hypothetical model where the dynein/dynactin complex is important for 

mitochondrial migration, we could expect that inhibition of complex formation 

would result in a block of mitochondria migration towards the apical end of the 

parasite. This could be lead to a defect in mitochondria biogenesis during 
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endodyogeny, when the replicated mitochondrial branches need to enter the 

newly formed daughter cells; the clustered mitochondria observed in induced 

p50-mAID-HA parasites could be a result of a block of mitochondrial movement. 

However, it must be mentioned that upon p50 knockdown, the mitochondrial 

phenotype is observed only in 30% of the parasites; moreover, not all the 

mitochondria in a vacuole show this abnormal morphology.  

The analysis of the mitochondrial phenotype is complicated by the observation 

of another, more recurrent phenotype: a mislocalisation of rhoptries, which are 

secretory organelles of the parasite apical complex. Upon p50 down-regulation, 

the signal of the rhoptry marker Rop2,4 (and also of the marker Rop1) is found 

all along the parasite body, in 80% of the vacuoles.  

This data correlates with observations in other systems, where it was shown that 

inactivation of the dynein/dynactin complex through p50 overexpression impairs 

correct vesicular trafficking (Burkhardt et al., 1997). Interestingly, rhoptry 

transport to the apical complex in T. gondii was also shown to depend on actin 

filaments, and to be mediated by the motor protein Myosin F and by the 

armadillo repeat protein ARO (Mueller et al., 2013, Mueller et al., 2016). This 

could suggest that rhoptries are transported in a 2-step process, involving actin- 

and microtubule-based mechanisms. 

Thus, more work is needed to understand p50 function in T. gondii. Invasion 

assays should be carried out to confirm a depletion of rhoptries from the apical 

complex upon induction of p50 knockdown; moreover, a more detailed 

phenotypic analysis, which should also encompass Golgi and ER morphology, 

along with other markers of rhoptry organelles, is needed, as well as co-

immunoprecipitation experiments to confirm the interaction between p50 and 

DrpC. 

Finally, mitochondrial behaviour in induced p50-mAID-HA parasites should be 

investigated after longer induction periods, to assess whether the percentage of 

abnormal mitochondria increases with time; mitochondria migration upon p50 

downregulation is likewise being investigated in ongoing work in my research 

group.   
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6 General discussion 

6.1 DrpC mediates mitochondria fission during 
endodyogeny 

 

In most eukaryotes, mitochondria are essential for cell viability. They are the 

main source of energy for the cell, coupling the electron transport chain (ETC) 

with ATP production; they carry out crucial biochemical pathways, such as β-

oxidation of fatty acids and Krebs cycle, heme biosynthesis, iron/sulfur cluster 

assembly, and the metabolism of certain amino acids; moreover, they are key 

regulators of apoptosis and senescence (Friedman and Nunnari, 2014, Nicholls 

and Ferguson, 2013). 

As a consequence, these organelles need to quickly respond to changes in the 

environment; in many organisms, mitochondrial plasticity is ensured through the 

formation of a highly dynamic mitochondrial network during interphase. The 

number, functionality and shape of the mitochondria in the network depend on a 

highly regulated balance of fission, fusion, motility and tethering. During 

interphase, the interplay of these mechanisms is used to quickly remodel the 

network in response to extracellular stimuli or altered metabolic demands 

(Pagliuso et al., 2018, Ramachandran, 2017, van der Bliek et al., 2013, Lackner, 

2014).  

During mitosis, however, mitochondrial dynamics have a different function. Cells 

entering the M phase need to ensure partitioning of the mitochondria; thus, they 

fragment their mitochondrial network by increasing fission rates. After 

cytokinesis, the formation of the interphase mitochondrial network is restored 

by inhibition of the fission machinery, which leads to an increase in fusion rates; 

moreover, mitochondria are actively transported towards the periphery of the 

divided cells (Kanfer and Kornmann, 2016). 
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In Apicomplexa parasites such as T. gondii, conservation of such dynamics has 

not been investigated. Mitochondria adaptability is very important for organisms 

of this phylum, since their parasitic lifestyle exposes them to a great variation in 

energy supply. However, they do not present a mitochondrial network; most 

Apicomplexa, including T. gondii and P. Falciparum, are characterised by a 

single, elongated mitochondrion which surrounds the parasite periphery, and 

whose morphology does not change significantly in the asexual stages, at least in 

intracellular parasites (de Souza et al., 2009, Ovciarikova et al., 2017). Thus, it 

would seem that mitochondrial activity in these parasites is not modulated 

through remodelling of the mitochondrial shape (Zikova et al., 2016, MacRae et 

al., 2012, Sheiner et al., 2013). 

Conversely, great changes in organelle morphology are observed in two different 

stages of the parasite lytic cycle: when, upon egress from the host cell, the 

mitochondrion drastically reduces its proximity to the periphery (Ovciarikova et 

al., 2017); and, most prominently, during parasite division (Nishi et al., 2008). 

As already described, new mitochondrial branches form during the early stage of 

T. gondii endodyogeny (Nishi et al., 2008); this event is likely coordinated with 

mtDNA replication, similarly to what is observed in P. falciparum (Preiser et al., 

1996). The newly formed branches remain in the mother cell body till the last 

steps of endodyogeny, when they rapidly enter the budding daughter cells from 

their basal end, and remain interconnected at their base for variable periods, 

until a severing of the membrane leads to the formation of separate, 

independent organelles (Nishi et al., 2008). Thus, while no fusion event is 

apparent during endodyogeny, fission and motility could be required at least 

during the last steps of parasite division.  

In this work, the conservation of the machinery for mitochondria fission was 

assessed. In most eukaryotes, Dynamin–related proteins are key effectors of this 

process, as these mechanoenzymes use energy from GTP hydrolysis to constrict 

membrane tubules. This membrane remodelling activity requires a pre-

constriction step (usually mediated by the concerted action of ER and actin); 

moreover, receptors on the mitochondrial surface are necessary for Drps 

recruitment and activation (Pernas and Scorrano, 2016, Lackner et al., 2009, 

Lackner et al., 2013, Kraus and Ryan, 2017). Drp1 and Dnm1, involved in 
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mitochondrial fission in humans and yeast, show a conserved mechanism of 

action, though they bind to different receptors on the membrane. 

T. gondii shows conservation of three Dynamin-related proteins. DrpA and DrpB 

are Alveolate-specific and show a typical domain architecture, with well-

conserved GTPase, GED and Middle domains. These proteins were shown to play 

essential roles in apicoplast division (van Dooren et al., 2009) and in the 

biogenesis of the unique secretory organelles (Breinich et al., 2009) 

respectively. While a minor role for DrpA and DrpB in mitochondrial biogenesis 

could not be ruled out, no clear implication in mitochondrial division was found 

(van Dooren et al., 2009).  

DrpC, a protein that shares no significant sequence identity with any protein 

outside the apicomplexan phylum, was identified as a third potential member of 

the Dynamin superfamily in these parasites (Breinich et al., 2009, Purkanti and 

Thattai, 2015, van Dooren et al., 2009); its downregulation was shown to be 

deleterious for parasite growth, but its role remained unknown  (Pieperhoff et 

al., 2015).  

My analysis started with the characterisation of DrpC function in T. gondii 

tachyzoites. While most of DrpC amino acid structure is highly divergent, the 

GTPase domain at its N-terminus shows low, yet significant sequence identity 

with other members of the Dynamin superfamily. As previously described, DrpC 

is Apicomplexa-specific, and shows high sequence similarity with its homolog in 

Plasmodium spp. (van Dooren et al., 2009, Breinich et al., 2009). It is also 

conserved in Cryptosporydium parvum, though this parasite presents only a 

relict mitochondria (Riordan et al., 2003, Keithly et al., 2005, Putignani et al., 

2004).  

Endogenous tagging showed that DrpC localises in puncta along the 

mitochondrial periphery and basal end. Binding at the basal end of the 

mitochondrion is evident in the last steps of endodyogeny; time-lapse and fixed 

microscopy showed that DrpC is at the interconnections between newly-formed 

mitochondrial branches until they are no longer visible. The significance of such 

recruitment is evident upon DrpC knock-down: in induced DrpC-HA-U1 parasites, 

90% of the vacuoles show severe mitochondrial phenotypes. The specificity of 
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such effect was confirmed by complementation experiments, where the 

introduction of a wild-type copy of DrpC in induced parasite restored normal 

mitochondrial morphology.     

In particular, DrpC ablation caused two major phenotypes: 41% of vacuoles 

showed mitochondria remaining permanently interconnected, while 39% of the 

mitochondria assume a different phenotype, where the membranes seem thick, 

and the organelles become club-shaped. While the latter phenotype is of 

difficult interpretation, the interconnections seen in the majority of 

mitochondria is highly suggestive of a defect in fission after endodyogeny. To 

confirm this hypothesis, a dominant negative version of DrpC, with an inactive 

GTPase domain and tagged with YFP, was expressed, to achieve functional 

inhibition of the protein: as shown in Fig. 1-11, the mitochondria in a vacuole 

remained interconnected, and the inactive DrpC was concentrated at their basal 

part, decorating the interconnections.  

These results strongly suggested that DrpC has a role in mitochondria biogenesis. 

More specifically, it can be assumed that DrpC is the functional homolog of Drp1 

and Dnm1, mechanochemical enzymes which use the energy produced by a 

GTPase domain to catalyse mitochondria fission in humans and yeast, 

respectively. Homology modelling confirmed that its GTPase domain conserves 

the overall fold typical of the Dynamin superfamily, supporting the notion of 

GTPase activity. Interestingly, the expression of the protein DD-GFP-DrpCGTPase 

only and DD-GFP-DrpCTRUNCATED showed that binding and polymerisation around 

the mitochondrion is dependent on both the GTPase domain and the C-terminus 

tail, since these proteins were not able to form puncta, and were only found in 

the cytoplasm. Conversely, depletion of the GTPase domain of DrpB was shown 

to lead to a dominant negative effect, suggesting that the protein is able to bind 

membranes even in absence of this domain (Breinich et al., 2009); however, 

structural studies on other Dynamin-related proteins involved in mitochondrial 

fission revealed that, while oligomerisation is principally mediated by the 

“stalk” region, the GTPase domain is also required for the formation of spirals 

around the membranes (Frohlich et al., 2013, Marks et al., 2001).    

Importantly, the foci at the basal part of the organelle seem to be actively 

involved in constriction only in a specific stage of the cell cycle. This suggests 
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that DrpC foci on the mitochondrion are usually kept inactive, until a specific 

signal triggers GTPase activity when mitochondrial fission is required. Two 

different mechanisms can be proposed to be in charge of such regulation. 

DrpC activity could be regulated by the cell cycle: in dividing mammalian cells, 

Drp1 activity is stimulated during the M phase, leading to fragmentation of the 

mitochondrial network. Such fragmentation is directly stimulated by the mitotic 

kinases Aurora A and cyclin B–cyclin-dependent kinase (CDK)1, key regulators of 

cell cycle progression, which increase Drp1 GTPase activity through post-

translational modifications (Kanfer and Kornmann, 2016, Taguchi et al., 2007). 

In a similar way, DrpC activity could be stimulated during endodyogeny by a 

regulator of cell division, to ensure that mitochondria and parasite division are 

coordinated; it was recently shown that T. gondii utilizes multiple Cdk-related 

kinases (Crks) to regulate different checkpoints during cell division, and some of 

them, such as Cdk1, control cytoplasmic mechanisms such as daughter assembly 

(Alvarez and Suvorova, 2017). 

However, activation of DrpC GTPase domain could also require a mechanical 

stimulus. In the mitochondrial network, Drp1/Dnm1 puncta are found in 

different locations on the mitochondrial surface, but fission occurs only in sites 

marked by a “pre-constriction” step, which is mediated by two main actors: ER 

and actin. The ER wraps around mitochondria in sites of future fission (Friedman 

et al., 2011) and in those sites actin polymerization is induced, through the 

action of the ER-localised formin 2 (INF2) and the mitochondrial protein Spire1C 

(Korobova et al., 2013, Manor et al., 2015). Myosin II is subsequently recruited to 

these sites to help pre-constrict the mitochondrial tubules (Korobova et al., 

2014). 

Is a similar pre-constriction important for DrpC activity? Though ER and 

mitochondria seem to be strictly associated in T. gondii, a direct interaction 

between their membranes during endodyogeny was difficult to assess; better 

tools for the analysis of ER localisation and behaviour are required to further 

explore ER role in T. gondii mitochondrial fission. Moreover, no direct role of 

actin and myosin in mitochondrial fission has been observed in T. gondii. Actin 

depletion does not affect mitochondria morphology (Periz et al., 2017). 

Similarly, reagents that perturb the actin cytoskeleton have no effect on 
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parasite replication; though treated parasites show increased mitochondria 

profiles in their residual bodies, mitochondrial segregation is not affected (Shaw 

et al., 2000).Thus, actin would not seem to promote DrpC-mediated 

mitochondrial fission. Strikingly, mitochondria morphology is severely disrupted 

in P. falciparum gametocytes treated with the same reagents, suggesting a 

different role of the actin cytoskeleton in parasites at that stage, but not, 

however, in mitochondrial division (Hliscs et al., 2015). 

It was recently shown that ER/actin-mediated pre-constriction is not the only 

mechanism that induces mitochondrial fission in mammalian cells, as other types 

of mechanical force can promote the same response (Helle et al., 2017); thus, in 

T. gondii the pre-constriction of the mitochondrion could be due to different 

mechanisms. For example, the extension of the daughter bud’s IMC and the 

action of the basal body during cytokinesis (see paragraph 1.6) have been 

proposed to facilitate DrpA-mediated fission of the apicoplast in T. gondii , as 

their action could effect a pre-constriction which reduces the diameter of the 

organelle (van Dooren et al., 2009, Heaslip et al., 2010, Lorestani et al., 2010). 

Lorestani et al. proposed that knock out of MORN1 contractile ring at the basal 

body has an effect not only on apicoplast segregation, but also, at least 

partially, on the mitochondrion (Lorestani et al., 2010). Thus, it would be 

interesting to better analyse and quantify mitochondria fission defects in MORN1 

knock-out lines, and to compare it to the effect seen upon DrpC ablation.   

In conclusion, DrpC is a Dynamin-related protein which mediates mitochondrial 

fission in T. gondii, and whose ablation leads to parasite death. Interestingly, 

inhibition of mitochondrial fission is not always lethal in other eukaryotes: upon 

Dnm1 depletion, yeast mitochondrial network becomes a long, tubular structure 

which can still be transferred to buds during mitosis, but not meiosis (Otsuga et 

al., 1998). Conversely, defects in mitochondrial fission are lethal during embryo 

development in mice and humans, causing a wide range of effects: a newborn 

girl with a mutation in Drp1 GTPase domain showed developmental defects 

encompassing microcephaly and optic neuropathy (Ishihara et al., 2009, 

Waterham et al., 2007).  
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Thus, the results obtained in T. gondii confirm the essentiality of mitochondria 

dynamics in dividing cells, while their significance during interphase in yeast and 

mammalian cells is still debated (Kowald and Kirkwood, 2011). 

6.2 Fis1 function in T. gondii 

The role of Dynamin-related proteins in mitochondrial fission is widely conserved 

in eukaryotes: the last eukaryotic common ancestor (LECA) had a multifunctional 

ancestral Dynamin which likely mediated both mitochondrial and vesicle scission 

(Purkanti and Thattai, 2015). The mechanisms that lead to Drps recruitment 

onto the mitochondrial membrane, however, do not show a similar degree of 

conservation in higher eukaryotes: the composition of the so-called “fission 

complex” , the system of proteins which mediate Drps binding and activity on 

the mitochondrial membrane, greatly varies in different organisms  (Pagliuso et 

al., 2018). 

Yeast Dnm1 recruitment is mediated by the fungal-specific adaptor Mdv1 and by 

Fis1, a tail-anchored protein evenly distributed in the mitochondrial surface 

(Mozdy et al., 2000, Tieu et al., 2002, Naylor et al., 2006). Fis1 is also conserved 

in humans; its identification initially suggested that the whole machinery of 

mitochondrial fission is highly conserved in ophistokonts. However, it is now 

clear that human Fis1 is not necessary for Drp1 recruitment, which is mediated 

by another tail-anchored protein, Mff, and by orthologs MiD49 and MiD51 

(Gandre-Babbe and van der Bliek, 2008, Otera et al., 2010, Palmer et al., 2011). 

Thus, Fis1, although expressed in mammalian cells, does not conserve the 

function observed in yeast cells. This was elegantly proved by Koirala et al., who 

showed that, in yeast, fission defects caused by Fis1 depletion cannot be 

complemented by expression of human Fis1 (Koirala et al., 2013). 

Similarly, the observation that in T. gondii a homolog of Fis1 is highly conserved 

initially led me to hypothesise that it could have a role in mitochondrial fission. 

This protein was recently identified as a tail-anchored protein in T. gondii; the 

authors showed that when ectopically expressed, Fis1 localises to the 

mitochondrion. This localisation is determined by a single transmembrane 

domain (TMD) at its C-terminus; moreover, a short C-terminus sequence was 

proposed to be important for mitochondrial localisation (Padgett et al., 2017). 
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Fis1 was recently reported to be also conserved and expressed in P. falciparum, 

though its role in that parasite was not investigated (Scarpelli et al., 2018). 

In this study, weak overexpression of Fis1 and endogenous tagging after 

promoter replacement confirmed that Fis1 is evenly distributed on the 

mitochondrial surface.  

Surprisingly, Fis1 overexpression led to a severe defect in mitochondria 

biogenesis, and resulted in parasite death; however, this result does not 

necessarily indicate a specific Fis1 effect. Similarly, interpretation of 

overexpression of human Fis1 has been controversial: while it was shown to 

result in an increase in autophagy rates, this was linked to mitochondrial 

dysfunction, rather than fragmentation per se (Gomes and Scorrano, 2008). 

Moreover, it is well known that overexpression of proteins which are targeted to 

specific cellular sub-compartments can lead to growth defects, due to an 

overloading of localisation resources in the cell (Moriya, 2015). In particular, a 

recent study showed that overexpression of GFP fused to mitochondrial targeting 

sequences caused a severe delay in yeast growth, which was linked to an 

overload of localisation processes, but also, surprisingly, to changes in 

transcriptional levels of mitochondrial genes (Kintaka et al., 2016). 

Finally, Fis1 downregulation experiments lead me to propose that Fis1 is not 

responsible for DrpC mitochondrial recruitment. Because DrpC is essential, its 

receptor would be expected to be likewise required for parasite fitness; as 

shown in chapter 4, however, Fis1 knockdown did not lead to parasite death, or 

to any defect in mitochondrial biogenesis. While it cannot be excluded that ATc- 

mediated Fis1 downregulation is not complete (Jimenez-Ruiz et al., 2014), and 

that residual levels of Fis1 are sufficient to ensure parasite survival, it is 

interesting to note that a CRISPR/Cas9 genome-wide screen classified Fis1 as 

“dispensable”, with a phenotypic score of +0.94 (Sidik et al., 2016).  

Finally, no evidence of Fis1 interaction with DrpC could be found by Co-IP 

experiments, though it cannot be excluded that a more sensitive technique 

would be needed to detect DrpC-Fis1 binding, as Drp1 and Dnm1 bind their 

respective receptors in a weak, transient fashion (Loson et al., 2013, Otera et 

al., 2010, Liu and Chan, 2015, Strack and Cribbs, 2012). 
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In conclusion, similarly to what observed in human cells, Fis1 conservation in T. 

gondii  does not seem linked to any essential role in mitochondria fission; what, 

then, is the conserved function of Fis1? In mammalian cells, Fis1 role in 

mitochondrial fission was proposed to play a specific role in stress-induced 

mitochondrial fission, and to be important during apoptosis and mitophagy; 

these hypothesis, however, are still under debate, as its role in peroxisome 

fission.  Similarly, T.gondii Fis1 could have a role in stress responses, though the 

role of apoptosis in the parasite is not well understood (Li et al., 2015, Ni 

Nyoman and Luder, 2013); thus, no clear answer as to Fis1 role can be given at 

the moment.  

It is important to note that, while Fis1 was the only putative mitochondrial 

receptor found to be conserved in T. gondii genome, it cannot be excluded that 

other proteins are functionally conserved, but have been modified so that a 

simple BLAST-P search cannot recognise them. In fact, it has been often 

observed that evolution in eukaryotes can result in highly divergent molecules 

subtending to conserved functions. An example of this phenomenon was recently  

shown in the parasite T. brucei: the proteins of its Nuclear Pole Complex show 

considerable sequence diversity compared to their counterparts in ophistokonts, 

but their secondary structure is overall remarkably similar (Rout et al., 2017). 

Similarly, the mitochondrial import machinery of this parasite shows a surprising 

degree of divergence from other organisms, but maintains its overall 

architecture(van Dooren et al., 2016). Thus, a bioinformatics approach could not 

be adequate to identify T. gondii fission complex; unfortunately, 

immunoprecipitation experiments did not help me identify any protein which 

could interact with DrpC on the mitochondrial membrane. However, these 

experiments suggest that DrpC can interact with elements of the cytoskeleton; 

these results, together with other observations on DrpC localisation, could 

suggest a second role for this Dynamin-related protein, as will be discussed in 

the following paragraph. 

6.3 DrpC puncta at the parasite periphery 

DrpC puncta are not only localised at mitochondria interconnections. As detailed 

in Chapter 3, two populations of DrpC foci can be distinguished: the ones 

recruited at the basal part of the mitochondrion, which catalyse the fission of 
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the membrane during endodyogeny; and those which are at the mitochondrial 

periphery throughout interphase. 

Strikingly, this second population of DrpC puncta is not in contact with the 

mitochondrion at all times. As shown in figure 3-4, in the last steps of 

endodyogeny the replicated mitochondrion is excluded from budding cells, and 

stays in a bundle at their basal part until it migrates inside. At this point, DrpC 

puncta are already visible at the periphery of the nascent cells, but are not in 

contact with the mitochondrial membrane. However, they are seen again in 

close proximity to mitochondrial branches once these have entered the buds and 

start encircling their periphery. Thus, it would seem that DrpC localisation at 

the periphery is not dependent on the mitochondrion, since it is maintained 

when mitochondria branches are excluded from daughter cells during 

endodyogeny. Another example was seen upon Fis1 overexpression, which, as 

already discussed, leads to a severe mitochondrial defect. Upon 24 hours of Fis1 

overexpression, the collapsed mitochondrion is at the basal end of the parasite 

and at the residual body, while only few branches extend at the parasite 

periphery. Also in this instance, DrpC puncta are kept at the periphery even if 

the mitochondrion is not interacting with them. 

These data suggest that DrpC foci form two populations, which differ not only in 

their location but also in their mode of recruitment; do they also have different 

functions? Two different hypotheses could be formulated:  

1) DrpC foci at the periphery could be in proximity, but not in contact with 

the mitochondrion; their localisation at the cell periphery could be 

required to mediate a different process, not linked to mitochondrial 

morphology. As already observed, it is hypothesised that in the last 

eukaryotic common ancestor only one Dynamin-related protein was 

expressed, which mediated both mitochondrial fission and vesicle scission. 

Similarly, DrpC could have been conserved to mediate not only 

mitochondrial fission during endodyogeny, but also other membrane 

remodelling mechanisms; the use of more sensitive pull-down techniques, 

such as proximity-dependent biotin identification (BioID), could reveal 

proteins that are in close proximity to DrpC, and help us understand its 

functions. Interestingly, unpublished work from the Meissner and Waller 
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groups proposes that proteins of the Adaptin family and the Kelch protein 

K13 could interact to mediate endocytosis in T. gondii; preliminary results 

show some colocalisation between these complexes and the foci of DrpC 

at the periphery, though no effect of DrpC on endocytosis has been 

uncovered till now (Ludek Korey and Chris Klinger, unpublished data). 

2) DrpC foci at the periphery could contact the mitochondrial membrane at 

a specific stage, to mediate a different aspect of mitochondrial 

biogenesis.  

This second hypothesis is in good accordance with data from yeast and 

mammals, where it is well known that only a fraction of Dynamin-related protein 

puncta seen on the mitochondrial outer membrane participates in mitochondrial 

division (Schauss et al., 2006, Naylor et al., 2006). In yeast, Dnm1 puncta that 

are not involved in mitochondrial fission form clusters that exhibit a polarized 

orientation facing the cell cortex, and are indeed thought to be anchored to it; 

the formation of these clusters seems to not be dependent on Mdv1 and Fis1 

(which in yeast regulate Dnm1 recruitment as sites of fission), but on the 

receptor Caf4 (Schauss et al., 2006). Strikingly, it was shown that, when 

mitochondria retract from the periphery, some Dnm1 clusters stay at the cell 

cortex, losing contact with the mitochondrion (Schauss et al., 2006); this closely 

resembles the behaviour of DrpC puncta when the mitochondrion is not in 

contact with the parasite periphery.  

However, the role of the puncta contacting the cell periphery in yeast and 

humans is not clear.  They could simply constitute storage pools of inactive Drps, 

or mark future fission sites. However, a growing body of work suggests that 

these foci have a different, important role in mitochondria biogenesis. In 

particular, they have been proposed to be involved in two main processes: 

mitochondrial tethering to the cell periphery (Otsuga et al., 1998, Schauss et 

al., 2006, Cerveny et al., 2007, Lackner et al., 2013) or mitochondrial motility 

(Drerup et al., 2017, Strack et al., 2013, Varadi et al., 2004).  

Similarly, data shown in this work could suggest that DrpC foci at the periphery 

could serve either for mitochondrial tethering or to mediate movement. 

Importantly, immunoprecipitation experiments consistently show an interaction 
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between DrpC and tubulin. In T. gondii, microtubules form a left-handed spiral 

extending from the apical end to approximately two-thirds of the parasite body. 

It follows that DrpC puncta at the basal part of the mitochondrion would not be 

in contact with microtubules; conversely, the foci at the periphery could act as 

a bridge between the mitochondrion and the microtubule scaffold. This could 

find a confirmation in the observations made upon DrpC knock-down, which, as 

discussed before, leads to two different phenotypes: while the majority of 

mitochondria become interconnected at their base, another 39% of vacuoles 

show club-shaped, thick mitochondria. Since this second phenotype is not seen 

when a dominant-negative form of DrpC is expressed, it could be dismissed as a 

knock-on effect due to general mitochondrial dysfunction induced by absence of 

fission. However, an alternative explanation could be proposed: the population 

of DrpC foci at the periphery has a different role, and its ablation results in a 

distinct phenotype when the strain DrpC-HA-U1. In the strain DD-GFP-DrpCDN, 

the overexpressed mutated form is initially seen both at the periphery and at 

the basal end of the mitochondrion; at 8 hours post induction, however, the 

dominant negative form of DrpC is highly concentrated at the basal end. Thus, 

the endogenous, wild-type copy could be recruited to the periphery, and carry 

out its function. 

The club-shaped mitochondria seen upon DrpC knockdown could suggest a role in 

tethering the lasso-shaped mitochondrion to the microtubule scaffold. In a 

similar way, Dnm1 has been proposed to interact with the protein Num1 to 

mediate tethering of the mitochondrion in yeast (Lackner et al., 2013). This 

seems in contrast with previous work, which showed that the mitochondrion of 

Apicomplexa parasites is in close juxtaposition with the IMC, and proposed that 

the mitochondrion is tethered to the IMC, not to microtubules (Ovciarikova et 

al., 2017, Kudryashev et al., 2010). However, since the microtubule scaffold is 

located under the IMC, it cannot be excluded that microtubules are likewise 

engaged in the formation of the mitochondrion-IMC tether. Further work would 

be required to properly assess the roles of IMC and microtubules in mitochondrial 

biogenesis. Interestingly, it was shown that knockdown of Gap40, which leads to 

incomplete assembly of the IMC scaffold, resulted also in abnormal 

mitochondria, which seem to collapse at one side of the parasite periphery 
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(Harding et al., 2016); localisation of DrpC puncta in this mutant strain could 

lead to a better understanding of mitochondrial tethers in T. gondii. 

Alternatively, DrpC interaction with microtubules could suggest a role in 

mediating mitochondrial motility. Such function has been proposed in other 

systems: Strack et al. showed that a Drp1 isoform binds specifically 

microtubules, and proposed that Drp1 could modulate microtubule dynamics 

(Strack et al., 2013). Moreover, it was shown that Drp1 localisation can be 

influenced by the dynein/dynactin motor complex, and that such interaction can 

regulate mitochondria localisation (Varadi et al., 2004, Drerup et al., 2017). 

Strikingly, kinesin and dynein, the motor complexes that mediate cargo 

movement along microtubule tracks, were also found to co-precipitate with 

DrpC in T. gondii. Upon finding such interaction, I decided to investigate the role 

of microtubule-based motility in mediating mitochondria movement, which, as 

already discussed, is important during endodyogeny, when the mitochondria 

migrate inside budding cells and encircle the periphery to assume their 

characteristic lasso shape. The use of microtubules depolymerizing drugs such as 

oryzalin has already been shown to greatly affect daughter cell formation, and 

to lead to pleiotropic effects (Nishi et al., 2008). It is thought, however, that 

mitochondrial entry in budding daughters is not affected by oryzalin treatment; 

in contrast, the characteristic lasso-shape of the mitochondrion is lost 

(Ovciarikova et al., 2017, Nishi et al., 2008). During my work, I repeated these 

experiments, and confirmed that oryzalin severely affects mitochondria 

morphology.  

A similar result is shown here when p50, a component of the dynein/dynactin 

motor complex, is disrupted. This subunit has been shown to be essential for the 

functionality of the complex in ophistokonts, as it mediates the correct assembly 

of dynactin, an essential regulator of dynein function; as a result, knockdown or 

overexpression of p50 results in the disruption of dynein/dynactin- based 

motility (Schroer and Sheetz, 1991, Gill et al., 1991). It is shown here that, 24 

hours post-induction of p50 knockdown, 30% of the vacuoles show mitochondria 

which fail to encircle the parasite, but rather are clustered at one side of the 

cell periphery. As the dynein/dynactin complex mediates motility towards the 

minus end of the microtubules, which in T. gondii is near the apical pole, the 
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phenotype observed could suggest that the dynein complex has a role in 

mitochondria migration at the periphery to establish their lasso shape.  

Interestingly, it was recently observed that axonal mitochondria transport in D. 

melanogaster neurons is dependent on the dynactin subunit Act10, which was 

seen to directly bind Drp1 (Drerup et al., 2017).  

However, it must be considered that the mitochondrial defect is not the only 

result of p50 ablation; a more prominent defect in rhoprty distribution was 

observed. 24 hours after auxin-mediated p50 downregulation, 80% of the 

vacuoles show rhoptry mislocalisation. Rhoptries are usually concentrated at the 

apical part of the parasite body in a structure called Apical complex, where 

these organelles together with micronemes, another type of secretory 

organelles) are docked and released upon invasion. Upon p50 downregulation, 

staining with the rhoptry marker Rop2,4  showed that rhoptries were not at the 

apical complex, but formed filamentous structures along the whole length of the 

parasite; conversely, localisation of the micronemal protein Mic4 was not 

affected. The observed phenotype does not seem to indicate a defect in 

trafficking of rhoptry proteins. Rhoprties are mainly formed de novo during 

endodyogeny: fusion of vesicles deriving from the trans-Golgi network gives rise 

to pre-rhoptries, which eventually develop into mature organelles (Shaw et al., 

1998). When correct trafficking is disrupted, rhoptries and micronemes are 

constitutively secreted, and found in the parasitophorous vacuole, as shown by 

inhibition of DrpB, TgSORTLR and Vps35, which are essential to guide proteins 

from the Golgi apparatus to pre-rhoptries or immature micronemes (for more 

detail, see paragraph 1.5.1) (Breinich et al., 2009, Sloves et al., 2012, Sangaré 

et al., 2016). p50 knockdown did not lead to constitutive secretion; the observed 

mislocalisation of rhoptries could be linked to a faulty transport of these 

organelles to the apical complex. A similar result was shown upon disruption of 

dynein/dynactin activity in mammalian cells: vesicular trafficking and correct 

membrane organelle distribution were severely impaired, and endocytic 

organelles were redistributed to the cell periphery (Burkhardt et al., 1997). The 

authors proposed that upon dynein/dynactin inhibition, the dynamic equilibrium 

between dynein and kinesin activity, which normally controls positioning of 

these organelles, was disrupted; unopposed action of the kinesin motor would 
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then lead to mislocalisation. A similar equilibrium could be present in T. gondii, 

where several kinesin subunits are conserved (as discussed in paragraph 1.5.4). 

 However, it is important to note that rhoptry positioning at the apical complex 

was previously shown to depend also on the armadillo repeat protein ARO, which 

can interact with the myosin motor MyoF, which has been also involved in dense 

granules motility, apicoplast segregation and centrosome positioning (Jacot et 

al., 2013, Heaslip et al., 2016). Moreover, actin depolymerisation was shown to 

affect rhoptry distribution, and the authors concluded that movement of these 

organelles to the apical complex is regulated by an acto/myosin mechanism (!!! 

INVALID CITATION !!!). Data shown here suggest that microtubule-based 

movement could also be important for rhoptry distribution; further analysis is 

being carried out in my research group to better understand this process and p50 

function in T. gondii. 

6.4   Conclusions 

The findings of this thesis are summarised in Table 6-1. The main effectors of 

mitochondrial dynamics that were found to be conserved in T. gondii and that 

were studied in my work are reported, together with their homologs in 

Plasmodium falciparum (strain 3D7) and Plasmodium berghei (strain ANKA). 

Importantly, these three organisms have recently benefited from large-scale 

genetic analyses which aimed to systematically categorise genes based on their 

essentiality (Sidik et al., 2016, Gomes et al., 2015, Zhang et al., 2018); thus, the 

table reports – when this information was found to be available in the ToxoDB 

and PlasmoDB databases – if the mentioned genes were also found to be 

essential or dispensable in the respective organisms in these high-throughput 

screens. Finally, in the last column the putative function of these conserved 

genes in T. gondii (based on previous research and on the analysis provided in 

this thesis) is summarised. 
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Table 6-1: Summary of current knowledge about putative conserved effectors mitochondrial 
dynamics in Apicomplexa parasites. 
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 In conclusion, this work shows that the Apicomplexa-specific DrpC is a highly 

divergent Dynamin-related protein which mediates mitochondrial fission during 

T. gondii endodyogeny. Activity of its GTPase domain is essential for this 

function, and holds potential as a drug target against apicomplexan parasites. 

Moreover, two putative interactors of DrpC have been here characterised. The 

mitochondrial protein Fis1 is not essential for parasite growth, and does not 

seem to be required for mitochondria biogenesis or for DrpC-mediated fission; in 

my analysis, no interaction was found between the two proteins. Conversely, the 

dynactin subunit p50 was shown to be pulled-down in immunoprecipitation 

experiments that used DrpC as a bait; its ablation leads to a reduced 

mitochondrial defect, and to a striking rhoptry mislocalisation. 
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Accompanying material 

Movie1 

Live imaging performed on the strain DrpC-YFP::TdTomato- TGME49_215430,to 

follow DrpC localisation on the mitochondrion .     
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