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ABSTRACT 14 

Toxoplasmosis is caused by the intracellular obligate parasite Toxoplasma gondii. 15 

The current treatments against toxoplasmosis display adverse reactions in many 16 

patients, thus, it is important to seek new targets for drug design. Cytidine 17 

triphosphate synthase (CTP synthase, EC 6.3.4.2) catalyzes the production of CTP 18 

from UTP, the final step in the production of cytidine nucleotides, and the first step 19 

in the formation of phospholipid intermediates. CTP synthases also play structural 20 

roles associated with maintaining cell shape in organisms such as Caulobacter 21 

crescentus. In most other organisms, including mammalian cells, the structural roles 22 

are unknown.  23 

We have identified and characterized the CTP synthase from T. gondii (TgCTP). 24 

Complementation of a lethal double mutant (ura7∆ura8∆) in S. cerevisiae by TgCTP 25 

was assessed using a plasmid shuffling approach. TgCTP permitted growth of S. 26 

cerevisiae on selective medium, indicating that the parasite protein was capable of 27 

substituting for the yeast proteins in vivo. We have also expressed and purified 28 

recombinant full-length and truncated his-tagged TgCTP proteins from Escherichia 29 

coli. Both TgCTP recombinant proteins were active and kinetic parameters were 30 

determined.  31 

Immunofluorescence assays using parasites expressing an ectopic copy of 32 

TgCTP-c-myc, showed a uniformly cytosolic pattern that co-localized with the 33 

known marker TgHsp90. Parasites expressing TgCTP-c-myc under the control of the 34 

native promoter however showed a punctuate distribution in the parasite cytosol. 35 

The known CTP synthase inhibitor, 6-diazo-5-oxo-L-norleucine (DON) inhibited 36 
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parasite growth and caused the formation of TgCTP structures in a concentration-37 

dependent manner, which indicated that DON could be chemically exploited for the 38 

development of new anti-toxoplasma drugs. 39 

It was not possible to generate a knockout mutant of TgCTP demonstrating the 40 

essential requirement of CTP synthase for T. gondii. This study establishes for the 41 

first time that T. gondii contains an active CTP synthase that is an attractive target 42 

for drug design, since the parasite, unlike human cells, apparently cannot 43 

compensate for lack of CTP synthase activity.  44 
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ABREVIATIONS 45 

APR  Apical polar ring 

APS Ammonium persulfate 

 ATc  Anhydrotetracycline  

 ATP  Adenosine triphosphate 

BLAST  Basic Local Alignment Search Tool 

bp Base pairs 

 CAT  Chloramphenicol acetyltransferase 

 CCT  Choline cytidylyltransferase 

cDNA  Complementary DNA 

C-terminus  Carboxy-terminus  

CTP Cytidine 5’-triphosphate 

DAPI  4’6-diamidino-2-phenylindole 

DHFR-TS  Dihydrofolate reductase thymidylate synthase 

DMEM  Dulbeccosʹs modified Eagle medium 

DMSO Dimethylsulfoxide 

DNA   Deoxyribonucleic acid  

d.p.i.  days post infection 

DTT Dithiothreitol 
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EDTA  Ethylendiamine tetraacetate     

e.g. Exempli gratia (for example) 

EGTA Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid 

EtOH  Ethanol 

FBS  Fetal bovine serum  

FUDR   5-Fluoro-2’-deoxyuridine  

gDNA Genomic DNA 

GSH Reduced glutathione 

GSSG Oxidized glutathione 

GTP Guanosine triphospate 

h hours 

HFF  Human foreskin fibroblast 

HXGPRT  Hypoxanthine-xanthine-guanine phosphoribosyl transferase 

hpi Hours post infection 

IBs Inclusion bodies 

IEM  Immunoelectron microscopy  

IFA  Indirect immunofluorescence assay 

IMC  Inner membrane complex 

IPTG   Isopropyl-ß-D-1-thiogalactopyranoside 

kDa  Kilodalton 
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Kb  Kilobase 

LB Luria broth media 

LiAc   Lithium acetate  

Mb Megabases 

MEM Minimum Essential Medium 

MeOH  Methanol 

min Minutes 

Mg2+ Magnesium 

MOI Multiplicity of infection 

MPA Mycophenolic acid 

NADH  Nicotinamide adenine dinucleotide  

NCBI National Center for Biotechnology Information 

N-terminus Amino-terminus 

OD Optical density 

ORF  Open reading frame  

PBS  Phosphate buffered saline 

PCR  Polymerase chain reaction 

PEG  Polyethylene glycol  

PFA Paraformaldehyde 

pH Potentia hydrogenii 
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PMSF Phenylmethanesulfonyl fluoride 

PtdCho  Phosphatidylcholine 

PtdEtn  Phosphatidylethanolamine 

PtdSer   Phosphatidylserine 

P/S Penicillin and streptomycin 

 PV  Parasitophorous vacuole 

 PVM  PV membrane 

 RNA  Ribonucleic acid  

rpm  Revolutions per minute 

RT Room temperature  

SDS-PAGE Sodium dodecyl sulfate  polyacrylamide gel electrophoresis  

sec Seconds 

SOB Super optimal broth media 

SOC Super optimal broth with catabolite repression 

TAE Tris, acetic acid, EDTA 

TaTi  Trans-activator trap identified 

TB Terrific broth media 

TBS Tris-buffered saline 

TBST Tris-buffered saline/tween 

TEMED N,N,N′,N′-Tetramethylethane-1,2-diamine 
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Tg Toxoplasma gondii 

TLC  Thin layer chromatography 

U Units 

UDP Uridine 5-diphosphate 

UPRT  Uracil phosphoribosyl transferase 

UTP Uridine 5-triphosphate 

UTR  Untranslated region 

µ Micro 

V Volt 

WT Wild type 

XA Xanthine 

× g Centrifugal force 

X - Gal 5-bromo-4-chloro-3-indolyl-β-D- galactopyranoside 

  46 
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1    INTRODUCTION 47 

1.1 Apicomplexa 48 

Apicomplexans are single-celled eukaryotic organisms, which have in 49 

common some structural features such as the apical complex, the conoid, the 50 

apicoplast, the pellicle and the apical polar ring (this being the structure which gives 51 

the phylum its name) (Morrissette and Sibley, 2002). Organisms belonging to the 52 

phylum Apicomplexa have been considered as important objectives of study for 53 

agriculture, veterinary medicine (Babesia, Theileria and Eimeria) and human health 54 

(e.g. Toxoplasma, Plasmodium, Cryptosporidium). The causative agent of malaria in 55 

humans, Plasmodium falciparum, is the most clinically relevant representative of 56 

this phylum, because every year over half a million people fall victim to this 57 

pathogen (WHO 2014). Toxoplasma gondii is the causative agent of Toxoplasmosis 58 

that affects approximately one third of the worldʹs population, and can lead to 59 

severe problems in the fetus and in immunocompromised or immunosuppresed 60 

patients, such as those infected with HIV (Montoya and Liesenfeld, 2004). T. gondii 61 

is considered as a model organism for the study of Apicomplexan parasites because 62 

it is easy to use and cultivate. 63 

 64 

1.2 Toxoplasma gondii: overview 65 

T. gondii was first discovered and described by Nicolle and Manceaux (Nicolle 66 

and Manceaux, 1908) receiving its name based on its morphology (Modern Latin 67 

Toxo = arc or bow, plasma = life). T. gondii is one of the most prevalent and most 68 
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successful parasites worldwide. Although members of the cat family (Felidae) are 69 

the only definitive host for T. gondii, it is able to infect birds and all warm-blooded 70 

animals including humans (Hill et al., 2005; Dubey, 2008). 71 

The size of the T. gondii genome is ≈ 65 Mb arranged on 14 chromosomes 72 

(Khan et al., 2005). The most known strains are fully sequenced and well annotated 73 

in the Toxo database, ToxoDB. T. gondii presents mainly clonal population types I, II 74 

and III, which differ in virulence. The clonal lineages can recombine in the definitive 75 

host, leading to the formation of recombinant or atypical strains (Grigg et al., 2001). 76 

According to recent studies, there are differences in the genotypes of worldwide 77 

distribution, for example, in South America a large percent of HIV patients are 78 

infected with atypical or recombinant strains, which appear to be associated with 79 

severe clinical manifestations (Ferreira et al., 2006). 80 

1.2.1  T. gondii: basic cell structure 81 

T. gondii converts into different cellular stages during its life cycle, such as 82 

tachyzoites, bradyzoites, merozoites and sporozoites. There are many 83 

morphological and metabolic differences between these stages, and two are shown 84 

in Fig. 1.  85 
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	86 

Figure 1. Schematic models of the ultrastructure of the T. gondii tachyzoite and 87 

bradyzoite. Redrawn and adapted from Dubey et al., 1998. 88 

 89 

Tachyzoites (Greek tachos = speed) are the stage responsible for expanding the 90 

infection, because they multiply very fast in any cell of the intermediate host. 91 

Tachyzoites are arc shaped and have the dimensions of 6 µm by 2 µm (Dubey et al., 92 

1998). Morphologically, the bradyzoites (Greek brady = slow) are more rounded and 93 

slender than tachyzoites, and they divide slowly, forming tissue cysts. Although 94 

each bradyzoite measures only 7 µm by 1.5 µm, the diameter of a cyst can range 95 

from 5 µm to 100 µm depending on the tissue. Bradyzoites are characterized by the 96 
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presence of several amylopectin granules, which are low or even absent in 97 

tachyzoites (Fig. 1) (Dubey et al., 1998).  98 

 99 

1.2.2  The life cycle of T. gondii 100 

The life cycle of T. gondii involves a sexual and an asexual phase (Fig. 2). While 101 

the sexual phase takes place in the intestine of its definitive host, the feline, the 102 

asexual phase occurs in its intermediate hosts (Black and Boothroyd, 2000). 103 

Members of the Felidae family can be infected by uptake of oocysts or the ingestion 104 

of tissue cysts from an intermediate host (Hill and Dubey, 2002; Dubey, 2009). The 105 

gastric enzymes destroy the cyst wall and the sporozoites are released. The parasite 106 

then replicates asexually within intestinal cells before differentiating into female 107 

macrogametes and male microgametes. The gametocytes form diploid zygotes 108 

followed by the formation of oocysts (Fig. 2). Oocysts are shed in the cat feces and 109 

can persist for several months with no decrease in infectivity, contaminating water 110 

and food (Dubey, 2009).  111 

Infection of the intermediate hosts can occur by congenital transmission or by 112 

the ingestion of contaminated food such as undercooked meat, water or vegetables 113 

containing oocysts (Fig. 2). The cyst wall is disrupted in the digestive tract releasing 114 

the slowly replicating bradyzoites. Free bradyzoites rapidly convert to tachyzoites 115 

that spread the infection throughout the body by the blood stream.  116 
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	117 

Figure 2. Life cycle of T. gondii.  Members of the Felidae family are the definitive 118 

host of T. gondii. Sexual development occurs exclusively in the cat’s gut leading to 119 

the formation of oocysts. Sporulated oocysts contaminate food or water infecting a 120 

wide range of intermediate hosts including humans. Within the intermediate host, 121 

they develop into tachyzoites causing an acute infection where the parasite 122 

disseminates quickly. Upon activation of the host’s immune response, tachyzoites 123 

differentiate into bradyzoites, which form cysts preferentially in some tissues (brain, 124 

eyes and heart) establishing a chronic phase of infection. The cycle is complete when 125 

the cat is infected again through ingestion of tissue cysts. The figure was taken from 126 

Hunter and Sibley, 2012.  127 

 128 
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In healthy individuals, the immune system is able to control parasite infection. 129 

However, some tachyzoites escape the immune system, converting back to 130 

bradyzoites, which persist forming cysts mainly in brain, eyes, heart and skeletal 131 

muscle tissue (Fig. 2). Bradyzoites can evade the host’s immune response within the 132 

cysts, establishing a life-long chronic infection (Tomita et al., 2009). If the host 133 

immune system later becomes suppressed, bradyzoites can re-develop into 134 

tachyzoites leading to an acute phase of the infection again. 135 

T. gondii infection is usually asymptomatic in healthy individuals, but it can 136 

cause damage to the developing fetus and can lead to severe problems in 137 

immunocompromised or immunosuppressed patients, such as those infected with 138 

HIV (Montoya and Liesenfeld, 2004).  139 

 140 

1.2.2.1 Lytic cycle 141 

T. gondii expands during acute infection through a lytic cycle (Fig. 3) which 142 

comprises invasion, intracellular replication and egress (Tomita et al., 2009). The 143 

lytic cycle starts when the parasite attaches to the host cell and subsequently 144 

penetrates through a mechanism known as moving junction, consisting of a 145 

vacuolar invagination of the host cell membrane (Alexander et al., 2005). The 146 

moving junction depends on a sequential secretion of a cocktail of proteins from 147 

parasite organelles such as micronemes, rhoptries and dense granules (Carruthers 148 

and Sibley, 1997). This process allows T. gondii to grow and replicate within a 149 

parasitophorous vacuole surrounded by a membrane inside host cells (Lingelbach 150 

and Joiner, 1998). The parasitophorous vacuole membrane (PVM) constitutes a 151 

physical barrier between the parasite and the host cell cytosol protecting the 152 
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parasite from the host immune response (Lingelbach and Joiner, 1998). Additionally, 153 

the PVM is crucial for the acquisition of essential nutrients.  154 

Rapid intracellular replication occurs by a mechanism named endodyogeny 155 

that leads to host cell lysis and subsequent infection of the neighboring cells and 156 

proliferation in different tissues (Fig. 3). Egress occurs when host cell nutrients 157 

become limiting. In this process there are different signals that trigger egress of the 158 

parasites from the host cell, such as host K+ levels and changes in the parasite’s 159 

intracellular concentration of Ca2+ (Arrizabalaga and Boothroyd, 2004; Roiko and 160 

Carruthers, 2009). Once the disruption of the parasitophorous vacuole has occurred, 161 

free parasites use their gliding motility system to reach new cells to invade (Fig. 3). 162 

	163 

Figure 3. Diagram representing the lytic cycle of T. gondii. The acute T. gondii 164 

infection is established through a lytic cycle, which consists of four phases described 165 
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as follows. 1. Attachment: The parasite (depicted in blue and purple, P) moves across 166 

the membrane of the host cell (H, shown in yellow) until its apical complex enters in 167 

contact with the host surface to start the invasion. 2. Invasion: This process is 168 

mediated by the secretion of proteins from micronemes, rhoptries and dense granules 169 

and by the formation of the moving junction (MJ, shown in red). Subsequently, the 170 

parasitophorous vacuole (PVM) is formed. 3. Replication: Intracellular parasites 171 

replicate several times by endodyogeny. 4. Egress: the parasites leave the host cells 172 

causing its destruction to repeat the cycle by invading neighboring cells. Redrawn and 173 

adapted from Black and Boothroyd, 2000. 174 

 175 

1.2.2.2 Endodyogeny 176 

T. gondii uses an asexual reproductive process, known as endodyogeny, to 177 

replicate inside the cells (Fig. 4). It involves the formation of two daughter cells 178 

inside a mother parasite, which is consumed at the end of the cell division (Blader et 179 

al., 2015). Usually, 2n parasites are contained in each parasitophorous vacuole, 180 

where n is the number of cell divisions.  181 

Endodyogeny starts with the partition of the mitochondrion, nucleus and the 182 

Golgi complex followed by the de novo formation of the apical complex. Then, the 183 

inner membrane complex (IMC) of the daughter cells begins to elongate, 184 

surrounding the organelles of the two new daughter cells. The two newly formed 185 

cells take the plasma membrane from the mother, leaving just a residual body after 186 

emerging (Fig. 4) (Hu et al., 2002).  187 
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	188 

Figure 4. Schematic representation of the stages in the division of T. gondii 189 

tachyzoites by endodyogeny. Endodyogeny produces two daughter cells inside the 190 

mother cell without losing the shape and polarity of the mother cell. The inner 191 

membrane complex (IMC, purple line) remains throughout the whole process and the 192 

daughter cells formed are surrounded by their own IMC (thin magenta lines). When 193 

the daughter cell formation is completed, the newly formed cells bud off from the 194 

mother cell, which is diminished to a residual body. Redrawn and adapted from Ma 195 

et al., 2007. 196 

 197 

1.2.3  Toxoplasmosis in Colombia 198 

Although toxoplasmosis has been considered a health problem in Colombia, 199 

there are no clear public policies for prevention and treatment of this disease 200 

(Cañón-Franco et al., 2014).  201 



	 17 

Congenital toxoplasmosis is one of the three main causes of prenatal infection 202 

with severe neurological and ophthalmological complications in Colombia (Gómez 203 

Marín et al., 1995). According to studies conducted in cities such as Armenia, Cali 204 

and Valledupar, the seroprevalence in pregnant women is approximately 50% 205 

(Gómez Marín et al., 1995; Jacome, 2007; Rosso et al., 2007; Cortés and Mancera, 206 

2009). This high distribution of the parasite in the population may increase the 207 

probability of congenital toxoplasmosis and the resulting fetal death and/or 208 

spontaneous abortion, severe ophthalmic complications, hydrocephalus, mental 209 

retardation and deafness (Elbez-Rubinstein et al., 2009; Cañón-Franco et al., 2014). 210 

Treatment of toxoplasmosis is not efficient because available drugs such as 211 

sulfadoxine-pyrimethamine generate toxic side effects in up to 40% of treated 212 

patients. Moreover, these drugs can only control tachyzoites but they have little 213 

effect on bradyzoites (Haverkos, 1987; Leport et al., 1988). In addition, studies show 214 

that the effectiveness of prenatal treatment is uncertain (Gilbert, 2001). Thus, it is 215 

necessary to search for new targets for drug design.  216 

 217 

1.3 Pyrimidine metabolism 218 

Nucleotide synthesis is one of the most important processes in any cell, 219 

because these molecules participate in the synthesis of nucleic acids (DNA and RNA) 220 

and phospholipids, and in protein glycosylation (Chang and Carman, 2008; Garavito 221 

et al., 2015). Pyrimidine synthesis can occur by two pathways: salvage or de novo 222 

synthesis (Evans and Guy, 2004). The latter is more significant than the salvage 223 
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pathway in many organisms belonging to the phylum Apicomplexa. T. gondii is able 224 

to obtain pyrimidines by salvage or by de novo synthesis (Fig. 5). 225 

	226 

Figure 5. Pyrimidine metabolism in T. gondii. Six catalytic steps are needed to 227 

obtain UMP and nine to form CTP in pyrimidine biosynthesis (enzymes are shown in 228 

yellow boxes). Uridine 5’-monophosphate (UMP) is catabolized to obtain other 229 

pyrimidine nucleotides, nucleosides or nucleobases (enzymes are shown in green 230 

boxes). End products are indicated in red. Solid lines depict activities detected in T. 231 

gondii and undetectable activities are indicated in dashed gray lines. Adapted from 232 

Garavito et al., 2015. Enzymes: ATC, aspartate transcarbamoylase; CD, cytidine 233 

deaminase; CPSII, carbamoyl phosphate synthase; CTP synthase, cytidine 234 

triphosphate synthase; DHFR-TS, bifunctional dihydrofolate reductase-thymidylate 235 

synthase; DHO, dihydroorotase; DHOD, dihydroorotate dehydrogenase; dTMP kinase, 236 

thimydylate kinase; NMP, nucleoside 5'-monophosphate phosphohydrolase; NP, 237 

nucleoside phosphorylase; ODC, orotidine 5’-monophosphate decarboxylase; OPRT, 238 

orotate phosphoribosyl transferase; UMP kinase, uridine 5’-monophosphate kinase; 239 

UP, uridine phosphorylase. Abbreviations: CMP, cytidine 5’-monophosphate; CTP, 240 

cytidine 5’-triphosphate; dCMP, deoxy-cytidine 5’-monophosphate; dTMP, deoxy-241 

thymidine 5’-monophosphate; dTDP, deoxy-thymidine 5’-diphosphate; dTTP, deoxy-242 
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thymidine 5’-triphosphate; dUMP, deoxy-uridine 5’-monophosphate; UMP, uridine 5’-243 

monophosphate; UDP, uridine 5’-diphosphate; UTP, uridine 5’-triphosphate. 244 

 245 

1.3.1  Salvage pathway  246 

Uridine 5’-monophosphate (UMP) is a hub metabolite in pyrimidine metabolism 247 

(Garavito et al., 2015), because it is the end product of both de novo synthesis and 248 

salvage pyrimidine pathways in T. gondii (Fig. 5).  249 

Uracil, uridine, deoxyuridine, cytidine and deoxycytidine can be used to 250 

synthesize UMP (Iltzsch, 1993). Cytidine deaminase catalyzes the conversion of 251 

cytidine and deoxycytidine to uridine and deoxyuridine, however, this enzyme 252 

presents a very low activity in T. gondii, therefore the salvage of 253 

cytidine/deoxycytidine is considered negligible for the parasite (Iltzsch, 1993). In 254 

contrast, uridine/deoxyuridine can be metabolized to uracil by the enzyme uridine 255 

phosphorylase (UP). Some authors have proposed that pyrimidine salvage in T. 256 

gondii is only channeled through uracil (Pfefferkorn et al., 1988; Iltzsch, 1993) that 257 

is finally converted in UMP by uracil phosphoribosyl transferase (UPRT) (Fig. 5). 258 

UPRT from T. gondii (TgUPRT) is the principle enzyme of the salvage pathway 259 

and was considered as a good target for new drugs, since there is no evidence for 260 

the activity of this enzyme in humans (Schneider et al., 1974; Li et al., 2007). 261 

However, Pfefferkorn showed that tachyzoites with a deficiency in TgUPRT were 262 

completely viable (Pfefferkorn, 1978). Furthermore, it was demonstrated that the 263 

TgUPRT gene could be easily disrupted, apparently without effect on parasite 264 

growth in vitro or virulence in vivo (Donald and Roos, 1995). Currently, TgUPRT has 265 
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become a common selection marker for T. gondii transfected parasites (Donald and 266 

Roos, 1995).  267 

The negligible relevance of the salvage pathway in pyrimidine acquisition in T. 268 

gondii has been demonstrated not only for the ΔTgUPRT mutant (Pfefferkorn, 1978), 269 

but also for the ΔTgUP mutant (uridine phosphorylase) which was able to replicate 270 

as normally as the wild-type strain (Fox et al., 2011). The ΔTgUPRT and ΔTgUP 271 

mutants were also constructed in type II strains showing that there is no deficiency 272 

in the formation and development of cysts (Fox and Bzik, 2010; Fox et al., 2011).  273 

In summary, the pyrimidine salvage pathway is not required for parasite 274 

survival, cyst development or establishment of acute or even latent T. gondii 275 

infection.  276 

 277 

1.3.2  The de novo biosynthetic pathway 278 

 279 
De novo pyrimidine biosynthesis comprises six reactions to form UMP that is 280 

then processed to obtain other pyrimidines (Fig. 5). This pathway uses bicarbonate, 281 

glutamine and ATP as initial precursors to start the pyrimidine ring synthesis. 282 

Aspartate and phosphoribosyl pyrophosphate (PRPP) are also employed in the de 283 

novo pathway (Evans and Guy, 2004). Pyrimidine biosynthesis is conserved among 284 

species, however there are important differences in gene architecture and pathway 285 

regulation between organisms.  286 

The first reaction in the pathway is the synthesis of carbamoyl phosphate. 287 

Mammalian cells express two carbamoyl phosphate synthases (CPSI and CPSII). CPSI 288 
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is located in the mitochondria and provides carbamoyl phosphate for arginine 289 

biosynthesis as part of the urea cycle (Jackson et al., 1986), while CPSII belongs to a 290 

multifunctional complex known as CAD that catalyzes the three first steps in de 291 

novo pyrimidine biosynthesis (Jones, 1980). CAD is located primarily in the 292 

cytoplasm and it is inhibited by UTP (one of the most important products of this 293 

pathway) and allosterically activated by PRPP (Evans and Guy, 2004). CAD produces 294 

dihydroorotate that goes to the inner membrane space of the mitochondria to be 295 

converted to orotate by dihydroorotate dehydrogenase (DHOD). UMP is produced in 296 

the last two steps, catalyzed by a bifunctional enzyme called UMP synthase. De novo 297 

pyrimidine biosynthesis continues with the conversion of UTP to CTP by CTP 298 

synthase. It is the rate-limiting reaction in the formation of cytosine nucleotides and 299 

is an important point of regulation in pyrimidine biosynthesis (Evans and Guy, 300 

2004).  301 

Activities of the six first enzymes of the de novo pyrimidine biosynthesis in T. 302 

gondii were detected in RH tachyzoites extracts (Asai et al., 1983). Unlike higher 303 

eukaryotes, T. gondii lacks a CPSI enzyme and all other enzymes from the urea cycle 304 

(de novo arginine biosynthesis) (Fox et al., 2004). Carbamoyl phosphate generated by 305 

TgCPSII is not used to produce arginine, which leads to the parasite’s strong 306 

arginine auxotrophy (Fox et al., 2004).  307 

Enzymes belonging to the de novo pyrimidine synthetic pathway (Fig. 5) in T. 308 

gondii have been characterized. TgCPSII (Fox and Bzik, 2002; Fox et al., 2004, 309 

2009a), aspartate transcarbamoylase, TgATC (Mejias-Torres and Zimmermann, 310 

2002), dihydroorotase, TgDHO (Robles Lopez et al., 2006), dihydroorotate 311 

dehydrogenase, TgDHOD (Sierra Pagan and Zimmermann, 2003; Hortua Triana et al., 312 
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2012), orotate phosphoribosyltransferase, TgOPRT (Fox et al., 2009b; Lozano and 313 

Zimmermann, unpublished) and orotidine 5’-monophosphate decarboxylase, TgODC 314 

(Fox and Bzik, 2010). Nevertheless, the last step of this pathway catalyzed by 315 

cytidine 5’-triphosphate synthase, TgCTP has not yet been characterized.  316 

P. falciparum and T. gondii depend completely on the de novo pyrimidine 317 

synthetic pathway (Fox and Bzik, 2002; Hyde, 2007; Painter et al., 2007). T. gondii 318 

parasites lacking TgCPSII gene are unable to replicate, decreasing the virulence of 319 

the parasite (Fox and Bzik, 2002). In contrast as mentioned before (see section 320 

1.3.1), parasites with a deficiency in enzymes from the pyrimidine salvage pathway 321 

are completely viable, which was validated in T. gondii type I (RH) and type II (Pru) 322 

strains (Pfefferkorn, 1978; Donald and Roos, 1995; Fox and Bzik, 2010; Fox et al., 323 

2011). Recently, Fox and coworkers demonstrated the importance of de novo 324 

pyrimidine biosynthesis for the proliferative form of the parasite (tachyzoites) and 325 

also for the latent form (bradyzoites) showing this pathway to be functional and 326 

essential during the latent infection, stages of the parasite conversion and cyst 327 

development (Fox et al., 2011). Thus, the de novo pyrimidine synthetic pathway has 328 

been considered an important target for parasite control (Sibley, 2002). 329 

 330 

1.4 CTP synthase 331 

1.4.1 Enzymatic mechanism 332 

Production of cytidine 5ʹ-triphosphate (CTP) from uridine 5ʹ-triphosphate (UTP) 333 

is carried out in three steps catalyzed by cytidine triphosphate synthase, CTP 334 

synthase (EC 6.3.4.2 UTP: ammonia ligase (ADP-forming)) (Fig. 6). The first reaction 335 
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is the phosphorylation of UTP dependent on Mg2+ and adenosine 5ʹ- triphosphate 336 

(ATP). The second reaction involves the formation of an ammonium ion from the 337 

hydrolysis of glutamine, or by trapping exogenous nitrogen (Willemoës, 2004). The 338 

product of the glutaminase activity of CTP synthase is then transferred to the 339 

synthase domain of the enzyme located at the N-terminus. In this domain, the O4 of 340 

the phosphate group of UTP is replaced by the ammonium group to finally obtain 341 

CTP (Lunn and Bearne, 2004) (Fig. 6). CTP synthase belongs to the glutamine 342 

amidotransferases enzymes, since it can use L-glutamine or ammonia as amino 343 

donor (Lewis and Villafranca, 1989). Glutamine is the main amino donor in CTP 344 

synthesis in E. coli, and in animal tissues, although ammonia can substitute for 345 

glutamine in vitro (Chakraborty and Hurlbert, 1961).  346 

 347 

	348 

Figure 6. Overall reaction of CTP synthesis. CTP synthase converts UTP to CTP in 349 

three reaction steps. The first step occurs in the synthase domain and leads to the 350 

formation of a 4-phospho-UTP intermediate by Mg2+-ATP-dependent phosphorylation, 351 
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which is negatively regulated by the reaction end product. Glutamine hydrolysis 352 

occurs in the glutaminase domain and is stimulated by the presence of GTP and the 353 

4-phospho-UTP intermediate. The last step is the displacement of the 4-phospho 354 

group by ammonia which occurs in the synthase domain, resulting in the synthesis 355 

of CTP. Modified from Endrizzi et al., 2004. 356 

 357 

The glutamine-dependent class I amidotransferases (Gn-AT) use a catalytic 358 

triad formed by Cys/His/Glu residues to generate ammonia from glutamine and 359 

transfer it to UTP (Massière and Badet-Denisot, 1998). The cysteine residue is critical 360 

for that catalytic activity and glutamine analogues are potent inhibitors of CTP 361 

synthase, because they bind covalently to the cysteine catalytic residue (Massière 362 

and Badet-Denisot, 1998). 363 

CTP synthase activity is strongly regulated by intracellular levels of UTP and 364 

CTP (Fig. 6). CTP is a competitive inhibitor that binds in the same binding site as 365 

UTP to avoid its overproduction (Long and Pardee, 1967). CTP synthase exists as an 366 

inactive monomer in the absence of its ligands, but it polymerizes at higher protein 367 

concentration, or in presence of ATP and UTP, forming an active tetramer. Although 368 

UTP and ATP promote the CTP synthase tetramerization synergistically, 369 

polymerization is induced at high concentrations of either ATP or UTP (Levitzki and 370 

Koshland, 1971a). GTP is an allosteric activator of the CTP synthase’s glutaminase 371 

activity. GTP binding increases the catalytic efficiency by stabilizing the tetrahedral 372 

intermediate formed by glutamine hydrolysis (Levitzki and Koshland, 1969b). 373 

 374 

1.4.2 Filament formation 375 
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It is not common for a protein to have both catalytic and structural roles, 376 

however recent studies have shown that this is the case for CTP synthases in various 377 

organisms, including Caulobacter crescentus, E. coli, Schizosaccharomyces pombe 378 

(Ingerson-mahar et al., 2010), Saccharomyces cerevisiae, Rattus norvegicus (Noree et 379 

al., 2010), Drosophila melanogaster, D. virilis, D. pseudoobscura (Liu, 2010) and 380 

mammalian cells (Carcamo et al., 2011). The ability of CTP synthase to form 381 

filaments appears to be conserved in a wide range of organisms, from prokaryotes 382 

to eukaryotes, and it is proposed to be a form of regulation by converting the active 383 

CTP synthase into an inactive form (Ingerson-mahar et al., 2010).  384 

C. crescentus is an important model organism for studying the regulation of 385 

the cell cycle, asymmetric cell division and cellular differentiation (Ausmees and 386 

Jacobs-Wagner, 2003). CTP synthase from C. crescentus, CcCTP, forms dynamic 387 

filaments localized to the curvature of the inner leaflet of the cell membrane during 388 

the cell cycle in a manner that is apparently independent of its enzymatic function. 389 

Thus, this protein serves both catalytic and structural functions (Ingerson-mahar et 390 

al., 2010). The known CTP synthase inhibitor, 6-diazo-5-oxo-L-norleucine, DON (Dion 391 

et al., 1956; Koshland, 1970), which irreversibly binds to the glutaminase active site 392 

of the enzyme, causes an inhibition of the glutaminase activity of CTP synthase 393 

(Koshland, 1970). Ingerson-Mahar and coworkers showed that the filaments formed 394 

by CcCTP or CTP synthase from E. coli (EcCTP) are disrupted when cells are treated 395 

with DON, leading to a cytosolic distribution of these proteins (Ingerson-mahar et 396 

al., 2010; Barry et al., 2014). 397 

The isoform C of the gene encoding for the CTP synthase in Drosophila is able 398 

to form filamentous structures known as cytoophidia (Greek cyto = cell and ophidia 399 

= serpents) (Liu, 2010; Azzam and Liu, 2013). Cytoophidia are present in several 400 
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tissues and are elongated with cell growth. They begin as short filaments (1 µm in 401 

length, micro-cytoophidia) but elongate forming large filaments (5 – 6 µm in length, 402 

macro-cytoophidia) during the last cellular stages. These structures are associated 403 

with Golgi bodies and yolk granules and their distribution are polarized to the 404 

cellular periphery (Liu, 2010).  405 

Similarly, CTP synthases from S. cerevisiae, ScCTP1 and ScCTP2, form filaments 406 

at saturation-phase growth, in which both proteins colocalize (Noree et al., 2010). In 407 

contrast, during the log-phase growth, neither ScCTP1 nor ScCTP2 form filaments, 408 

but a very low percentage of the cells (3.80 % ± 1.35 %) show foci-like structures 409 

formed by ScCTP1. Noree and coworkers demonstrate that the formation of 410 

filaments of ScCTP1 is regulated by carbon source depletion and CTP, ATP and GTP 411 

binding (Noree et al., 2010, 2014).  412 

The isoform 1 of CTP synthase (HsCTP1) forms ring- and rod-like structures 413 

(RR structures), mainly in cancer cell lines (Carcamo et al., 2011; Chen et al., 2011). 414 

In mammalian cells, these structures also contain inosine monophosphate 415 

dehydrogenase 2 (IMPDH2) protein as the major component, indicating an 416 

association between the pyrimidine and purine biosynthesis (Carcamo et al., 2011). 417 

Unlike the filaments formed by CcCTP in C. crescentus, the RR structures are 418 

strongly induced by treatment with either CTP synthase inhibitors such as DON and 419 

acivicin, or IMPDH2 inhibitors such as ribavirin and mycophenolic acid (Ji et al., 420 

2006; Carcamo et al., 2011; Chen et al., 2011). Interestingly, most of the primary cell 421 

lines present RR structures only under treatment with CTP synthase or IMPDH2 422 

inhibitors (Carcamo et al., 2011). Apparently, the RR structures are not associated 423 
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with any other known subcellular structure, although they are also present in the 424 

nucleus as well as in the cytosol (Carcamo et al., 2014). 425 

In summary, although the function of CTP synthase filaments in most of the 426 

organisms where it has been studied remains unknown, the dynamics of CTP 427 

synthase filament formation appear to be regulated by the cell cycle, all four 428 

nucleotides, nutrient deprivation, and inhibitors (Liu, 2011).  429 

 430 

1.4.3 CTP synthase as a drug target 431 

 432 
At a catalytic level, CTP production by the CTP synthase enzyme is the limiting 433 

step in the formation of cytosine nucleotides and represents a locus of important 434 

control in the biosynthesis of pyrimidines (Endrizzi et al., 2005). Therefore, CTP 435 

synthase has been broadly studied. 436 

CTP is crucial in several cellular processes such as the biosynthesis of 437 

DNA/RNA and membrane phospholipids (MacDonnell et al., 2004). CTP is a principal 438 

precursor of membrane phospholipids because it is needed to form intermediates 439 

such as CDP-acylglycerol, CDP-ethanolamine, and CDP-choline. Thus CTP synthase is 440 

a promising target for new drug design in many biological systems (Chang and 441 

Carman, 2008). There are many studies considering CTP synthase as a neoplastic 442 

agent due to the strong dependence of tumor cells on high levels of CTP, thus 443 

inhibitors of this enzyme have been explored in the control of leukemias and 444 

neuroblastomas (Williams et al., 1978; Verschuur et al., 1998; Hansel et al., 2003). 445 

Also, ciclopentenyl cytosine (CPEC), a potent inhibitor of CTP synthase, has a broad-446 

spectrum antiviral activity against DNA viruses, (+) RNA viruses, (-) RNA viruses, 447 
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rhabdoviruses and dsRNA viruses (De Clercq, 2009). Studies with the intracellular 448 

bacterial pathogen Chlamydia trachomatis showed that CTP synthase is essential for 449 

its life cycle, and it is becoming a potential target for treating Chlamydia infections 450 

(Wang et al., 1996; Wylie et al., 1996). 451 

Moreover, CTP synthase is an enzyme that has become an excellent target for 452 

treatment of parasitic diseases (Lim et al., 1996; Hendriks et al., 1998; Hofer et al., 453 

2001). In P. falciparum and Trypanosoma brucei, CTP synthase is considered a 454 

promising antiparasitic target. Unlike mammalian cells, these parasites can’t 455 

compensate for the inhibition of CTP synthase by using salvage pathways for 456 

cytidine (Hofer et al., 2001; Yuan et al., 2005). Various studies have shown that 457 

glutamine analogs such as Acivicin (α-amino-3-chloro- 4,5-dihydro-5-isoxazoleacetic 458 

acid, C
5
H

7
ClN

2
O

3
) and DON (6-diazo-5- oxo-L-norleucine, C

6
H

11
N

3
O

3
) inactivate the 459 

glutaminase activity of CTP synthase (Hofer et al., 2001). Acivicin is a natural 460 

antibiotic that inhibits glutamine aminotransferases, including those that play roles 461 

in purine and pyrimidine metabolism. Recently, some derivatives of Acivicin, such 462 

as 3-bromo acivicin (α-amino-3-bromo-4,5-dihydroisoxazol-5-yl acetic acid) have 463 

shown good potential as antiparasitic agents because they exhibit low toxicity for 464 

mammalian cells and are effective in controlling T. brucei both in vitro and in vivo 465 

(Conti et al., 2011).  466 

 467 

1.5  Aim of this study 468 

There is a critical need to identify new therapeutic targets that may allow 469 

development of more effective and less toxic anti-toxoplasmosis drugs. As 470 
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previously mentioned, De novo pyrimidine biosynthesis is considered a good 471 

candidate for such therapeutic targets, because the parasite depends on this 472 

pathway for virulence and survival. T. gondii also has a limited pyrimidine salvage 473 

capacity, and therefore CTP synthase is an enzyme that is likely to be an excellent 474 

target. 475 

Currently there are no reports about the CTP synthase of T. gondii, TgCTP. 476 

Studies in this field could be of great importance in the search for new therapeutic 477 

targets and to understand the regulation of the nucleotide pools in the parasite.  478 

Therefore, within the background of research outlined above, we would like to 479 

achieve the biochemical, structural and functional characterization of TgCTP, in 480 

order to determine its importance as a potential antiparasitic target by addressing 481 

the following research questions:  482 

v Is the TgCTP regulated at an enzymatic level? If so, is the TgCTP activity 483 

affected by the presence of positive and/or negative effectors or by substrates 484 

and/or products of the reaction it catalyzes?  485 

v What is the subcellular localization of TgCTP? Do changes in the levels of 486 

expression of the gene have some effect on the intracellular location of 487 

TgCTP?  488 

v Is TgCTP able to form polymers? If so, what are the dynamics of CTP synthase 489 

filament formation in the parasite? 490 

v Is TgCTP essential for parasite survival? 491 

 492 

  493 
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2  METHODS  494 

2.1   Molecular cloning 495 

2.1.1 RNA isolation from T. gondii tachyzoites and cDNA 496 

synthesis 497 

Freshly egressed tachyzoites (≈1x108) were separated from host cell debris by 498 

centrifugation (1,000 × g, 5 min, 4 °C) and washed with ice cold 1X PBS twice. 499 

RNAase-free material was used throughout the procedure. T. gondii tachyzoites were 500 

washed with 1X PBS and resuspended in 1 mL of Trizol and stored at -80 °C until 501 

use. The sample was thawed and RNA was isolated using the Pure Link RNA Mini kit 502 

(Ambion) according to the kit’s protocol. In brief, 200 µL of CHCl
3
 were added to 503 

each sample and the tubes were shaken by hand for 15 sec, followed by incubation 504 

at RT for 2 min. Phase separation was achieved by centrifugation (12,000 × g, 15 505 

min, 4 °C) and 400 µL of the upper RNA-containing phase were transferred to a fresh 506 

RNase-free tube. An equal volume of 70 % ethanol was added, the mixture was 507 

transferred to a spin cartridge and subsequently centrifuged at 12,000 × g for 15 508 

sec at RT. DNase I treatment was performed for 15 min at RT on-column, prior to 509 

two washing steps and elution of the RNA in RNAase-free water. The RNA isolated 510 

by this method was used for cDNA synthesis immediately or stored at -80 ºC. 511 

Isolated mRNA was transcribed into first-strand cDNA using SuperScript III first-512 

strand cDNA synthesis kit (Invitrogen) using oligo-dT primers and stored at -20 °C. 513 

Subsequent amplification of specific ORFs was performed using Pfu-Ultra FusionII 514 

high fidelity Polymerase (Stratagene).  515 

 516 
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2.1.2 Genomic DNA extraction from T. gondii tachyzoites 517 

Freshly egressed tachyzoites from HFF cells were separated from host cell 518 

debris by centrifugation (1,000 × g, 5 min, 4 °C). The parasite pellet was then washed 519 

with ice cold 1X PBS. The genomic DNA was prepared from lysed out T. gondii 520 

tachyzoites as described for Trypanosoma DNA isolation (Rotureau et al., 2005). 521 

Briefly, the cell pellet was lysed in 200 µL of lysis buffer (see appendix 6.3.3) and 522 

incubated for 30 min at 65 °C prior to precipitation with 450 µL of cold absolute 523 

ethanol. The DNA pellet was dried at RT, dissolved in sterile water and quantified by 524 

Nanodrop (ThermoScientific).  525 

 526 

2.1.3 PCR amplification 527 

Polymerase chain reaction (PCR) allowed the amplification of defined DNA 528 

fragments using specific primers (Saiki et al., 1985). PCR conditions were adjusted 529 

according to the primers, the length of amplification targets and the polymerase 530 

used. Taq-DNA polymerase (Fermentas) or Dream-Taq (Fermentas) were employed 531 

for standard analytical PCR, whereas Long Amp polymerase (NEB) or Pfu-Ultra 532 

FusionII high-fidelity polymerase (Stratagene) were used in cases where the 533 

sequence was needed for further processing such as expression cloning. The 534 

optimum annealing temperature for the primers used were dependent on their 535 

respective melting temperatures. For gel electrophoresis, agarose was dissolved at 536 

concentration between 0.8 and 2 % (w/v) in 1X TAE buffer. Gel Red (Biotium) was 537 

used to visualize the DNA amplification. DNA samples were mixed with 6X DNA 538 

loading dye. Electrophoresis was performed in 1X TAE and according to the gel size 539 

following the instructions of the manufacturer (BioRad). To determine the size of 540 
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DNA fragments, the 1 kb ladder or the 100 bp DNA ladder (Fermentas) were run 541 

simultaneously with the samples followed by UV-visualization. 542 

 543 

2.1.4 Ligation of DNA 544 

The PCR amplified inserts were evaluated for their purity on agarose gel and 545 

subsequently purified either by gel extraction (MP Biomedicals) or by column 546 

purification (AnalytikJena) according to the kit’s manuals. Plasmid DNA was isolated 547 

from E. coli carrying the vector, according to the kit’s protocol (AnalytikJena plasmid 548 

miniprep) and concentration was determined by a NanoDrop instrument.  549 

For ligations of PCR products into a cloning vector via TA (Thymine, Adenine) 550 

cloning, the pGEM-T Easy Vector System (Promega) was used following 551 

manufacturer’s instructions.  552 

Insert and plasmid were subjected to digestion with appropriate restriction 553 

endonucleases. In case of non-directional gene cloning, 5’-phosphate residues were 554 

removed from the vector prior to ligation, in order to minimize the risk of self-555 

ligation of compatible ends of linearized vector DNA. This was done using calf 556 

intestinal alkaline phosphatase (NEB) following manufacturer’s instructions. 557 

Digested vector and insert were mixed in molar ratios of 1:3 (10 fmol of vector and 558 

30 fmol of insert) and ligated using 1U of T4 ligase (NEB). Ligation was conducted 559 

for 3 h at RT or at 16 °C overnight, followed by transformation of competent E. coli 560 

(DH5α F’/BL21/XL1-blue) cells.  561 

 562 

2.1.5 Competent E. coli cells 563 

Competent cells were prepared using two protocols:  564 
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 A. According to Hanahan D. et al., 1995 (Glover and Hames, 1995): One 565 

colony was inoculated into 10 mL SOB media and incubated overnight at 37 ºC with 566 

shaking. The overnight culture was used to inoculate 200 mL SOB media. The 567 

culture was incubated at 37 ºC with shaking at 200 rpm until it reached an OD
550nm

 568 

0.5. Then, cells were cooled on ice for 15 min followed by centrifugation (1,000 × g, 569 

15 min, 4 °C). Cells were resuspended by moderate vortexing in 67 mL TFB (standard 570 

transformation buffer) and incubated on ice for 15 min. A second wash in 16 mL 571 

TFB was performed followed by the addition of 560 µL DnD and incubation on ice 572 

for 10 min. A second addition of 560 µL DnD was made. Cells were incubated on ice 573 

for 20 min before DNA addition. Chemical transformation was performed 574 

immediately by incubating 200 µL of cell suspension plus 8 µL of ligation reaction 575 

(diluted 1:5) on ice for 30 min. A heat shock at 42 °C for 90 sec was performed 576 

followed by an incubation of 2 min on ice. Cells were streaked out on selective agar 577 

plates.  578 

 579 

B. A 5 mL overnight culture of E. coli (XL-1blue strain) was used to inoculate 580 

200 mL SOB media, which was grown at 37 °C until an OD
600nm

 of 0.4 to 0.5 was 581 

reached. The culture was pelleted (1,300 × g, 10 min, 4 °C) and washed once in 50 582 

mL of ice-cold TFB-I buffer. Cells were resuspended in 6.4 mL of TFB-II buffer and 583 

snap-frozen into aliquots at -80 °C.  584 

To transform chemically competent cells, 50 – 100 µL of prepared competent 585 

cells (XLblue1) cells were thawed on ice for 10 min. A ligation mix (5 – 10 µL) 586 

containing 10 – 15 ng plasmid DNA was added to the bacterial suspension and 587 

incubated for 30 min on ice. Then, a heat shock was performed at 42 °C for 90 sec, 588 
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followed by an incubation of 2 min on ice. Afterwards, 800 µL pre-warmed SOC was 589 

added and the mix was shaken at 37 °C for 1 h. Cells were collected by 590 

centrifugation, resuspended in fresh SOC and spread onto a LB agar plate with 591 

ampicillin and incubated at 37 °C over night. For blue/white screening X-Gal (5-592 

bromo-4-chloro-3-indolyl-β-D-galactopyranoside) was added to the suspension to a 593 

final concentration of 40 µg/mL.  594 

 595 

2.1.6 Plasmid isolation and bacterial glycerol-stocks 596 

To isolate plasmid DNA from E. coli, two methods were applied, depending on 597 

the desired amount of plasmid. Both methods were based on alkaline lysis of 598 

bacteria followed by precipitation of most bacterial proteins and genomic DNA and 599 

a final purification step with silica columns. Small-scale plasmid purification was 600 

performed for small amounts of DNA (up to 10 µg). Briefly, 5 mL of LB medium plus 601 

ampicillin (100 µg/mL) were inoculated with a single bacterial colonies picked from 602 

agar plates. Bacterial cultures were grown at 37 °C overnight with shaking at 200 603 

rpm. The next day, plasmid DNA was isolated using the Miniprep Kit (Analityk Jena) 604 

as described in the manufacturer’s manual.  605 

Middle-scale plasmid isolation was made to prepare larger amounts of plasmid 606 

DNA (up to 1 mg). A 5 mL LB medium overnight pre-culture was inoculated into 200 607 

mL LB medium with ampicillin (100 µg/mL). These cultures were incubated with 608 

shaking at 37 ºC overnight. The plasmid isolation from the cell pellet was performed 609 

using the PureLink HiPure plasmid filter Maxiprep kit following manufacturer’s 610 

instructions.  611 
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For conservation of transformed E. coli containing the generated plasmids, 612 

overnight cultures were prepared. The overnight cultures (500 µL) were mixed with 613 

40 % glycerol (500 µL) in a cryovial, snap frozen on dry ice and stored at −80 ºC.  614 

 615 

2.1.7 Ethanol precipitation of DNA 616 

 617 
Before parasite transfection, digested DNA was precipitated using ethanol as 618 

follows, 2.5 volumes of 100 % ethanol (cooled at -20 ºC), the DNA containing 619 

solution and 1/10 volume of 3 M sodium acetate (pH 5.2) were mixed. The mixture 620 

was then incubated for at least 30 min at -80 °C before centrifuging for 15 min at 621 

15,000 × g at 4 °C. The supernatant was removed and the DNA pellet was washed 622 

with 70 % ethanol (cooled at -20°C) and centrifuged for 10 min at 15,000 × g at 4 °C. 623 

This step was performed twice to remove all excess salts from the DNA pellet. After 624 

the last washing step, the supernatant was removed and the pellet air-dried under a 625 

sterile tissue culture hood. The dried pellet was resuspended in 10 µL ddH
2
O and 626 

stored at −20  ºC until parasite transfection.  627 

 628 

2.2   Cloning and expression of full-length and truncated 629 

TgCTP in E. coli 630 

 631 
A cDNA Lambda Zap II library of T. gondii strain RH tachyzoites was obtained 632 

from the AIDS Research and Reference Reagent Program (catalog No. 1896). It was 633 

used to isolate a phage containing the putative TgCTP sequence by PCR using the 634 

method of Israel (Israel, 1993). The isolated page was packed as a phagemid and 635 
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used as a template to amplify the TgCTP coding sequence with TgCTP_s and 636 

TgCTP_as primers. The PCR mixture contained 300 µM dNTPs, 0.4 µM primers, 2 mM 637 

MgCl
2
, 1.25 units Long Taq Polymerase in 1X Buffer (NEB). The PCR conditions were: 638 

denaturation at 94 °C (1 min), 30 cycles with annealing at 63 °C (1 min) and 639 

extension at 65 °C (10 min). The PCR product corresponding to TgCTP was incubated 640 

with 10 mM dATP and Taq DNA polymerase at 72 °C for 30 min to add A residues to 641 

facilitate cloning into the pGEM T-Easy vector (Promega). The ligation was performed 642 

at 4 °C overnight. E. coli DH5αF’ competent cells were transformed with the 643 

pGEM_TgCTP plasmid. The TgCTP coding sequence was subcloned into pET19b 644 

vector. The resulting plasmid pET19b_TgCTP was transformed into E. coli BL21-645 

CodonPlus(DE3)RP competent cells for recombinant protein expression. 646 

In order to maximize the amount of soluble protein, different expression 647 

conditions were tested.  648 

 649 

2.2.1 Induction under standard conditions 650 

 651 
The full-length TgCTP was cloned into the pET19b (6xHis-TgCTP) vector. A 652 

truncated version of TgCTP without the first 57 residues from its N-terminus was 653 

cloned in the pET15b (6xHis-TgCTPtruncated) vector. Both clones were expressed in 654 

the E. coli BL21-CodonPlus(DE3)RP strain, growing a single colony in LB medium plus 655 

ampicillin (100 µg/mL) overnight at 37 ºC with 200 rpm shaking. The overnight 656 

culture was diluted 1:200 in LB medium with ampicillin (100 µg/mL) and cultivated 657 

with shaking at 37 ºC until it reached an OD
600nm

 of 0.3. Then, cultures were cooled 658 

down and incubated at RT until an OD
600nm

 of 0.5 was reached. Recombinant protein 659 
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expression was induced using 0.2 mM IPTG. Cells were pelleted (6,000 × g, 10 min, 4 660 

°C) 2 – 3 hours post induction and stored at -80 ºC until use.  661 

 662 

2.2.2 Induction in Terrific broth media 663 

 664 
The 6xHis-TgCTP was also induced in TB media as described previously 665 

(Fijolek et al., 2007; Steeves and Bearne, 2011). Briefly, an overnight culture of cells 666 

expressing 6xHis-TgCTP was grown at 37 ºC. The overnight culture, at 0.5 % (v/v), 667 

and 0.2 mM IPTG were added to TB media, supplemented with 100 µg/mL ampicillin. 668 

Cells were grown at 15 ºC until OD
600nm

 10 – 12 (2 – 4 days). The bacteria were 669 

collected by centrifugation (6,000 × g, 10 min, 4 °C) and stored at -80 ºC until use.  670 

 671 

2.2.3 Auto-induction 672 

 673 
The recombinant protein 6xHis-TgCTP was also produced in minimal media for 674 

protein expression as described elsewhere (Studier, 2005). Briefly, a single colony 675 

was grown at 37 ºC in 15 mL of auto-induction media for overnight cultures (see 676 

section 6.3.1 for recipe information). 1 L of auto-induction media was inoculated 677 

with the overnight culture and maintained at RT with 200 rpm shaking. After 24 h, 678 

the bacteria were harvested by centrifugation (6,000 × g, 10 min, 4 °C) and pellets 679 

were stored at -80 ºC until use. 680 

 681 

2.2.4  Purification of recombinant proteins from E. coli 682 

under native conditions 683 
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 684 
The pellet harvested after expression from 1 L of bacterial cell culture was 685 

resuspended in 20 mL of buffer A (50 mM sodium phosphate buffer pH 7.4, 500 mM 686 

NaCl and 10 % glycerol) containing 5 mM imidazole, 1 mM PMSF 687 

(phenylmethanesulfonyl fluoride) and 1 mM benzamidine. Then, 1 mg/mL lysozyme 688 

was added to the cell suspension and it was incubated on ice for 2 h. Cells were 689 

disrupted by sonication on ice (30 cycles of 20 sec each, output control setting of 8 690 

and 100 % duty cycle) using a 250 Analog Sonifier (Branson). Protease inhibitors 691 

were added to the suspension three times during the sonication process. After 692 

sonication, insoluble and soluble fractions were separated by centrifugation (10,000 693 

× g, 1 h, 4 °C). The pellet was reserved for TgCTP recovery from inclusion bodies 694 

(IBs) and the clarified cell lysate was loaded onto 1 mL of a pre-equilibrated Co2+ 695 

affinity column (ThermoScientific). The column was washed with 10 volumes of 696 

buffer A containing 35 mM imidazole. TgCTP was eluted with 1.5 mL of buffer A 697 

containing 300 mM imidazole. The protein-containing fractions were concentrated 698 

using a centrifugal filter unit (Millipore, 30 kDa or 100 kDa MWCO). The 699 

concentration of purified protein was measured by the Bradford assay (BioRad) with 700 

bovine serum albumin as the standard. Samples were incubated at RT for 5 min 701 

followed by absorbance determination at 595 nm. 702 

 703 

2.2.5   Recovery of TgCTP from inclusion bodies by 704 

refolding 705 

 706 
The pellet obtained after cell disruption from 500 mL of bacterial cell culture 707 

was treated with denaturing agents in order to recover protein from IBs. First, the 708 

pellet was washed 3x in buffer A containing 0.5 % Triton X100. Washed pellet was 709 
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resuspended in buffer A containing 6 M urea, and incubated on ice for 2 h with 710 

gently shaking followed by centrifugation (10,000 × g, 1 h, 4 °C). The supernatant 711 

was loaded onto 1 mL of a pre-equilibrated Co2+ affinity column (ThermoScientific) 712 

that was maintained under denaturing conditions, i.e. buffers containing 6 M urea. 713 

The column was washed with 10 volumes each of buffer B (buffer A, 0.5 mM GSSG, 5 714 

mM GSH, 35 mM imidazole) containing descending concentrations of urea from 6 M 715 

to 0 M (10 volumes containing 5 M urea, then 10 volumes containing 4 M urea, etc.). 716 

The refolded TgCTP protein was eluted with 1 mL of buffer B containing 400 mM 717 

imidazole. A final elution of 1.5 mL with buffer B containing 500 mM imidazole was 718 

made in order to remove all the remaining TgCTP from the column.  719 

 720 

2.3 Expression of TgCTP in S. cerevisiae 721 

 722 
The TgCTP coding sequence was amplified from first-strand cDNA prepared 723 

from the tachyzoite mRNA. The TgCTP ORF was cloned into the pNEV-N-Leu vector 724 

(Sauer and Stolz, 1994) at the NotI site. Functional complementation in yeast lacking 725 

CTP synthase activity (ura7Δ ura8Δ) was performed using 500 ng of pNEV-N_TgCTP. 726 

Strain SDO195 is the ura7Δ ura8Δ mutant bearing a plasmid that contains the URA7 727 

gene and the URA3 gene. The last gene confers uracil prototrophy allowing the 728 

SDO195 strain growth on uracil-deficient media (Ozier-Kalogeropoulos et al., 1994). 729 

It was kindly provided by Dr. G.M. Carman from the Department of Food Science, 730 

Rutgers University, New Jersey. Transformation of the SDO195 S. cerevisiae strain 731 

was made by the lithium acetate/single-stranded carrier DNA/polyethylene glycol 732 

protocol, which is described below (see appendix 6.3.1 for recipe information).  733 
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50 mL of YPD media were inoculated with an overnight pre-culture of S. 734 

cerevisiae strain to a starting OD
600nm

 of 0.1 and grown at 30 °C with shaking until an 735 

OD
600nm

 of 0.4 was reached. Yeast cells were pelleted by centrifugation (1,000 × g, 5 736 

min, RT), followed by 1X washing with 25 mL of sterile TE-buffer and then with 10 737 

mL of LiAc/TE buffer. The final pellet was resuspended in 300 – 500 µL of LiaAc/TE 738 

buffer and incubated at RT for 30 min. 500 ng of plasmid preparation and 100 µg of 739 

salmon sperm DNA (Invitrogen) were added to the 100 µL of competent yeast 740 

suspension and mixed by finger tapping. Then, 0.6 mL of PEG/LiAc/TE (8:1:1) 741 

solution was added to the transformation mix followed by vortexing for 10 sec. 742 

Samples were incubated horizontally at 30 ºC (30 min, 200 rpm). Before heat-shock, 743 

70 µL of DMSO were added to each reaction mixing by inverting the tube. The heat-744 

shock was performed for 15 min at 42 °C in a water bath followed by immediate 745 

cooling on ice for 2 min. Cells were pelleted (14,000 × g, 15 sec, RT) and washed 746 

with 1X TE buffer.  747 

Complementation of a lethal double mutant (ura7∆ura8∆) in S. cerevisiae by 748 

TgCTP was assessed using a plasmid shuffling approach. The SDO195 strain carries 749 

a plasmid that contains the URA7 gene and the URA3 gene. We transformed this 750 

strain with the pNEV-N vector (LEU2-resistant) containing either TgCTP or ScCTP1. 751 

Yeast strains expressing a functional URA3 gene, which codes for orotidine-5-752 

monophosphate decarboxylase, convert the 5’- fluoroorotic acid (5’-FOA) into the 753 

toxic form, 5’-fluorouracil, allowing for selection of cells that have lost the URA3-754 

based plasmid by growth in media containing 5’-FOA (Sikorski and Boeke, 1991). In 755 

our case, the 5’-FOA provided negative selection for cells containing the URA7 756 

plasmid, while growth in media containing leucine provided positive selection for 757 

pNEV-N_TgCTP or pNEV-N_ScCTP1 plasmids.  758 
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Cells submitted to the transformation protocol were suspended in 100 µL of 1X 759 

TE buffer and plated on selective SC (synthetic dropout media) plates minus leucine 760 

(SC - Leu) but containing 1% of 5’-FOA and 2 % glucose. Plates were incubated at 30 761 

°C for three to four days. One colony was selected from each plate and streaked 762 

onto a master plate for subsequent experiments. Positive clones were also 763 

confirmed by PCR. Freezer stocks were made in 25 % glycerol by snap freezing in 764 

liquid N
2
.  765 

 766 

2.4   Assays 767 

2.4.1 Immuno-electron microscopy (IEM) 768 

 769 
Following the protocol previously described by Ingerson-mahar and coworkers 770 

(Ingerson-mahar et al., 2010), 20 µg of recombinant TgCTP protein, which had been 771 

purified under native conditions, were incubated in 50 mM Tris-HCl pH 8.0 772 

containing 1 mM UTP, 1 mM ATP, 0.2 mM GTP, 12 mM MgCl
2
 and 10 mM glutamine 773 

for 20 min at RT. Afterwards, the sample was applied to a grid, stained with 1 % 774 

uranyl acetate and visualized at 80 kV using a transmission scanning electron 775 

microscope at the Electron Microscopy Core Facility of the Molecular Cellular and 776 

Developmental Biology Department at Yale University. 777 

 778 

2.4.2  TgCTP enzymatic assays 779 

2.4.2.1 UV assay 780 

 781 
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TgCTP activity was determined at 37 °C using a spectrophotometric assay in a 782 

DU800 spectrophotometer (Beckman) equipped with a Peltier temperature-783 

controlled cuvette holder. The rate of increase in absorbance at 291 nm resulting 784 

from the conversion of UTP (ε = 182 M-1 cm-1) to CTP (ε = 1520 M-1 cm-1) (Long and 785 

Pardee, 1967) was followed for 10 min with saturating concentrations of L-786 

glutamine (4 mM) and NH
4
Cl (150 mM). The standard assay mixture consisted of 70 787 

mM HEPES buffer, pH 8, 0.5 mM EGTA, 10 mM MgCl
2
, 20 – 100 µg/mL TgCTP and 1 788 

mM UTP and 1 mM ATP in a total volume of 0.4 mL. Ionic strength was adjusted to 789 

0.2 M in all experiments using KCl. This mixture was pre-incubated for 3 min at 37 790 

°C followed by addition of L-glutamine (4 mM) or NH
4
Cl (150 mM) to initiate the 791 

reaction.  792 

 793 

2.4.2.2 Coupled assay 794 

 795 
TgCTP activity was also determined at 37 °C using a coupled assay in a 796 

Multiskan GO spectrophotometer (ThermoScientific). Assay parameters were fitted 797 

with the SkanItTM software. We used a pyruvate kinase/lactate dehydrogenase-798 

coupled system as previously described (Morrical et al., 1986). The standard assay 799 

mixture consisted of 70 mM HEPES pH 8.0, 12 mM MgCl
2
, 1 mM DTT, 2 mM 800 

phosphoenolpyruvate, 0.3 mM NADH, 2 U of pre-mixed pyruvate kinase and lactate 801 

dehydrogenase (Sigma), 36.5 nM of purified TgCTP, 0.4 mM GTP, 1 mM UTP, 1 mM 802 

ATP and 4 mM L-Gln in a total volume of 100 µL in a 96-well plate. Ionic strength 803 

was adjusted to 0.2 M in all experiments using KCl. The TgCTP recombinant protein 804 

activity was measured by monitoring NADH reduction at 340 nm for 10 min at 37 805 

ºC. 806 
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To determine TgCTP kinetic constants, one substrate concentration was varied: 807 

L-glutamine (0 – 4 mM), UTP (0 – 3 mM) or ATP (0 – 3 mM), while other substrates 808 

were maintained at saturating concentrations (highest concentration in the range 809 

indicated).  810 

The effect of guanidine 5ʹ- triphosphate (GTP) as an effector molecule to increase 811 

the glutamine-dependent activity of TgCTP, was tested at different concentrations of 812 

GTP between 0 – 1 mM. 813 

 814 

2.4.3 Cell culture 815 

2.4.3.1 Propagation of human foreskin fibroblast (HFF) 816 

cells 817 

 818 
Primary cell lines such as HFF are widely used to maintain T. gondii in culture 819 

in vitro. HFF cells present a strong contact inhibition and slow growth, forming a 820 

single confluent layer in cell culture flasks. However, splitting is only possible up to 821 

thirty passages.  822 

The cells were kept in DMEM complete medium (10 % FBS, 2 mM L-glutamine, 823 

1X MEM non essential amino acids, 1 % penicillin/streptomycin) in a humidified 824 

incubator (37 ºC at 5 % CO
2
). The cells were split using 1X trypsin/EDTA into new 825 

flasks every 3 – 4 days in a ratio of 1:3 or seeded into 6-cm dishes in a ratio of 1:5 826 

for Toxoplasma cultures.  827 

For freezer stocks, cell layers growing on the bottom of a culture flask were 828 

washed at least twice with 1X PBS to remove the FBS, which inactivates trypsin. Cell 829 

layers were then covered with 1X trypsin/EDTA and incubated for 1 to 3 minutes at 830 
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37 °C. Tapping of the culture flask helped to detach the cells from the surface. Cells 831 

were harvested by centrifugation (800 × g, 5 min, RT), resuspended in cell freezing 832 

solution (10 % DMSO in FBS) and transferred to cryogenic vials. Stocks were kept at -833 

80 ºC for 24 h before storage in liquid N
2
.  834 

 835 

2.4.3.2 Propagation of T. gondii tachyzoites 836 

 837 
To maintain T.gondii tachyzoites in culture, extracellular parasites were 838 

inoculated on confluent HFF cell layers until their complete lysis. All strains of T. 839 

gondii tachyzoites were maintained in a humidified incubator (37 ºC at 5 % CO
2
) 840 

using DMEM complete medium, although the FBS concentration was reduced to 3 % 841 

FBS during infection. T. gondii extracellular tachyzoites are able to survive 12 to 24 842 

hours after host cell lysis, and it is necessary to re-inoculate the parasites on fresh, 843 

confluent host cells. T. gondii strains were routinely cultured at a multiplicity of 844 

infection (MOI) of 3 every 2-3 days. 845 

In some cases, intracellular parasites must be extracted from host cells; to do 846 

this, the infected cells were scraped off the dish bottom with a cell scraper. 847 

Afterwards they were passed through a 26G needle to release the parasites from the 848 

host cells. The cell debris was removed by centrifugation (400 × g, 10 min, RT) 849 

 850 

2.4.3.3 Plaque assays 851 

 852 
As mentioned before, T. gondii is an intracellular parasite that passes through 853 

a lytic cycle during its intracellular replication. During the lytic cycle, the parasite 854 



	 45 

invades a host cell and after some rounds of replication, the newly formed parasites 855 

cause the lysis of host cells and the emerged parasites infect surrounding cells. The 856 

lytic cycle may be evidenced by observing cell-free areas or spots of lysed host cells, 857 

also known as plaques. Plaques are formed when a low number of parasites infect a 858 

monolayer of host cells. The plaque assays allow us to quantify the number of viable 859 

and infectious parasites that grow under certain conditions and compare it with a 860 

control sample (Black and Boothroyd, 2000). Plaques were imaged and analyzed 861 

using the ImageJ software (National Institute of Health, USA).  862 

For a plaque assay, 6-cm dishes containing a monolayer of HFF cells were 863 

inoculated with 250 – 350 parasites. Plates were incubated without perturbation 864 

under standard growth conditions. After 7 days, the cell monolayers were fixed 865 

using 100 % methanol (precooled at -80 ºC for at least 20 min) for 5 – 10 min. 866 

Subsequently, staining was performed adding 1 – 2 mL crystal violet solution (see 867 

appendix 6.3.2 for recipe information), incubated for 10 min for staining and 868 

followed by washes with 1X PBS. Three independent biological replicates were made 869 

in order to calculate the mean of the quantity and area of the plaques under each 870 

evaluated condition. The mean area of at least 50 plaques of each experiment was 871 

determined for evaluating the parasite growth.  872 

 873 

2.4.3.4 Indirect immune-fluorescence assays (IFAs) 874 

 875 
Confluent HFFs cells were grown on round glass coverslips within 24-well 876 

plates and were infected with T. gondii tachyzoites from the desired strains. After 877 

the required incubation time, the media was removed, and the infected cells were 878 

washed twice with 1X PBS. Fixation was performed with 4 % paraformaldehyde (PFA) 879 
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for 10 min at RT followed by a neutralization step in 0.1 M glycine/PBS for 5 min. 880 

Subsequently, cells were permeabilized in 0.2 % Triton-X100/PBS for 20 min. Then, 881 

blocking solution (2 % BSA in 0.2 % Triton-X100/PBS) was added for 30 min in order 882 

to avoid non-specific binding of the primary antibody. Primary and secondary 883 

antibody working solutions were always prepared in blocking solution. The 884 

coverslips were incubated for 1 h in the primary antibody solution (see section 6.1.4 885 

for dilution used) and washed 3 times for 5 min each in 0.2 % Triton-X100/PBS. 886 

Afterwards, treatment with appropiate secondary antibodies (Invitrogen) diluted 887 

(1:3,000) in blocking solution (Alexa-Fluor 488/Alexa-Fluor 594 conjugated goat 888 

anti-mouse or anti-rabbit) for 45-60 min in the dark was performed. Unbound 889 

secondary antibody was removed by washing the coverslips in PBS 3 times for 5 890 

min. Finally the samples were mounted with DAPI-Fluoromount G (SouthernBiotech) 891 

on glass slides. Fluorescent imaging was performed using either an ApoTome 892 

Imager.Z2 microscope (Carl-Zeiss, Germany) or an Olympus FluoViewTM FV1000 893 

unit with IX71 motorized inverted microscope (Olympus, USA). For imaging with the 894 

ApoTome Imager.Z2 microscope, the 63x oil immersion lens was used with the 895 

following filter sets: 38HE eGFP (green), 43HE Cy3 (red) and 49 DAPI (blue) and the 896 

optical configuration was set up with the Axiovision software (Carl-Zeiss). For 897 

imaging with the Olympus FluoViewTM confocal microscope, the 60x oil immersion 898 

lens was used with the following filter sets: U-MNIBA3 (green), U-MWIG3 (red) and U-899 

MWU2 (blue) and the optical configuration was set up with the Olympus FluoView 900 

software (Olympus). 901 

 902 

2.4.3.5 Replication assays 903 

 904 
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The replication assays were used to evaluate the ability of T. gondii tachyzoites 905 

to reproduce intracellularly under various conditions. Confluent HFFs cells were 906 

grown on round glass coverslips within 24-well plates and infected with freshly 907 

lysed out parasites at a MOI of 3. IFAs were performed 27 - 29 hpi (hours post-908 

infection) using anti-c-myc (1:1000, mouse, Sigma) and anti-TgHsp90 (1:500, rabbit, 909 

Abcam) or anti-TgDHO (1:500, rabbit, Strategic Biosolutions) antibody. Three 910 

independent biological experiments were performed. For each assay, the number of 911 

parasites per vacuole was counted for around 100 vacuoles to compare the 912 

replication rates under different conditions.  913 

 914 

2.5   Genetic manipulation of T. gondii 915 

 916 
To isolate parasites for DNA transfection, HFF cells were infected (MOI: 3) and 917 

freshly lysed out parasites were harvested by centrifugation (400 × g, 10 min, RT). 918 

Parasites were suspended in Cytomix (see section 6.3.2 for recipe information) for 919 

counting. To determine the number of tachyzoites per mL a Neubauer counting 920 

chamber was employed, placing 10 µL of parasite suspension between the chamber 921 

and a coverslip. About 1x107 parasites were used for one single transfection.  922 

 923 

2.5.1 Stable transfection 924 

 925 
The DNA was transfected into T. gondii tachyzoites via electroporation. Ethanol-926 

precipitated plasmid DNA, 10 – 20 µg, (see section 2.1.7 for detailed information) 927 

was resuspended in 10 µL ddH
2
O before transfection. The parasite suspension (100 928 
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µL, ≈ 2 x 106 tachyzoites) was supplemented with 2 µL ATP (100 mM) and 2 µL GSH 929 

(250 mM) and subsequently it was mixed with the DNA suspension and transferred 930 

into electroporation cuvettes. The Amaxa Nucleofector device (Lonza) was set to the 931 

T-16 program and the electroporation was performed by one pulse. The transfected 932 

parasites were immediately transferred onto HFF cells for further experiments. 933 

However, 10 – 20 µL of the transfected parasites were transferred onto HFF cells 934 

grown on glass coverslips to perform IFA. This allowed us to determine the 935 

transfection rate and to observe the transient DNA expression in T. gondii. 936 

Parasites stably expressing a specific DNA were produced after applying the 937 

selection corresponding to the gene selection marker employed for each construct 938 

(i.e. DHFR – resistance to pyrimethamine, CAT – resistance to chloramphenicol, etc.) 939 

as described below.  940 

 941 

2.5.2 Isolation of single stable, T. gondii tachyzoites clones 942 

by limiting dilution 943 

 944 
The production of a clonal parasite line, in which the whole population was 945 

expressing the gene of interest, was performed subcloning the parasite pool via 946 

limited dilution in a 96 well plate. HFFs confluent cells were grown on a 96 well 947 

plate. Freshly lysed out parasites were counted and serially diluted in DMEM media 948 

to infect at one parasite per well. Plates were incubated under standard growth 949 

conditions for 7 days without perturbation. Afterwards, the presence of only one 950 

plaque per well was checked at 4x magnification using an inverted microscope. The 951 

parasites within each well were recovered and transferred onto 24-well plate 952 
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containing confluent HFF cells. The clonal parasite lines obtained were submitted to 953 

gDNA extraction and/or immunofluorescence experiments.  954 

 955 

2.6   Genetic manipulation of the TgCTP gene for 956 

subcellular localization 957 

 958 
Two different constructs were designed to determine the TgCTP localization in T. 959 

gondii tachyzoites. In the first one, the TgCTP locus was not modified but a copy of 960 

TgCTP ORF plus c-myc tag was introduced in the TgUPRT (uracil 961 

phosphoribosyltransferase) locus. For the second construct, the 3’ terminus of 962 

TgCTP endogenous gene was replaced by the same sequence where the stop codon 963 

was removed and the c-myc tag was added. Primers used for genetic manipulation 964 

are listed in Table 2 (section 6.2 oligonucleotides) 965 

 966 

2.6.1 Ectopic expression of TgCTP 967 

 968 
The ORF of TgCTP was amplified using Pfu Ultra II fusion HS DNA polymerase 969 

(Agilent technologies) from template cDNA extracted from RH tachyzoites. The 970 

reverse primer did not include the stop codon but instead the c-myc tag was added. 971 

The PCR product was digested and cloned into the pTgGRA2-UPKO plasmid using 972 

NsiI and PacI sites. The construct was transformed into XL1-b E. coli competent cells. 973 

The Δku80-TaTi strain of T. gondii was transfected with 10 µg of the linearized 974 

construct (ApaI) using the Amaxa Nucleofector device.  975 

The UPKO-based vectors were designed to allow a targeted insertion of the ORF of 976 

interest at the TgUPRT locus without affecting the parasite viability which is able to 977 
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obtain pyrimidines by de novo synthesis (Donald and Roos, 1995). Parasites with a 978 

disrupted UPRT gene locus are resistant to 5-fluoro-2’-deoxyuridine (FUDR) (Donald 979 

and Roos, 1995). 980 

Transfected parasites were passaged for 2-3 cycles in DMEM without selection 981 

before adding 5 µM FUDR. Stable, drug-resistant transgenic parasites were usually 982 

obtained after 1-2 weeks and confirmed by IFA. 983 

 984 

2.6.2 Endogenous expression of TgCTP 985 

 986 
gDNA was extracted from RH tachyzoites to amplify a portion of 1.2 kb of the 987 

3’-end of the TgCTP gene. As in the first construct, the reverse primer did not 988 

include the stop codon but instead the c-myc tag was added. The PCR product was 989 

digested and ligated into pTKO-HXGPRT vector via XcmI and EcoRI digestion. This 990 

vector includes the hypoxanthine xanthine guanine phosphoribosyl – transferase 991 

(HXGPRT) resistance cassette for selecting transgenic parasites. Bacterial clones 992 

containing the plasmid for internal tagging were confirmed by sequencing. The 993 

construct (10-15 µg) was linearized by SgrAI digestion and used to transfect 994 

tachyzoites of the T. gondii Δku80-hxgprt– strain. The transfected parasites were 995 

added to the HFF monolayer cells without selection for 12 – 20 h. Afterwards, the 996 

standard culture media was replaced by media containing 25 µg/mL mycophenolic 997 

acid (MPA) and 50 µg/mL xanthine (XA) for selecting stable, transgenic parasites 998 

expressing HXGPRT. A clonal stable parasite line was isolated via limiting dilution.  999 

 1000 
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2.7   Genetic manipulation of the TgCTP gene for mutant 1001 

construction 1002 

	1003 

2.7.1  3’-UTR mRNA destabilization 1004 

 1005 
A segment of 1.2 kb of the 3’-end of the TgCTP genomic sequence was amplified 1006 

and cloned into the pG152 vector by ligation independent cloning. Linearized 1007 

plasmid (XhoI, 10 – 15 µg) was used to transfect tachyzoites from the Δku80::diCre 1008 

strain. Transgenic parasites were selected for HXGPRT expression as described 1009 

above.  1010 

 1011 

2.7.2 TgCTP mutant by Cre recombinase activity 1012 

 1013 
The TgCTP 5’-UTR (1.5 kb) was amplified from gDNA and cloned into the pG140 1014 

vector using ApaI. Then, 1.2 kb of the TgCTP 3’-UTR was inserted in the SacI site. 1015 

The TgCTP ORF was amplified from cDNA and cloned using MfeI and PacI restriction 1016 

sites. The resulting vector contained the 5’- and 3’-UTR of the TgCTP gene flanking a 1017 

copy of the TgCTP coding sequence fused to a c-myc tag (pG140-TgCTP-5’UTR - 1018 

TgCTPc-myc - TgCTP-3’UTR). Transgenic parasites were selected for HXGPRT 1019 

expression as described above.  1020 

 1021 

2.7.3 Conditional mutant 1022 

 1023 
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This approach consisted of two different constructs transfected in steps. First, a 1024 

tetracycline-regulatable copy of the C-terminally c-myc-tagged TgCTP ORF was 1025 

inserted at the TgUPRT locus via double homologous recombination as follows. The 1026 

TgCTP ORF was amplified from cDNA and digested with BspHI and PacI. The 1027 

pNTP3TetO7Sag1 vector was digested with NcoI and PacI and the insert was cloned 1028 

using T4 ligase. Bacterial clones, containing the resulting vector (pNTP3TetO7Sag1-1029 

TgCTP-c-myc), were confirmed by sequencing. The construct was linearized using 1030 

ApaI and NcoI restriction enzymes and 15 µg of DNA were transfected into the 1031 

Δku80-TaTi strain. Transgenic parasites were selected with 5 µM FUDR. A clonal line 1032 

was isolated by limited dilution. The tetracycline regulation of TgCTP-c-myc was 1033 

confirmed by IFA using the mouse anti-c-myc antibody (1:1,000). The IFA 1034 

experiments also included a comparison between parasites cultured without 1035 

anhydrotetracycline (ATc) versus parasites cultured for 40 h in media containing 0.5 1036 

µM ATc.  1037 

Second, the 5’UTR (1 kb) and 3’UTR (1.2 kb) fragments of the TgCTP gene were 1038 

amplified from gDNA. The 5’UTR and 3’UTR were cloned flanking the 1039 

chloramphenicol acetyltransferase (CAT) resistance cassette. The 5’UTR was cloned 1040 

at the ApaI site and the 3’UTR at the XhoI/XbaI sites. The construct (15 µg) was 1041 

linearized with XbaI and transfected into the parasites obtained in step one 1042 

(parasites where the TgUPRT locus was replaced by TgCTP-c-myc). Stable selection 1043 

was achieved culturing the transfected parasites in media containing 34 µg/mL 1044 

chloramphenicol. After 11 days, stable, replicating parasites were obtained and 1045 

cloned by limited dilution. More than 30 clones were screened for double 1046 

homologous crossover in the TgCTP locus by PCR with gDNA. 1047 



	 53 

The second step was repeated with a different selection method. In this case, 1048 

the 5’UTR (1 kb) and 3’UTR (1.2 kb) fragments, of TgCTP gene, were cloned into 1049 

pTKO-DHFR-TS vector flanking the dihydrofolate reductase – thymidylate synthase 1050 

(DHFR-TS) resistance cassette. The 5’UTR was cloned at the XcmI/SpeI sites and the 1051 

3’UTR at the HpaI/ApaI sites. The construct (15 µg) was linearized with ApaI and 1052 

transfected into the parasites obtained in step one (parasites where the TgUPRT 1053 

locus was replaced by TgCTP-c-myc). Stable selection was achieved culturing the 1054 

transfected parasites in media containing 1 µM pyrimethamine. After 12 days, 1055 

stable, replicating parasites were obtained and cloned by limited dilution. More than 1056 

20 clones were screened for double homologous crossover in the TgCTP locus by 1057 

PCR with gDNA. 1058 

 1059 

2.8   Bioinformatics 1060 

 1061 
Sequences for the CTP synthases alignment were recovered from NCBI 1062 

(http://www.ncbi.nlm.nih.gov/) using the Basic-Local-Alignment-Search-Tool (BLAST) 1063 

algorithm. Alignment was performed using Multiple Alignment using Fast Fourier 1064 

Transform (MAFFT) at the STRAP web server (Gille et al., 2014) 1065 

(http://www.bioinformatics.org/strap/). 1066 

ToxoDB (http://ToxoDB.org/) was employed to obtain the genomic sequence of 1067 

TgCTP to design primers and constructs.    1068 



	 54 

3    RESULTS 1069 

 1070 
The TgCTP putative sequence was identified in the T. gondii genome database, 1071 

ToxoDB. This sequence was located on chromosome III in the position 2,114,028 to 1072 

2,121,087 (TGME49_299210) in the forward strand. It is flanked upstream by an 1073 

open reading frame of a conserved hypothetical protein and downstream by a 1074 

putative transport protein particle (TRAPP) component, Bet3, both located on the 1075 

reverse strand.  1076 

The TgCTP genomic sequence consists of 6 exons and 5 introns. The coding 1077 

sequence consists of 1959 nucleotides encoding a putative protein of 652 amino 1078 

acids. The putative TgCTP has a calculated molecular mass of 70,999 kDa and a pI 1079 

of 6.86.  1080 

CTP synthase is a protein conserved among different species. TgCTP is more 1081 

similar to the enzymes of lower eukaryotes, such as S. cerevisiae, and higher 1082 

eukaryotes, such as H. sapiens, than those of lower eukaryotic parasites, such as P. 1083 

falciparum and L. major (Fig. S1). TgCTP protein shows 39% and 49% identity with 1084 

CTP synthase from L. major (LmCTP) and CTP synthase from P. falciparum (PfCTP), 1085 

respectively. The percent identity between the amino acid sequence of TgCTP and 1086 

both CTP synthases from mammalian cells, HsCTP1 and HsCTP2, is 51 %. TgCTP has 1087 

a unique N-terminal extension (57 amino acids compared to most other CTP 1088 

synthases) and a unique insertion of 10 residues from T330 to Gly339 (Fig. S1). 1089 

Based on the predicted amino acid sequence, TgCTP presents two conserved 1090 

domains, an N-terminal synthase domain and C-terminal glutaminase domain (Fig. 1091 

S1). Proteins with a glutaminase domain are named amidotransferases and catalyse 1092 
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the hydrolysis of L-glutamine to produce an ammonium group. These have been 1093 

classified into two families, type I that use a Cys-His-Glu catalytic triad, and type II 1094 

that only use an N-terminal Cys (Massière & Badet-Denisot, 1998). As is the case for 1095 

other CTP synthases, TgCTP is a type I enzyme, because the conserved catalytic 1096 

triad is present, Cys474 - His604 - Glu606 (Fig. S1). 1097 

 1098 

3.1 TgCTP encoded an active CTP synthase 1099 

 1100 
A key question concerning TgCTP was its function in vivo. To address this issue, 1101 

functional complementation studies in yeast were performed. We tested whether 1102 

CTP synthase from the parasite T. gondii was functional for complementation in 1103 

yeast lacking CTP synthase activity (ura7Δ ura8Δ).  1104 

S. cerevisiae contains two genes, ura7 and ura8, encoding ScCTP1 and ScCTP2, 1105 

respectively. Either gene allows the development of yeast, at least under standard 1106 

laboratory conditions, however the double mutant results in a lethal phenotype 1107 

(Ozier-Kalogeropoulos et al., 1994). Ozier-Kalogeropoulos and coworkers designed 1108 

the strain SDO195 (ura7Δ ura8Δ), where the chromosomal copies of ura7 and ura8 1109 

were replaced. As mentioned, the double mutant is lethal, so that the survival of this 1110 

strain depends on the presence of a URA3 plasmid that contains a copy of ScCTP1 1111 

(ura7 gene). The URA3 selection marker confers uracil prototrophy allowing the 1112 

SDO195 strain growth on uracil-deficient media (Ozier-Kalogeropoulos et al., 1994). 1113 

The SDO195 strain was kindly provided by Dr. G.M. Carman from the Department of 1114 

Food Science, Rutgers University, New Jersey, USA.  1115 

 1116 



	 56 

	1117 

	1118 
Figure 7. Functional complementation of yeast CTP synthase doupble mutant by 1119 

TgCTP. A. A plasmid shuffling technique was applied to test TgCTP function in vivo in 1120 

S. cerevisiae. The starting strain SDO195 (ura7Δ ura8Δ double mutant) was produced 1121 

by Ozier-Kalogeropoulos and coworkers (Ozier-Kalogeropoulos et al., 1994). During the 1122 

first selection step, transformants were selected in SC media without uracil and 1123 

leucine. In the second selection step, transformants were plated out on SC media 1124 

without leucine, but containing 1 % FOA. B. The SDO195 strain was transformed with a 1125 

LEU2 plasmid having the TgCTP gene. Resultant transformants were selected in SC 1126 

media without uracil and leucine to select colonies carrying the two plasmids, and SC 1127 

media without leucine but containing uracil. C. A colony of each transformant, carrying 1128 

two plasmids, was streaked out on SC –LEU +FOA and SC –LEU -URA +FOA media. 1129 

ScCTP1 was used as a positive control and the empty vector was the negative control. 1130 

D. The loss of ScCTP1/URA3 plasmid was confirmed by PCR in the cells transformed 1131 

with the TgCTP/LEU2 plasmid. After the yeast first selection step, colony PCR showed 1132 

the presence of both plasmids. Lane 1. PCR product obtained using specific primers 1133 

for the TgCTP/LEU2 plasmid. Lane 2. PCR product obtained using specific primers for 1134 

the ScCTP1/URA3 plasmid. Grown colonies after the FOA treatment were indeed found 1135 

to contain only TgCTP/LEU2 plasmid. Lane 3. PCR product obtained using specific 1136 
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primers for the TgCTP/LEU2 plasmid. Lane 4. No amplification was obtained using 1137 

specific primers for the ScCTP1/URA3 plasmid. 1138 

 1139 

Complementation of the lethal double mutant (ura7∆ ura8∆) in S. cerevisiae by 1140 

TgCTP was assessed using a plasmid shuffling approach. The TgCTP ORF was 1141 

amplified from parasite cDNA and ScCTP1 was amplified from yeast gDNA. The 1142 

ORFs of TgCTP and ScCTP1 were cloned into the pNEV-N-Leu vector and 1143 

transformed in competent SDO195 cells (Fig. 7A). The pNEV-N-Leu plasmid allows 1144 

the constitutive expression of the protein of interest under the control of the ATP 1145 

synthase promoter (pPMA1) of S. cerevisiae (Sauer and Stolz, 1994). The empty 1146 

vector was also transformed into SDO195 strain to be used as a negative control. 1147 

Transformation was performed using the standard lithium acetate yeast 1148 

transformation protocol. Transformants were selected on plates of synthetic 1149 

complete media (SC) without leucine or uracil, or on SC media without leucine but 1150 

containing uracil (Fig. 7B). Colonies selected by these media contained two plasmids. 1151 

For TgCTP transformants, the plasmids were TgCTP/LEU2 and ScCTP1/URA3, which 1152 

were confirmed by PCR (Fig. 7D). In the positive control, the plasmids were 1153 

ScCTP1/LEU2 and ScCTP1/URA3, while in the negative control the plasmids were 1154 

pNEV-N/LEU2 and ScCTP1/URA3 (Fig. 7B). 1155 

Plasmid shuffling by counter-selection was performed growing a colony of each 1156 

cell line on SC media without leucine and containing 1 % of 5’- fluoorotic acid (5’-1157 

FOA). Plates were incubated at 30 ºC for 2 – 3 days (Fig. 7C). Grown colonies were 1158 

screened by PCR. Loss of the ScCTP1/URA3 plasmid was confirmed by PCR in the 1159 

TgCTP transformant cell line as well as in the positive control (Fig. 7D).  1160 

Unlike the negative control, TgCTP permitted growth of S. cerevisiae on the 1161 
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selective medium, indicating that parasite protein was functional in yeast, being 1162 

capable of substituting for the yeast protein in vivo. The resulting strain was 1163 

auxotrophic for uracil (Fig. 7C). 1164 

	1165 

3.2 Expression and purification of TgCTP recombinant 1166 

protein  1167 

 1168 
A T. gondii cDNA library was obtained from the AIDS Research and Reference 1169 

Reagent Program. The library contained inserts of 1.2 kb on average, cloned into the 1170 

EcoRI - XhoI cloning site of the Lambda Zap II vector. The cDNA library was 1171 

preamplified in E. coli XL1-BlueMRF’ cells, according to manufacturer’s 1172 

recommendations (Stratagene). This mixture was distributed into a 96-well plate, 1173 

and screened using the PCR method described by Israel (Israel, 1993). Briefly, wells 1174 

that were positive by PCR using three sets of primers based on TgCTP exons 1, 4 1175 

and 6 were selected for distribution onto a second plate. According to library 1176 

titration, 6 × 105 phages were distributed on the first plate (6.3 × 103 phages/well) 1177 

and those were further distributed on the second plate (6.5 phages/well). On the 1178 

second plate, the F9 well was positive by PCR using all sets of primers. The double 1179 

agar technique (Sambrook and Russell, 2001) was performed twice in order to 1180 

obtain only one phage containing TgCTP sequence. Lysis plaques were recovered in 1181 

SM buffer and were screened by PCR. The isolated phage was packed as a phagemid 1182 

in the presence of helper phage (Strategene). The full-length putative coding 1183 

sequence of TgCTP was amplified from the isolated phage, confirmed by sequencing 1184 

and submitted to GenBank (accession number: JN847214.1). 1185 

 1186 
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3.2.1 Full-length TgCTP recombinant protein exhibited poor 1187 

solubility under standard expression conditions in E. 1188 

coli 1189 

 1190 
The ORF of TgCTP (1.96 kb) was first cloned into the pGEM-T Easy vector 1191 

(Promega) and then subcloned into the pET-19b expression vector (Novagen). The 1192 

pET19b-TgCTP construct was fully sequenced, and the PCR amplification of the 1193 

upstream and downstream flanking regions confirmed the presence of an in-frame 1194 

start codon and a stop codon. 1195 

 The pET19b-TgCTP construct was transformed into E. coli BL21CodonPlus 1196 

(DE3)RP bacterial cells and cultured in the presence of 1 mM IPTG at 37 ºC, resulting 1197 

in overexpression of the recombinant TgCTP (Fig. 8A). Induced cells bearing the 1198 

pET19b-TgCTP plasmid showed the presence of a band near 74 kDa, the expected 1199 

size for TgCTP containing an N-terminal histidine tag (Fig. 8A). The overexpressed 1200 

protein was not present in extracts of induced cells carrying the empty pET-19 1201 

vector (data not shown). 1202 

A small amount of soluble 74 kDa protein was observed in the sonicate 1203 

supernatant by SDS-PAGE and was confirmed by western blot using anti-his tag 1204 

antibodies (Fig. 8A). However, most of the recombinant protein was insoluble. 1205 

Formation of inclusion bodies have been reported for recombinant CTP synthases 1206 

from P. falciparum (Yuan et al., 2005) and T. brucei (Fijolek et al., 2007). Induction 1207 

conditions were adjusted to maximize expression of soluble protein: transformed 1208 

cells were grown to O.D.
600nm

 0.3 at 37 °C, the temperature was lowered to 25 °C until 1209 

O.D.
600nm

 0.6, then 1 mM IPTG was added, and cells were harvested 2 h post-1210 

induction. The soluble recombinant TgCTP protein from bacterial extracts was 1211 
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purified by His-tag technology (Ni+2-NTA column, Qiagen). Elution fractions were 1212 

concentrated using an Amicon® centrifugal filter unit (Millipore, 100 kDa, MWCO) 1213 

following by visualization on a 12% denaturing gel stained with Coomassie blue (Fig. 1214 

8B). Purified protein was measured by the Bradford assay (BioRad) with bovine 1215 

serum albumin as the standard. A yield of ≈ 0.23 mg protein per 1 L cell culture was 1216 

eluted from the column. Because TgCTP represented less than 10 % of the total 1217 

protein eluted during this affinity purification, the yield of TgCTP was actually ≤ 1218 

0.02 mg per 1L cell culture (Fig. 8B). Thus, the standard expression and purification 1219 

conditions to produce TgCTP in this E. coli system were limited by poor yield and a 1220 

very low purity of the protein of interest (Fig. 8B).  1221 

TgCTP recombinant protein, obtained under standard expression conditions, 1222 

was active using L-glutamine and GTP in a spectrophotometric assay at 37 °C. The 1223 

conversion of UTP to CTP was determined by following the increase in absorbance 1224 

at 291 nm (Long and Pardee, 1967). The specific activity of TgCTP ranged between 1225 

3.7 and 4.3 μmol of CTP/min per mg, and was linear with enzyme concentration. 1226 

 1227 
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 1228 

Figure 8. Recombinant expression of TgCTP. A.  A small amount of soluble 1229 

recombinant protein was observed by SDS-PAGE (left panel), and was confirmed by 1230 

western blot using anti-His tag antibodies (right panel). Lane 1, pellet obtained after 1231 

centrifugation of sonicated induced cells; Lane 2, supernatant obtained after 1232 

centrifugation of sonicated induced cells. STD, 6xHis protein ladder (Qiagen). B.  1233 

TgCTP obtained under standard expression conditions, and concentrated with  a 1234 

centrifugal filter (100 kDa, MWCO, Millipore). The molecular weight marker used was 1235 

PageRuler plus prestained protein ladder (ThermoScientific). The arrow indicates the 1236 

band corresponding to TgCTP, which was confirmed by western blot (data not 1237 

shown). 1238 

	1239 
Several expression and purification conditions were tested to maximize the 1240 

amounts of soluble and active TgCTP recombinant protein in order to perform 1241 

kinetic characterization (Fig. 9). Fijolek and coworkers used TB media to produce 1242 

CTP synthase from Trypanosoma brucei (TbCTP) in soluble form (Fijolek et al., 2007; 1243 

Steeves and Bearne, 2011). Thus, The expression of TgCTP was induced in TB media 1244 
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and 0.2 mM IPTG at 15 ºC for 2 days. The yield of soluble protein using this 1245 

approach increased considerably, obtaining ≈ 0.43 mg purified protein per 1 L cell 1246 

culture (Fig. 9A). Unfortunately the protein was inactive using L-glutamine and GTP 1247 

in a spectrophotometric assay (data not shown).  1248 

 1249 

	1250 

Figure 9. SDS-PAGE of TgCTP produced under different conditions. In all cases 1251 

only one elution fraction obtained after affinity chromatography using Co+2 resin is 1252 

shown. A. Induction of expression of TgCTP in TB media at low temperature in the 1253 

presence of low concentrations of IPTG. B. TgCTP produced by autoinduction in 1254 

minimal medium. C. TgCTP protein recovered from inclusion bodies using urea in 1255 

the presence of reduced/oxidized glutathione (10 GSH/1 GSSG). The blue arrow 1256 

indicates the bands corresponding to TgCTP, which were confirmed by western blot 1257 

(data not shown). The PageRuler plus prestained protein ladder (ThermoScientific) 1258 

was used as a standard. 1259 

 1260 
Genes cloned under control of the T7 promoter are transcribed by T7 RNA 1261 

polymerase which is very active, and can express the protein of interest even in 1262 

absence of the inductor, IPTG (Studier, 2005). The autoinduction culture media, that 1263 

contains 0.05 % glucose and 0.2 % lactose, induces protein expression in E. coli when 1264 

cells reach saturation, because lactose works as an inducer, but the presence of 0.05 1265 
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% glucose blocks the induction by lactose during the early stage of growth (Studier, 1266 

2005). This regulation of the expression process allows the production of proteins 1267 

that are highly toxic for the host cell (Studier, 2005). Thus, TgCTP was autoinduced 1268 

in minimal media for 48 h at 18 ºC (Fig. 9B). The yield resulting from the 1269 

autoinduction procedure was ≈  0.31 mg per liter of cell culture,  however, the 1270 

protein did not show CTP synthase activity (data not shown). 1271 

Full-length TgCTP recombinant protein exhibited poor solubility under standard 1272 

expression conditions in E. coli, and a large amount of protein formed inclusion 1273 

bodies. The inclusion bodies were solubilized with 6 M urea or 5 M guanidine 1274 

chloride, however higher amounts of protein were obtained using urea than 1275 

guanidine (data not shown). The change in protein conformation from the unfolded 1276 

to the folded state was performed by solid phase refolding (Tsumoto et al., 2003). 1277 

All buffers used during refolding contained 5 mM GSH and 0.5 mM GSSG to favor 1278 

the formation of disulphide bonds (Burgess, 2009). The TgCTP solubilized from 1279 

inclusion bodies was bound to Co+2 resin in the presence of 6 M urea. Then, the 1280 

denaturant concentration on the column was decreased with a stepped gradient of 1281 

urea (6 M to 0 M). Elution of refolded TgCTP protein from the column was 1282 

performed in the absence of urea but in the presence of folding enhancers such as 1283 

GSSG, GSH, DTT and glycerol. The yield for the refolding procedure using urea was ≈ 1284 

0.75 mg/L of  cell culture (Fig. 9C), while the yield for the refolding procedure using 1285 

guanidine was ≈ 0.56 mg/L of cell  culture (data not shown). The  refolded TgCTP 1286 

protein was active both by a spectrophotometric assay and by a coupled assay (for 1287 

detailed information see section 2.4.2). 1288 

 1289 
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3.2.2 Expression of a truncated TgCTP 1290 

 1291 
There are many high throughput proteomics studies that give valuable 1292 

information about the proteins present in of T. gondii in different infectious stages. 1293 

Dybas and coworkers performed a proteomic experiment where tachyzoites were 1294 

lysed out and two fractions (membrane and cytosolic) were separately analyzed by 1295 

mass spectrometry. Interestingly, two peptides of the unique N-terminus of TgCTP 1296 

were found in the membrane fraction, while 20 peptides of the rest of the TgCTP 1297 

sequence were found in the cytosolic fraction (Fig. 10A) (Dybas et al., 2008).  1298 

 1299 

	1300 

Figure 10. Design and production of a truncated version of TgCTP. A. Schematic 1301 

representation of TgCTP protein sequence of 652 amino acids (gray). The unique N-1302 

terminal extension is depicted by an orange square, and its sequence is shown below. 1303 

Peptides found in the cytosolic fraction by Dybas and coworkers are indicated by blue 1304 

lines above the TgCTP representation, while peptides found in the membrane fraction 1305 

are shown by green lines, and are underlined in the sequence (Dybas et al., 2008). B. An 1306 

elution fraction of truncated TgCTP obtained after purification by affinity 1307 

chromatography using Co+2 resin. PageRuler unstained broad range protein ladder 1308 

(ThermoScientific) was used as the standard. The blue arrow indicates the band 1309 

corresponding to truncated TgCTP. 1310 
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Taking into account the mass spectrometry data, a TgCTP lacking its first 57 1311 

residues was cloned into the pET-15b vector. A 6xHis-TgCTP truncated protein was 1312 

expressed and purified under standard native conditions as described above. A 1313 

significant amount of soluble truncated TgCTP (≈ 67.5 kDa) was obtained (Fig. 10B). 1314 

Expression of TgCTP lacking the N-terminal extension yielded soluble TgCTP at a 1315 

yield of 0.2 mg of protein per liter of culture, but with ≤ 80% purity according to 1316 

SDS-PAGE (Fig. 10B). TgCTP truncated protein was active measured by a coupled 1317 

assay (see section 2.4.2.2). 1318 

The TgCTP full-length protein obtained by all methods, and the truncated native 1319 

protein show a slower migration on SDS-PAGE. The expected size for the full-length 1320 

TgCTP is around 74 kDa, however the mass calculated from its migration on SDS-1321 

PAGE was 81 kDa (data not shown). This phenomenon was also observed in other 1322 

CTP synthases (Nadkarni et al., 1995; Han et al., 2005). For example, HsCTP1 with an 1323 

expected size of 70 kDa and HsCTP2 of 69 kDa, migrated on SDS-PAGE at 75 kDa 1324 

and 73 kDa, respectively (Han et al., 2005). 1325 

 1326 

3.3 Kinetic properties of recombinant TgCTP 1327 

 1328 
Because the highest yield and purity of TgCTP recombinant protein were 1329 

obtained by refolding, protein purified by that method was used to perform the 1330 

kinetic characterization. Currently, there are different assay methods available for 1331 

estimating CTP synthase activity. TgCTP activity was measured by two methods, an 1332 

UV spectrophometric assay monitoring the increase in the absorbance at 291 nm 1333 

caused by the conversion of UTP (ε = 182 M-1 cm-1) to CTP (ε = 1520 M-1 cm-1) (Long 1334 

and Pardee, 1967), and a visible spectrophotometric method using the pyruvate 1335 
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kinase/lactate dehydrogenase coupled system (Morrical et al., 1986). The visible 1336 

spectrophotometric method has been used by other authors to measure CTP 1337 

synthase activity (Conti et al., 2011; Tamborini et al., 2012). In this method, the ADP, 1338 

produced in the CTP synthase reaction, reacts with phosphoenolpyruvate to form 1339 

pyruvate and ATP, a reaction catalyzed by pyruvate kinase. Finally, the lactate 1340 

dehydrogenase converts pyruvate into lactate, thereby oxidizing NADH to NAD+. The 1341 

TgCTP-dependent decreases in the NADH absorption (340 nm) was followed during 1342 

10 min at 37 ºC. The coupled assay was used to measure the steady-state kinetics 1343 

for all substrates. One ligand was varied (0 – 1 mM GTP; 0 – 3 mM ATP; 0 – 3 mM 1344 

UTP; or 0 – 4 mM L-glutamine), while the other substrates were kept constant (0.4 1345 

mM GTP, 1 mM ATP, 1 mM UTP or 4 mM L-glutamine). Kinetic data obtained for L-1346 

glutamine and ATP were fitted to the Michaelis-Menten equation using nonlinear 1347 

regression (GraphPad Prism v6.0e). Kinetic data obtained for UTP were fitted to the 1348 

allosteric sigmoidal equation using nonlinear regression (GraphPad Prism v6.0e), 1349 

and GTP kinetic data were fitted to an effector inhibition equation (Steeves and 1350 

Bearne, 2011) by nonlinear regression (GraphPad Prism v6.0e).  1351 

The kinetic properties of his-tagged TgCTP protein recovered by refolding from 1352 

inclusion bodies (full length refolded) are shown in Table 1.  1353 

 1354 

Organism Substrate 
V

max 

(U mg-1) 

K
m
 (mM) K

0.5

 (mM) k
cat

 (s-1) 
k

cat
 / K

m
 

(s-1 mM-1) 
Reference 

T. gondii 
(full length 

refolded)a 

L-Gln 24.0 ± 0.9 0.26 ± 0.04  29.6 114 

This work UTP 25.9 ± 0.9 
 

   0.47 ± 0.03 
h= 1.60 ± 0.14 

31.9 105.6 

ATP 29.2 ± 0.9 0.54 ± 0.05 
 

36 66.7 
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T. gondii 
(native 

truncated) a 
UTP 31.3 ± 20  

   0.41 ± 0.06 
h= 1.14 ± 0.15 

38.6 104.3 This work 

T. gondii 
(native full 

length) a 
UTP 24.9 ± 3.0  

   0.41 ± 0.09  
h= 1.40 ± 0.37 

30.7 105.9 This work 

Lactococcus 
lactis 

L-Gln - 0.52 ± 0.11 - - - 

(Wadskov-
Hansen et al., 

2001) 

UTP -  
  0.08 ±  0.01 

h=1.88 ± 0.16 
- - 

ATP -  
  0.097 ± 0.02 
h=1.99 ± 0.15 

- - 

E. coli 

L-Gln - 0.35 ± 0.06 - 6.1 ± 0.8 17.8 ± 2.3 
(Lunn and 

Bearne, 2004) 
 

(MacLeod et 
al., 2006) 

UTP - - 
   0.28 ± 0.04 

h= 1.26 ± 0.14 
13.7 ± 0.8 48.8 

ATP - - 
   0.49 ± 0.02 

h= 2.20 ± 0.12 
12.8 ± 0.2 25.9 

T. brucei 

L-Gln - 0.26 - - - 

(Fijolek et al., 
2007) 

UTP - 0.16 - - - 

ATP 
 

0.07 - - - 

S. cerevisiae 
(URA7) 

UTP 0.37  
0.11    

h= 1.4 
- - 

(Park et al., 
2003) 

ATP 0.28  0.45 - - 

Homo 
sapiens 
(CTP 1) 

L-Gln - 0.027 ± 0.009 - - - 

(Kassel et al., 
2010) 

UTP - 0.59 ± 0.24 - - - 

ATP - 0.17 ± 0.11 - - - 

Homo 
sapiens 
(CTP 2) 

L-Gln - 0.1 ± 0.04 - - - 

UTP - 0.19 ± 0.08 - - - 

ATP - 0.06 ± 0.02 - - - 

 1355 

Table 1. Kinetic parameters of CTP synthases from different organisms. The values of all 1356 

TgCTP kinetic constants were determined in triplicate and the averages are reported. The 1357 

reported errors are standard deviations. One unit is defined as the conversion of 1 µmol of 1358 

substrate per minute at 37 oC. a The values were calculated with GraphPad Prism version 1359 

6.0e according to the best-fitted model. 1360 

 1361 

The ATP saturation curve was hyperbolic, and fit reasonably well to the 1362 
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Michaelis-Menten equation (Fig. 11A). However, the UTP saturation curve exhibited a 1363 

sigmoidal behavior indicating positive cooperative binding of substrate to the active 1364 

site, which was confirmed by the shape of the curve resulting from the double 1365 

reciprocal plot (Fig. 11B). The UTP saturation curve was also produced for truncated 1366 

TgCTP and full length TgCTP obtained under standard conditions (data not shown). 1367 

The UTP saturation curves showed a similar sigmoidal behavior, and the values of   1368 

K 
0.5

 and k 
cat

 were similar for all evaluated versions of TgCTP recombinant protein 1369 

(Table 1). 1370 

 1371 

	1372 

Figure 11. Saturation curve of ATP and UTP of full length refolded TgCTP by 1373 

coupled assay. A. For ATP steady-state kinetics, the rate of CTP formation was 1374 

measured in the presence of 1 mM UTP, 0.4 mM GTP, 4 mM L-Gln and variable ATP 1375 

concentrations ranging from 0.03 to 3 mM. Data were fitted to the Michaelis-Menten 1376 

equation ( 𝑽 = 𝑽𝒎𝒂𝒙 × [𝑺] ÷ (𝑲𝒎 + [𝑺] ) and the curve was generated by nonlinear 1377 

regression. The inset shows the double reciprocal plot. B. Kinetics for UTP saturation. 1378 

The rate of CTP formation was measured in the presence of 1 mM ATP, 0.4 mM GTP, 4 1379 

mM L-Gln and variable UTP concentrations ranging from 0.06 to 3 mM. Kinetic 1380 
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parameters were calculated by fitting the rate kinetic data to the allosteric sigmoidal 1381 

equation 𝒀 = 𝑽𝒎𝒂𝒙 × [𝑺]𝒉 ÷ (𝑲𝟎.𝟓
𝒉 +  [𝑺]𝒉). The inset shows the double reciprocal plot. 1382 

 1383 
Although the L-glutamine saturation curve was hyperbolic and fit reasonably 1384 

well to the Michaelis-Menten equation, the curve of the double reciprocal plot was 1385 

concave downward instead of linear (Fig. 12A). Moreover the Hill coefficient was less 1386 

than 1, possibly indicating negative cooperativity in the binding of L-glutamine to 1387 

the active site (Levitzki and Koshland, 1969a). 1388 

The effect of the allosteric activator GTP on L-glutamine-dependent TgCTP 1389 

activity was evaluated (Fig. 12B). Using variable concentrations of GTP, the initial 1390 

velocities for L-glutamine-dependent TgCTP activity were determined, fitted to the 1391 

following equation and plotted (Fig. 12B).  1392 

 1393 

𝑣!
[𝐸]!

=
𝑘! +

𝑘!"#[GTP]
𝐾!

1 +  [GTP]𝐾!
+ [GTP]

𝐾!

! 

 1394 

The values of the equation parameters are: k
0
, 1.73 s-1; k

act
, 14.98 s-1; K

A
, 0.25 µM; 1395 

K
i
, 0.57 µM and n = 4.69. The results showed that TgCTP was positively affected by 1396 

the presence of GTP at low concentrations (< 0.5 mM) and was inhibited at high 1397 

concentrations (> 0.5 mM), as expected for CTP synthases (Fig. 12B).  1398 

 1399 
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	1400 

Figure 12. Kinetic data of the glutaminase activity of full length refolded TgCTP. A. 1401 

A Michaelis–Menten plot showing the glutaminase activity of TgCTP. The production of 1402 

L -glutamate from the hydrolysis of L-glutamine catalyzed by TgCTP was measured in 1403 

the presence of 1 mM ATP, 1 mM UTP, and 0.4 mM GTP. The kinetic constants were 1404 

determined by fitting the rate data to the Michaelis–Menten equation by nonlinear 1405 

regression analysis using the program GraphPad Prism v6e. A double reciprocal plot is 1406 

shown in the inset. B. Effect of GTP on the glutaminase-dependent TgCTP activity. The 1407 

rates of formation of CTP were measured in the presence of 4 mM L-glutamine and 1408 

variable GTP concentrations ranging from 0.05 to 1 mM.  1409 

 1410 
The effect of a known inhibitor against CTP synthases, 6-diazo-5-oxo-L-1411 

norleucine, (DON) was evaluated for refolded TgCTP using the visible 1412 

spectrophotometric-coupled assay. This inhibitor reduced TgCTP activity by 100 % 1413 

at concentrations ≥ 35 µM. The IC
50

 was 10.3 µM (data not shown).  1414 

 1415 

3.4 Differential subcellular localizations of TgCTP protein 1416 

depending on its expression levels in tachyzoites 1417 
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 1418 
The ability of several CTP synthases to form polymers in vivo under certain 1419 

conditions have been broadly documented since 2010 (Ingerson-mahar et al., 2010; 1420 

Liu, 2010; Noree et al., 2010; Carcamo et al., 2011; Chen et al., 2011; Barry et al., 1421 

2014). To determine whether TgCTP was able to form filaments in vitro, we 1422 

performed preliminary experiments following the protocol of Ingerson-mahar and 1423 

coworkers (Ingerson-mahar et al., 2010) using a transmission scanning electron 1424 

microscope at the Electron Microscopy Core Facility of the Molecular Cellular and 1425 

Developmental Biology Department at Yale University. Samples were evaluated at 1426 

8000 kV with images resolution between 100 – 500 nm. Native full length purified 1427 

TgCTP was incubated in the presence of assay buffer (70 mM HEPES, pH 8.0, 1 mM 1428 

ATP, 1 mM UTP, 0.25 mM GTP and 2 mM L-glutamine) and filament formation in 1429 

vitro was observed (Fig. S2A). The polymerization of TgCTP showed rod-like (Fig. 1430 

S2A) and snake-like (Fig. S2B) structures in the sample containing TgCTP but these 1431 

were not observed in the negative control (Fig. S2C). 1432 

We hypothesized that TgCTP is able to form filaments in vivo, since it appeared 1433 

to do so in vitro.  To determine the localization of TgCTP in T. gondii and to 1434 

evaluate its capacity to form filaments in vivo, a c-myc-tagged construct was 1435 

ectopically or endogenously expressed in tachyzoites and visualized by 1436 

immunofluorescence.  1437 

 1438 

3.4.1 Ectopic expression of TgCTP 1439 

 1440 
For ectopic expression, TgCTP was amplified from cDNA using a reverse primer 1441 

which included a c-myc tag, and it was cloned into the pTgGRA2-UPKO vector. The 1442 

UPKO-based vector allowed a targeted insertion of the ORF of TgCTP at the TgUPRT 1443 
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locus (Fig. 13A). Parasites with a disrupted UPRT gene locus were resistant to 5-1444 

fluoro-2’-deoxyuridine (FUDR). Transgenic parasites overexpressed an ectopic c-myc-1445 

tagged copy of TgCTP under the control of the pGRA2 promoter (Fig. 13A). Protein 1446 

extracted from transgenic and wild type parasites were evaluated by western blot 1447 

using the anti-c-myc antibodies, which showed the overexpression of a protein near 1448 

the expected size for c-myc-tagged TgCTP (Fig. 13A). The membrane was stripped 1449 

and incubated with the anti-TgHsp90 antibodies to verify protein loading in both 1450 

strains used (Fig. 13A).  1451 

According to the immunofluorescence experiments, TgCTP in intracellular 1452 

parasites exhibited a uniform cytosolic localization pattern, which co-localized with 1453 

the cytosolic marker TgHsp90 (heat shock protein from T. gondii). In contrast, in 1454 

extracellular parasites c-myc-tagged TgCTP exhibited a punctate pattern that did not 1455 

co-localize with cytosolic proteins such as TgDHO (dihydroorotase from T. gondii) 1456 

or TgHsp90 (Fig. 13B; Fig. 16). We conclude that at high TgCTP expression levels, 1457 

this protein forms foci-like structures which seem to be dependent on the infectious 1458 

stage of the parasite.  1459 
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	1460 

Figure 13. The subcellular localization of ectopically expressed TgCTP under the 1461 

pGRA2 promoter in tachyzoites. A. Schematic representation of TgUPRT locus 1462 

replacement by transfection of ApaI-linearized UPKO-TgCTP vector in Δku80-TaTi 1463 

parasites (left). The presence of full-length c-myc tagged TgCTP was confirmed by 1464 

western blot using anti-c-myc (1:1000) antibody, and the anti-TgHsp90 (1:500) antibody 1465 

was used as loading control (right). B. Immunostaining was performed using the mouse 1466 

anti-c-myc (1:1000, green) and rabbit anti-TgHsp90 (1:500, red) antibodies. 1467 

Intracellular: HFF cells were infected with transfected parasites and fixed after 27 hpi. 1468 

Extracellular: Freshly lysed out parasites were fixed using 4 % PFA. The TgCTP punctate 1469 

distribution is indicated by arrowheads (white). Scale bars: 5 µm. 1470 

 1471 

3.4.2 Atypical localization pattern of TgCTP 1472 

 1473 
A difference in localization pattern was observed in intra and extracellular 1474 

parasites when TgCTP was present in high quantity in the parasite (Fig. 13B). 1475 
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Therefore, we designed a second construct to express TgCTP under its native 1476 

promoter (Fig. 14A). gDNA extracted from tachyzoites was used to amplify 1.2 kb of 1477 

the 3’-end of the TgCTP gene. This fragment was used as a crossover sequence (COS) 1478 

for homologous recombination into the endogenous TgCTP locus. The 1.2 kb 1479 

genomic fragment was cloned into the pTKO-HXGPRT-IT vector and the resulting 1480 

construct was transfected into tachyzoites from the ∆ku80-hxgprt- strain (Fig. 14A).  1481 

	1482 

Figure 14. The subcellular localization of TgCTP expressed at endogenous levels in 1483 

tachyzoites. A. Schematic representation of the homologous recombination in the 1484 

TgCTP locus by transfection of SgrIA-linearized pTKO-3’-IT-TgCTP vector in Δku80- 1485 

hxgprt- parasites (left). The presence of full-length c-myc tagged TgCTP was confirmed 1486 

by western blot using the anti-c-myc (1:1000) antibody, and the anti-TgHsp90 (1:500) 1487 



	 75 

antibody was used as loading control. B. Immunostaining was performed using the 1488 

mouse anti-c-myc (1:1000, green) and rabbit anti-TgHsp90 (1:500, red) antibodies. 1489 

Intracellular: HFF cells were infected with transfected parasites and fixed after 27 hpi. 1490 

Extracellular: Freshly lysed out parasites were fixed using 4 % PFA. The TgCTP punctate 1491 

distribution is indicated by arrowheads (white). Scale bars: 5 µm. 1492 

 1493 

Transgenic parasites were selected by HXGPRT expression in media containing 1494 

mycophenolic acid (MPA) and xanthine (XAN). Stable transgenic parasites were 1495 

obtained after approximately 12 days. A full-length c-myc tagged TgCTP protein was 1496 

detected by western blot in protein extracts from transgenic parasites but not in 1497 

protein extracts from parasites of the wild-type strain (Fig. 14A). 1498 

Immunofluorescence experiments showed an atypical punctate localization pattern 1499 

in both intracellular and extracellular parasites (Fig. 14B). The results so far suggest 1500 

that TgCTP has the ability to form foci-like structures. Additionally, this capability 1501 

depends not only on the infectious stage of the parasite, but is also influenced by 1502 

the expression levels of TgCTP.  1503 

 1504 

3.5 The glutamine analog 6-diazo-5-oxo-L-norleucine (DON) 1505 

induces changes in localization of TgCTP 1506 

 1507 
As mentioned, the CTP synthase inhibitor DON (Dion et al., 1956; Koshland, 1508 

1970), causes inhibition of the glutaminase activity of CTP synthase by irreversible 1509 

binding to the glutaminase active site of the enzyme (Koshland, 1970). It has been 1510 

shown that DON has distinct effects in the localization of different CTP synthases. 1511 

In the case of CcCTP or EcCTP filaments are disrupted when cells are treated with 1512 
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DON, leading to a cytosolic distribution of the proteins (Ingerson-mahar et al., 2010; 1513 

Barry et al., 2014). In contrast, DON promotes the formation of filaments of CTP 1514 

synthase in Drosophila and human cells (Carcamo et al., 2011; Chen et al., 2011; 1515 

Calise et al., 2014). 1516 

Although TgCTP localizes differentially depending on protein expression levels 1517 

(overexpressed vs. endogenous expression levels) or according to the infectious 1518 

stage of the parasite (intra vs. extracellular), do other factors affect the dynamics of 1519 

TgCTP localization? To address this question, parasites expressing TgCTP at 1520 

endogenous levels (3’-IT-TgCTP strain) were allowed to infect confluent HFF cells in 1521 

the presence of variable concentrations of DON ranging from 2 µM to 30 µM. The 1522 

effect of DON in the TgCTP polymerization in intracellular parasites (Fig. 15) and in 1523 

extracellular parasites (Fig. 16) was evaluated by IFA.  1524 

 1525 
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	1526 

Figure 15. DON concentration-dependent dynamic localization of TgCTP in 1527 

intracellular parasites. Immunofluorescence experiments were performed with 1528 

infected HFF cells cultured in the presence of variable concentrations of DON (10 µM - 1529 

30 µM) for 27 h. TgCTP polymerized in a DON concentration-dependent manner. 1530 

TgCTP structures, such as larger foci and filaments are indicated by arrowheads 1531 

(white). Scale bars: 5 µm. 1532 

 1533 
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	1534 

Figure 16. DON concentration-dependent dynamic localization of TgCTP in 1535 

extracellular parasites. Immunofluorescence experiments were performed with freshly 1536 

lysed out parasites incubated for 6 h in variable concentrations of DON (5 µM - 30 µM). 1537 

TgCTP polymerized in a DON concentration-dependent manner. Scale bars: 5 µm. 1538 

 1539 

DON promoted the formation of TgCTP structures that began as simple foci in 1540 
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the cytosol (in absence or at low concentrations of DON) and then assembled into 1541 

larger structures such as large foci, donuts or filaments at high concentrations of 1542 

DON (Fig. 15 -16). Quantification of this effect revealed that approximately 30 % of 1543 

the extracellular parasites that were cultured in standard media in absence of DON 1544 

exhibited larger foci-like structures, while intracellular parasites did not exhibit 1545 

these structures (Fig. 15, 16 and 17). However, when parasites were treated with 30 1546 

µM DON more than 60 % of the extracellular and approximately 25 % of the 1547 

intracellular parasites exhibited large filaments (Fig. 17). In addition, DON caused 1548 

changes in the morphology of T. gondii, which we refer to as “aberrant” parasites 1549 

that are discussed further in section 3.7.2. 1550 

	1551 

Figure 17. Quantification of the TgCTP structures in the presence of DON. The 1552 

percentage of parasites, showing TgCTP structures, was calculated based on the total 1553 

number of cells for each condition. A. Intracellular parasites were allowed to invade and 1554 

replicate in media containing DON for 27 h, then IFAs were performed and TgCTP 1555 

structures were counted. Three independent assays, each with at least 100 vacuoles, were 1556 

evaluated; mean ± SD. B. Extracellular parasites were incubated in media containing DON 1557 

for 4 - 6 h. Three independent assays, each with at least 100 parasites, were evaluated; 1558 

mean ± SD.  1559 
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 1560 

We concluded that DON stimulated TgCTP assembly in a concentration-1561 

dependent manner causing an increase in the frequency of filament formation. DON 1562 

led to the formation of approximately threefold more filaments in extracellular 1563 

parasites than in intracellular parasites. 1564 

 1565 

3.6 Other environmental conditions could regulate TgCTP 1566 

localization 1567 

 1568 

It has been shown that the presence of CTP or ATP causes an increase in the 1569 

number of filaments formed by ScCTP1 in S. cerevisiae (Noree et al., 2010). Also, 1570 

Noree and coworkers recently showed by site-direct mutagenesis studies that the 1571 

CTP-, ATP- and GTP-binding sites are important for regulating the distribution of 1572 

ScCTP1 between foci and filaments (Noree et al., 2014). This prompted us to ask the 1573 

question whether addition of nucleotides affected the localization of TgCTP? To 1574 

address this question, we performed some preliminary experiments using 1575 

tachyzoites overexpressing TgCTP. Our first attempt was to incubate parasites with 1576 

1 mM of ATP, UTP, GTP and CTP, since TgCTP enzymatic activity is dependent on 1577 

the four nucleotides. Apparently, ATP and CTP did not affect the localization 1578 

pattern of TgCTP under the conditions evaluated (Fig. 18).  1579 

 In contrast, these preliminary experiments showed that TgCTP was able to form 1580 

foci in parasites cultivated in the presence of UTP and GTP (Fig. 18), although this 1581 

effect, which remains to be quantified, was not widely prevalent in the vacuoles 1582 

examined (data not shown). 1583 
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Additional experiments using parasites expressing TgCTP at endogenous levels 1584 

(3’-IT-TgCTP strain) grown in media containing different concentration of 1585 

nucleotides are required.  1586 

	1587 

Figure 18. Localization of TgCTP in the presence of four nucleotides. HFF cells 1588 

were infected with parasites expressing TgCTP under the pTgGRA2 promoter in 1589 

media containing 1 mM of each nucleotide. Slides were fixed after 29 h. Scale bars: 5 1590 

µm. 1591 

 1592 

3.7 Anti-Toxoplasma activity of DON in vitro 1593 
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 1594 
Primarly three different effects of the DON treatment on T. gondii were 1595 

observed during the immunofluorescence experiments. As mentioned, DON caused 1596 

an increase in TgCTP polymer formation. The second effect consisted of a strong 1597 

inhibition of the parasite proliferation in cell culture and the third was the presence 1598 

of morphologically altered parasites.  1599 

 1600 

3.7.1 DON affects parasite cell division during its lytic cycle 1601 

 1602 
Observations in the IFA experiments led us to investigate whether DON 1603 

exhibited an anti-Toxoplasma activity controling the parasite development in vitro 1604 

(Fig. 19D).  1605 

Our first approach was to perform plaque assays in order to examine the growth 1606 

of parasites in HFF cells. Confluent monolayers of HFF cells were infected with 3’-IT-1607 

TgCTP strain parasites in media containing variable DON concentrations and 1608 

incubated for 7 days. After 7 days, cultures were stained with crystal violet. Plaques 1609 

were identified as clear zones on the background of crystal violet-stained HFF 1610 

monolayers (Fig. 19A).  1611 
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	1612 

Figure 19. Inhibition of intracellular replication of T. gondii by DON. The images A - 1613 

C show the results of infecting HFF cells with parasites in the presence of variable 1614 
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concentrations of DON for 7 days. A. Plaque assay showing a reduction in T. gondii 1615 

proliferation in vitro in the presence of DON. Representatives of three independent 1616 

experiments for each concentration are shown. B. The number of plaques observed in 1617 

the experiment from panel B. The percentage was calculated based on total number of 1618 

plaques observed in the control. Significant differences were estimated by one-way 1619 

ANOVA and Dunnett’s posttest, **** P value < 0.0001; mean ± SD (n = 3). C. Sizes of 1620 

plaques in mm2. Significant differences were calculated by one-way ANOVA and 1621 

Dunnett’s posttest, **** P value < 0.0001; mean ± SD for three independent 1622 

experiments. The images D - E show the effect of DON when parasites were allowed to 1623 

infect HFF cells in the presence of variable concentrations of DON, and fixed after 27 h.  1624 

D. Immunofluoresence assays showing intracellular parasites arrested during 1625 

endodyogeny (top). DON also caused an aberrant morphology in intracellular parasites 1626 

(bottom). Scale bars: 5 µm.  E. The number of parasites per vacuole was counted 27 hpi. 1627 

Data are represented as mean ± SD of three independent experiments. 1628 

 1629 

Selected DON concentrations, from 2 µM (0.34 µg/mL) to 20 µM (3.4 µg/mL), 1630 

resulted in a range of inhibition from non-inhibitory to completely inhibitory. 1631 

Significant differences in the number and size of plaques were found between the 1632 

control and cultures containing concentrations ≥ 5 µM of DON (Fig. 19B - C).  1633 

We hypothesized that the reduction of the size and decrease in the number of 1634 

plaques indicated a defect in the lytic cycle or in the cell division of the parasite. 1635 

The lytic cycle of T. gondii that occurs when the parasite is cultured in vitro and is 1636 

required for the establishment of the acute infection in vivo is shown in figure 3, 1637 

and the cell division mechanism of T. gondii known as endodyogeny is shown in 1638 

figure 4 (see section 1.2.2 for detailed information). Very similar results were 1639 

obtained when the same experiments were carried out with wild type tachyzoites of 1640 

the virulent RH strain of T. gondii (Fig. S3). Although invasion and egress assays 1641 

have not yet been performed to confirm failure in the early or late phases of the 1642 

lytic cycle, a strong endodyogeny defect has been identified, that consists of in the 1643 
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failure of the daughter cells to be completely separated (Fig. 19D). It was also 1644 

evident in the replication rates of the parasites cultured in the presence of variable 1645 

concentrations of DON, where in the absence of DON up to 32 parasites were 1646 

observed in parasitophorous vacuoles, while at high concentration of DON, vacuoles 1647 

only contained one or two parasites (Fig. 19E).   1648 

 1649 

3.7.2 Tachyzoite changes in morphology induced by DON 1650 

 1651 
Immunofluorescence experiments also led us to identify a phenomenon 1652 

consisting in the loss of the typical rosette organization observed in intracellular 1653 

parasites (Fig. 15). In most cases at ≥ 10 µM of DON, the parasitophorous vacuole 1654 

and parasites were amorphous, and the parasitophorous vacuolar space was visile 1655 

because the parasites were shorter (Fig. 19D). In both intra and extracellular 1656 

parasites, the aberrant morphology was highly prevalent (Fig. 17). Extracellular 1657 

parasites were shorter and spherical compared to the control (Fig. 20). These results 1658 

suggested a possible relationship between TgCTP and a subcellular component 1659 

compromised in maintaining the architecture of the parasite, however further 1660 

experiments are required.  1661 
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												 	1662 

Figure 20. Aberrant forms of extracellular parasites under DON treatment. 1663 

Immunofluorescence experiments were performed with freshly lysed out parasites 1664 

incubated during 4 - 6 h in variable concentrations of DON (10 µM - 30 µM). A high 1665 

prevalence of spherical and shorter parasites were observed. Scale bars: 5 µm. 1666 

 1667 

3.8 The TgCTP gene is essential to parasite survival 1668 

 1669 
As mentioned in section 1.3 in T. gondii, de novo pyrimidine biosynthesis is a 1670 

functional and essential pathway during the latent infection, stages of the parasite 1671 

conversion and cyst development (Fox et al., 2011).  1672 

In addition, the high susceptibility of parasite cultures to an inhibitor of TgCTP 1673 

(DON) would imply an essential role of this protein for the parasite, however this 1674 

assumption requires verification by genetic manipulation of the endogenous TgCTP 1675 

locus. 1676 
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Taking this into account, we expected TgCTP would be an essential gene for 1677 

parasite survival and development, and we proposed different strategies in attempt 1678 

to obtain a tachyzoite TgCTP mutant which are described as follow:  1679 

 1680 

3.8.1 3’-UTR mRNA destabilization 1681 

 1682 
We designed a construct to destabilize TgCTP expression by displacement of its 1683 

3’-UTR element 2.5 kb downstream of the coding region (Fig. 21).  1684 

	1685 

Figure 21. Scheme illustrating the strategy used for 3’UTR destabilization of 1686 

TgCTP mRNA. The LoxP sites are represented by red triangles.  1687 

 1688 

Parasites from the Δku80::DiCre strain (Andenmatten et al., 2013) were 1689 

transfected and selected in media containing MPA and XAN. Unfortunately, 1690 

transfected parasites were not able to survive when the selection was applied. 1691 

Transfection experiments were conducted three times, observing the same 1692 

phenotype in all cases.   1693 

 1694 
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3.8.2 TgCTP mutant by Cre recombinase activity 1695 

 1696 
Recently, it has been shown that the Cre recombinase−mediated recombination 1697 

system is useful to enable the efficient generation of conditional knockouts. This 1698 

technique has been used successfully even for genes which have been considered as 1699 

essential genes by conventional techniques (Andenmatten et al., 2013). We made a 1700 

construct to allow a gene swap of the endogenous TgCTP locus for a TgCTP cDNA 1701 

flanked by loxP sites (Fig. 22). 1702 

	1703 

Figure 22. The Cre recombinase-mediated knockout of the TgCTP gene via double 1704 

homologous crossover. A. Scheme of the TgCTP gene swap strategy where the 1705 

endogenous locus was replaced by the cassette called Cre-mediated KO construct in the 1706 

Δku80::DiCre strain. The 1.5 kb of the 5’-UTR and the 1.2 kb of the 3’-UTR of TgCTP 1707 
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were cloned into the pG140 vector. TgCTP amplified from cDNA was cloned between 1708 

two loxP sites and followed by yellow fluorescence protein (YFP) and the selected marker 1709 

HXGPRT. B. The insertion of a c-myc tagged TgCTP protein was confirmed by IFA. Scale 1710 

bars: 5 µm. C. Recombination-specific PCR using gDNA extracted from the pool of 1711 

transfected parasites after MPA/XAN selection. TgCTP_5Scr_Cre_F/YFP_5Scr_Cre_R 1712 

primers were used to confirm the 5’ crossover, expecting a band of 3.8 kb, while the 3’ 1713 

crossover was evaluated with the HX_3Scr_F/TgCTP_3Scr_Cre_B_R primers, expecting a 1714 

band of 1.8 kb. Gene swap of TgCTP was validated using primers, which distinguished 1715 

TgCTP cDNA (0.54 kb) from the TgCTP gDNA (1 kb). Lane 1: gDNA from wild-type 1716 

Δku80::DiCre parasites. Lane 2: gDNA from the pool of transfected parasites after 1717 

MPA/XAN selection.  1718 

 1719 

To build the Cre-mediated KO construct, we decided to amplify a fragment of 1720 

1.5 kb of the sequence upstream from the TgCTP start codon and this was cloned 1721 

into the pG140 vector using ApaI. In contrast, the 3’-URT TgCTP element is only 1722 

0.67 kb and the distance to the next gene (Bet3 transport protein, putative) is 0.39 1723 

kb, limiting the length of the 3’ crossover region to 1 kb, approximately. We 1724 

designed two constructs with different 3’-UTR crossover regions; the first was 1 kb 1725 

(data not shown) and the second was 1.2 kb (Fig. 22A). When the 3’ crossover 1726 

sequence was 1 kb in length no amplification was observed either in the pool of 1727 

transfected parasites or in individual clones isolated by cloning limited dilution 1728 

(data not shown). In contrast, upon using a larger 3’ crossover sequence (1.2 kb), 1729 

weak amplifications were observed in the pool of transfected parasites (Fig. 22C) 1730 

and in a few individual clones (Fig. S4). Unfortunately, the recombination-specific 1731 

PCR identified only single crossover events at the 5’- or 3’-end, indicating that the 1732 

endogenous gene was retained in all cases (Fig. S4).  1733 

 1734 

3.8.3 Conditional mutant 1735 
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 1736 
Therefore, we decided to make a conditional knockout of TgCTP using a 1737 

tetracycline-regulatable expression system. The strategy consisted of two steps. 1738 

First, the TgCTP open reading frame with a C-terminal myc tag was cloned into a 1739 

UPKO vector under the control of the inducible promoter pTETO7SAG1 (Fig. 23A). 1740 

The UPKO vector allowed its insertion in the TgUPRT locus by selection in media 1741 

containing FUDR. The proper insertion of the inducible promoter construct was 1742 

tested by western blot, and showed the expression of the full-length tagged protein 1743 

(Fig. S5A). First step-transfected parasites (TgCTP 
pTet/TgCTP) were grown with or 1744 

without anhydrotetracycline (ATc) for 40 h and showed a decrease in the 1745 

fluorescence due to the control of ATc over the pTETO7SAG1 promoter, and 1746 

consequently, in the tagged TgCTP-myc expression (Fig. 23B). For the second step, 1747 

we designed two constructs harboring different selection markers, CAT 1748 

(chloramphenicol acetyltrnaferase) or DHFR-TS (dihydrofolate reductase thymidylate 1749 

synthase). Each TgCTP KO construct was made, transfected and selected by 1750 

resistance to chloramphenicol (KO construct harboring the CAT resistance cassette, 1751 

TgCTP_KO_CAT), or by resistance to pyrimethamine (KO construct harboring the 1752 

DHFR-TS resistant cassette, TgCTP_KO_DHFR). The pool of resistant parasites 1753 

underwent specific recombinant PCR to adequately assess the genomic integration 1754 

of the construct (Fig. 23C). Although PCR with gDNA from the pool of transfected 1755 

parasites showed amplification for 5’ and 3’ crossover, none of the individual 1756 

clones, which were cloned via limiting dilution, showed a double crossover 1757 

recombination event (Fig. S5B). Some of the clones were positive for 5’ crossover and 1758 

others for 3’ crossover, but a double crossover was never observed (Fig. S5B). 1759 

Transfection experiments and PCR screening experiments were carried out three 1760 
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times obtaining the same results (data not shown).  1761 

	1762 

Figure 23. Conditional knockout of TgCTP. A. Scheme illustrating the approach used to 1763 

generate a conditional knockout of the TgCTP gene. The inducible promoter construct 1764 

was transfected in parasites from the Δku80-TaTi strain and selected with FUDR to 1765 

obtain the transgenic locus TgCTP 

pTet where there are two copies of TgCTP, the 1766 

endogenous and the ATc inducible copy of TgCTP. Each TgCTP KO construct was 1767 

transfected and selected by resistance to chloramphenicol (KO_CAT) or by resistance to 1768 

pyrimethamine (KO_DHFR). B. IFAs with or without ATc. Parasites were fixed after 40 h 1769 

in culture with or without 0.5 µM ATc and immunostained with anti-c-myc tag 1770 

antibodies. Scale bars: 5 µm. C. Recombination-specific PCR evaluating the 5’ crossover 1771 
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and the 3’ crossover using gDNA extracted from the pool of transfected parasites after 1772 

chloramphenicol selection. TgCTP_5Scr_Cre_F/CAT_5Scr_R primers were used to 1773 

confirm the 5’ crossover, and expected to amplify a band of 1.9 kb, while the 3’ 1774 

crossover was evaluated with the CAT_3Scr_F/TgCTP_3Scr_Cre_B_R primers, and 1775 

expected to amplify a band of 1.7 kb.  1776 

Interestingly, transfected parasites with the TgCTP_KO_DHFR construct showed 1777 

a slower egress from the host cell compared to the wild-type parasites. While most 1778 

of the wild-type parasite vacuoles were already egressing 56 -60 hpi, only about 10 -1779 

20% of vacuoles from the parasite transfected with TgCTP_KO_DHFR showed signs 1780 

of egress at the same time points (data not shown).  1781 

 1782 
In summary, our attempts to obtain a TgCTP knockdown or knockout showed 1783 

that this gene plays a very important role for the parasite, and apparently it is an 1784 

essential gene whose genetic manipulation is strongly controlled, at least in 1785 

tachyzoites. In consequence, the elements up and downstream of the coding 1786 

sequence are very sensitive to any manipulation.  1787 

  1788 
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4    DISCUSSION 1789 

CTP synthase is an important enzyme, which catalyzes the formation of CTP, an 1790 

essential biomolecule. CTP is a building block for nucleotides and nucleic acids 1791 

(Hatse et al., 1999). It is required for synthesis of membrane phospholipids 1792 

(Ostrander et al., 1998; Chang and Carman, 2008), and for protein glycosylation 1793 

(Denecke and Kranz, 2009). Moreover, it acts as a high energy molecule, similar to 1794 

ATP, in some reactions (Liu et al., 2004; Chang and Carman, 2008) and participates 1795 

in some cellular communication processes (Sellmeier et al., 2015).  1796 

In spite of the fact that CTP synthase is a recognized potential target for drug 1797 

development to treat diseases such as cancer (Williams et al., 1978; Verschuur et al., 1798 

1998; Hansel et al., 2003) and infections caused by DNA/RNA viruses (De Clercq, 1799 

2009), pathogenic bacteria (Wang et al., 1996; Wylie et al., 1996) and protozoan 1800 

parasites (Lim et al., 1996; Hendriks et al., 1998; Hofer et al., 2001), it has not been 1801 

characterized in the parasite T. gondii. In this study, TgCTP was identified and 1802 

characterized biochemically and functionally, and this is the first report of CTP 1803 

synthase in this Apicomplexan parasite. 1804 

Considering that pyrimidine salvage in T. gondii is only channeled through 1805 

uracil (Pfefferkorn et al., 1988; Iltzsch, 1993) and the salvage of cytidine or 1806 

deoxycytidine is considered negligible for the parasite (Iltzsch, 1993), CTP formation 1807 

via TgCTP activity would be essential for maintaining the CTP pools in the parasite 1808 

for all cellular processes where it is needed. Therefore, TgCTP is a potential target 1809 

for drug design against T. gondii.  1810 

According to the transcriptomic data of ToxoDB database, TgCTP is expressed in 1811 
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all of the three archetypal T. gondii lineages (type I, type II and type III strains) as 1812 

well as in the parasite’s primary life stages, bradyzoites, tachyzoites and oocysts 1813 

(Fritz et al., 2012). There are no large differences in the expression profiles between 1814 

all infectious stages of the parasite, however, the TgCTP expression levels detectable 1815 

in tachyzoites before and after infection, i.e. in extra and intracellular parasites, are 1816 

slightly higher than in other stages (Gaji et al., 2011; Fritz et al., 2012). 1817 

Transcriptomic analysis of the Toxoplasma tachyzoite intracellular replication cycle 1818 

shows that the relative RNA-expression of the gene peaks with the entry to the G-1819 

phase, and slightly decreases upon mitosis (Behnke et al., 2010). In general, the 1820 

TgCTP expression profiles demonstrate that the gene is expressed during all the 1821 

infectious stages of the parasite and its inhibition could affect the establishment of 1822 

acute and chronic T. gondii infections.  1823 

CTP synthase is a protein conserved among different species. TgCTP is more 1824 

similar to the enzymes of higher eukaryotes, such as H. sapiens, and some lower 1825 

eukaryotes, such as S. cerevisiae, than to those of lower eukaryotic parasites, such 1826 

as P. falciparum and L. major (Fig. S1). S. cerevisiae contains two isoforms of CTP 1827 

synthase, ScCTP1 and ScCTP2. At the amino acid sequence level, TgCTP shows a 1828 

percent of identity of 49 % with both CTP synthases from S. cerevisiae. We initiated 1829 

the characterization of TgCTP by functional complementation experiments in yeast, 1830 

a strategy previously used to show the functionality of the human CTP synthase 1831 

genes, CTPS1 and CTPS2 (Han et al., 2005). S. cerevisiae has been a broadly used 1832 

model to study function and regulation of certain genes of T. gondii (Hettmann and 1833 

Soldati, 1999; Nagamune et al., 2007; Pratt et al., 2013; Hartmann et al., 2014). 1834 

TgCTP and ScCTP1 (URA7, positive control) were expressed under the pPMA1 1835 
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promoter and transformed into the SDO195 strain (ura7Δ ura8Δ), whose growth is 1836 

only possible if transformed with a plasmid expressing an enzymatically active CTP 1837 

synthase. This approach demonstrated that TgCTP encodes a functional CTP 1838 

synthase protein, which was able to rescue the lethal phenotype of the yeast ura7Δ 1839 

ura8Δ double mutant (Fig. 7). 1840 

The kinetic characterization of the recombinant TgCTP is the first step towards 1841 

understanding the regulation of cytidine pools in T. gondii.  Therefore, to determine 1842 

the biochemical constants associated with the TgCTP protein in vitro, we attempted 1843 

to produce a recombinant protein in an E. coli bacterial system, which is a 1844 

commonly used and generally simple method for obtaining high levels of 1845 

recombinant proteins (Clark, 1998). We cloned the TgCTP coding sequence in a pET-1846 

19 vector and expressed the recombinant protein by induction in the presence of 1847 

IPTG. The purification of TgCTP under native conditions resulted in a very small 1848 

amount of a soluble protein. We scaled-up the production of TgCTP under these 1849 

native conditions, however the recovered protein precipitated during purification 1850 

and when the purified fractions were passed through a centrifugal filter unit, 1851 

making this a very inefficient approach to retrieve TgCTP in a soluble form. 1852 

The overexpression of recombinant proteins in E. coli leads in many cases to 1853 

their accumulation forming insoluble aggregates known as inclusion bodies (Idicula-1854 

Thomas and Balaji, 2005; Freydell et al., 2007). The formation of inclusion bodies 1855 

can result from: 1. A high concentration of the overexpressed protein. 2. Problems 1856 

with disulfide bond formation in the oxidative state of the cell environment. 3. 1857 

Absence of posttranslational modifications. 4. Interaction of overexpressed protein 1858 

and chaperones in an improper fashion. 5. The limited solubility of the protein of 1859 
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interest. 6. Uncommon N- and C-terminal sequences 7. Rare codon usage, etc. 1860 

(Idicula-Thomas and Balaji, 2005). The recombinant TgCTP overexpressed in E. coli 1861 

formed inclusion bodies. Many expression conditions were tested in an attempt to 1862 

obtain higher amounts of soluble and active TgCTP recombinant protein and to 1863 

reduce the production of these aggregates, but they were unsuccessful (Fig. 9).   1864 

In general, the trend of formation of inclusion bodies by a large number of 1865 

recombinant proteins shows that the primary structure defines the solubility of the 1866 

protein, primarily by factors such as: charge average, length, number of acidic 1867 

residues, the aliphatic index, hydrophobicity, among others (Davis et al., 1999; 1868 

Tyedmers et al., 2010). The formation of inclusion bodies and the very low solubility 1869 

of TgCTP expressed under standard growth conditions could be explained by its 1870 

amino acid sequence. The analysis of the TgCTP primary structure using the 1871 

ProtParam tool (Gasteiger et al., 2005) (http://web.expasy.org/protparam/) showed a 1872 

negative value for “Grand average of hydropathicity”, GRAVY. Negative GRAVY 1873 

values correspond to non-polar proteins and positive values to polar proteins (Kyte 1874 

and Doolittle, 1982). Amino acid composition analysis of the primary structure of 1875 

TgCTP using the ProtScale tool (Gasteiger et al., 2005) 1876 

(http://web.expasy.org/protscale/) revealed a high percentage (≈ 49 %) of 1877 

hydrophobic amino acids, which are distributed along the protein, but only 22 % of 1878 

charged amino acids. Transmembrane regions were not predicted for the N-terminus 1879 

of TgCTP, but at the end of the C-terminus, there was a highly hydrophobic region 1880 

(Fig. S6A). In addition, the three dimensional model of TgCTP generated by 1881 

homology using the CTP synthase from Thermus thermophilus as a template (1VCN 1882 

chain A), showed that several hydrophobic residues were exposed at the protein 1883 
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surface (Fig. S6B). Taken together, TgCTP seemed to exhibit a non-polar character. In 1884 

addition, formation of inclusion bodies have been reported for CTP synthase from T. 1885 

brucei, TbCTP (Fijolek et al., 2007), P. falciparum (Yuan et al., 2005), human, HsCTP1 1886 

and HsCTP2 (Kotsis and Evans, unpublished), while CTP synthase from C. 1887 

cresecentus is completely insoluble (Ingerson-mahar et al., 2010). For the foregoing 1888 

reasons, Steeves and Bearne, said: “This low activity and the relatively low yield of 1889 

total protein make kinetic studies with TbCTPS challenging” (Steeves and Bearne, 1890 

2011). 1891 

Nevertheless, the presence of a protein of interest in inclusion bodies can be 1892 

considered as an advantage for several reasons (Singh and Panda, 2005): 1. High 1893 

levels of expression of the protein of interest. 2.  Easy isolation of the inclusion 1894 

bodies from other subcellular components. 3. Protection from proteases avoiding 1895 

the proteolytic degradation of the protein of interest, and 4. Obtaining the protein 1896 

of interest with high purity. We solubilized the inclusion bodies formed during the 1897 

TgCTP expression in E. coli using urea, one of the most common chaotropic agents. 1898 

After solubilization, the denatured TgCTP was bound to a solid phase (Co+2 affinity 1899 

column, ThermoScientific) to facilitate the protein refolding by descending 1900 

denaturant concentration (Tsumoto et al., 2003). This method allowed for the 1901 

simultaneous refolding and purification of TgCTP. Fractions containing pure 1902 

recombinant protein were then pooled together and concentrated in a centrifugal 1903 

unit (30 or 100 MWCO, Millipore). Although a large amount of  the refolded 1904 

recombinant protein was lost in the concentration process because TgCTP shows a 1905 

strong tendency to adhere to the filter membrane and precipitated, enough protein 1906 

for kinetic studies was obtained.  1907 
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According to ToxoDB proteomic data, peptides of TgCTP have been detected in 1908 

tachyzoites, oocysts and T. gondii HFF infected cells. Dybas and coworkers studied 1909 

the proteomic profile of two fractions obtained by lysing tachyzoites, a soluble and 1910 

an insoluble fraction (Dybas et al., 2008). In the case of TgCTP, they found around 1911 

20 peptides in the soluble fraction, but only 2 peptides in the insoluble fraction (Fig. 1912 

10). Curiously, the two peptides found in the insoluble fraction are located in the N-1913 

terminal extension of TgCTP. As mentioned, TgCTP presents a unique N-terminal 1914 

extension approximately 57 residues in length (Fig. S1), which shows no homology 1915 

with other known proteins by BLAST (blastp). Only one protein, the putative CTP 1916 

synthase from Hammondia hammondi showed a partial match with the N-terminal 1917 

extension of TgCTP. H. hammondi is a coccidian parasite closely related to T. gondii 1918 

(Sreekumar et al., 2005), and its putative CTP synthase showed 80 % similarity with 1919 

the last 20 residues of the N-terminal extension of TgCTP. Although the N-terminal 1920 

extension of TgCTP is not highly hydrophobic (Fig. S6), we examined whether it 1921 

could have an impact on the recombinant protein’s solubility in E. coli. A truncated 1922 

TgCTP lacking first 57 residues was cloned and expressed in E. coli under standard 1923 

native conditions. The TgCTP truncated protein was approximately 8 times more 1924 

soluble than the full-length protein produced under native conditions.  1925 

We used the refolded TgCTP protein for kinetic characterization using two 1926 

different assays. The UV spectrophotometric assay measures the conversion of UTP 1927 

to CTP at 291 nm (Long and Pardee, 1967). Although it has been commonly used, 1928 

reported data indicates that spectrophotometric assay requires higher quantity of 1929 

enzyme per assay than other methods. Because UTP and CTP peaks overlap, CTP 1930 

must be measured at a wavelength far from the λ
max

, so the extinction coefficient is 1931 
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low, making the method insensitive. For example, UV spectrophotometric assay to 1932 

measure de CTP synthase activity of TbCTP requires up to 218 µg/mL of purified 1933 

protein per assay (Steeves and Bearne, 2011); whereas a pyruvate kinase/lactate 1934 

dehydrogenase coupled assay uses up to 86 µg/mL of TbCTP per assay (Conti et al., 1935 

2011). The coupled assay was also used to characterize the T. brucei CTP synthase 1936 

(Conti et al., 2011; Tamborini et al., 2012). We tested both assays for TgCTP, and 1937 

found that a three times higher concentration of protein was required in the UV 1938 

spectrophotometric assay than in the coupled assay. Kinetic characterization of 1939 

TgCTP was conducted by the coupled assay. 1940 

CTP synthase is an allosterically controlled enzyme that catalyzes the ATP-1941 

dependent transfer of the amide nitrogen of glutamine to UTP to form CTP 1942 

(Lieberman, 1956). GTP is an enhancer of the glutaminase-dependent activity of CTP 1943 

synthase, whereas CTP, the end product of this reaction, inhibits the enzyme activity 1944 

by competing for the UTP binding site (Long and Pardee, 1967). Thus, CTP synthase, 1945 

catalyzing a key metabolic step to maintain the appropriated pyrimidine pools in 1946 

the cell, is dependent on all four nucleotides triphosphates (Aronow and Ullman, 1947 

1987). We analyzed the kinetic constants of TgCTP associated with ATP, UTP, L-1948 

glutamine and GTP (Fig. 11 – 12). 1949 

In steady state kinetics, whether an enzyme behaves according to a Michaelis-1950 

Menten classical model, or exhibits positive or negative cooperativity can be 1951 

identified on the basis of various graphical methods, such as the fit of the 1952 

saturation plot to the Michaelis-Menten equation, the shape of the Lineweaver-Burk 1953 

plot (double-reciprocal plot), and the Hill coefficient value, if the saturation curve is 1954 

sigmoidal (Levitzki and Koshland, 1969a; Segel, 1993a). The refolded TgCTP 1955 
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followed Michaelis-Menten kinetics for ATP when all other substrates were at 1956 

saturating levels (Fig. 11A), although the CTP synthases from E. coli, L. lactis and S. 1957 

cerevisiae exhibit sigmoidal behavior for ATP (Yang et al., 1994a; Wadskov-Hansen et 1958 

al., 2001; Park et al., 2003; Lunn and Bearne, 2004; Willemoës, 2004). It is possible 1959 

that the ATP saturation curve for TgCTP was affected by the production of ATP in 1960 

the coupled assay. The classical Michaelis-Menten behavior of ATP in TgCTP was 1961 

also evident from the linear Lineweaver-Burk plot, and a Hill coefficient value near 1. 1962 

The K
m
 value for ATP was 0.54 ± 0.05 mM, similar the K

m
s of E. coli and S. cerevisiae 1963 

enzymes, but three times higher than the human HsCTP1, and 9 times higher than 1964 

HsCTP2 (Table 1).  1965 

The UTP saturation curve for TgCTP was fitted to an allosteric sigmoidal 1966 

equation (Fig. 11B) demonstrating a positive cooperativity (Segel, 1993b), which was 1967 

also evident in the upward curve obtained in the Lineweaver-Burk plot (Segel, 1993b) 1968 

and in the Hill coefficient value of 1.60 ± 0.14. The K
0.5

 value for UTP for refolded 1969 

TgCTP was 0.47 ± 0.03 mM, was a little bit lower than the value for HsCTP1 (0.59 ± 1970 

0.24 mM), but 2X higher than the that for HsCTP2 (0.19 ± 0.08 mM). The L-glutamine 1971 

kinetics for TgCTP showed evidence of negative cooperativity (Segel, 1993b), mainly 1972 

based on the concave downward curve in the Lineweaver-Burk plot and the value of 1973 

the Hill coefficient of 0.57 ± 0.06, although the L-glutamine saturation curve 1974 

appeared to be hyperbolic and fit reasonably well to the Michaelis-Menten equation 1975 

(Fig. 12A). Often, the effect of negative cooperativity is difficult to identify from 1976 

saturation plots because they can appear to have the rectangular hyperbolic shape 1977 

of Michaelis-Menten plots. In contrast, negative cooperativity can be readily detected 1978 

by Lineweaver-Burk plots (Levitzki and Koshland, 1969a; Segel, 1993a). The behavior 1979 
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of TgCTP exhibiting a negative cooperativity for L-glutamine has also been described 1980 

for other CTP synthases such as EcCTP (Levitzki and Koshland, 1969a) and ScCTP1 1981 

(Yang et al., 1994b). The TgCTP K
m
 value for L-glutamine was 0.26 ± 0.04 similar to 1982 

that of TbCTP, but differing significantly from the HsCTP1 (0.027 ± 0.009) which is 1983 

10X lower. The glutaminase-dependent activity of TgCTP was activated at a higher 1984 

concentration of GTP (< 0.5 mM) compared to the enzymes from E. coli and T. 1985 

brucei, where the CTP formation was activated by GTP at < 0.15 mM and < 0.2 mM, 1986 

respectively. TgCTP was also inhibited at a higher concentration (> 0.5 mM) of GTP 1987 

than the enzyme from E. coli and T. brucei, where inhibition by GTP is observed at > 1988 

0.15 mM and > 0.2 mM, respectively (MacDonnell et al., 2004; Steeves and Bearne, 1989 

2011).  1990 

The kinetic experiments described above were conducted using the refolded 1991 

TgCTP, we wondered whether the refolding protocol affected the kinetic 1992 

characteristics of  TgCTP? To address this question, we compared the activities of 1993 

refolded full-length protein, truncated native protein and full length native TgCTP. 1994 

We found that native truncated and native full length TgCTP also displayed a 1995 

sigmoidal behavior for UTP and their kinetic parameters were comparable with 1996 

those of the refolded enzyme (the Hill coefficient was > 1 for both). These results 1997 

support the idea that the refolding process did not significantly affect the activity 1998 

(Table 1).  1999 

Cells use large networks of protein fibers to help maintain their morphology. 2000 

Recently, there has been an explosion of studies on filament-forming proteins, 2001 

whose roles were previously thought to be limited to participation in cytoskeleton 2002 

formation. However, it is now known that these proteins also participate as 2003 
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structural scaffolds, DNA segregators, and to maintain cell shape, but in most cases 2004 

their functions are still unknown (Cabeen and Jacobs-Wagner, 2010; Cabeen et al., 2005 

2011). For many years CTP synthase was described as an important protein, but only 2006 

from an enzymatic point of view, nevertheless recent studies have shown that CTP 2007 

synthase has the ability to form filaments that appears to be conserved in a wide 2008 

range of organisms, from prokaryotes to eukaryotes; those filaments are known as 2009 

cytoophidia (Liu, 2011). The dynamics of CTP synthase filament formation, in the 2010 

organisms where it has been studied, appear to be regulated by the cell cycle, 2011 

nutrient deprivation, all four nucleotides, and are affected by CTP synthase 2012 

inhibitors. Early stages of development show a punctate structure, which changes 2013 

during the cell cycle to form longer and thicker filaments (Liu, 2011). In D. 2014 

melanogaster, CTP synthase filaments grow during cell development (Liu, 2010), and 2015 

in C. crescentus they not only grow during the cell cycle, but also migrate from the 2016 

cytoplasm to the inner cell membrane.  2017 

Is TgCTP able to form filaments? To answer this question we generated two 2018 

constructs to localize the protein in tachyzoites. In the first, we obtained stable 2019 

transgenic parasites expressing an ectopic copy of tagged TgCTP 3’-c-myc under the 2020 

control of the pTgGRA2 promoter, and in the second the TgCTP endogenous locus 2021 

was modified to obtain the tagged TgCTP 3’-c-myc under the control of its native 2022 

promoter. Tachyzoites expressing TgCTP 3’-c-myc under the control of a foreign 2023 

promoter produced around 8 times more TgCTP protein than the wild-type 2024 

parasites, and exhibited a localization pattern for TgCTP dependent on the 2025 

infectious stage of the parasite. TgCTP was present as foci-like structures only in 2026 

extracellular parasites (Fig. 13), while in intracellular parasites it appeared cytosolic, 2027 

possibly because of overexpression under control of the pTgGRA2 promoter. In 2028 
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contrast, TgCTP 3’-c-myc, expressed at endogenous levels, showed a foci-like 2029 

localization pattern in both intra- and extracellular parasites, however the TgCTP 2030 

structures from extracellular parasites were larger, many of them occupying around 2031 

one seventh of the entire area of the tachyzoite (Fig. 14). The observed localization 2032 

pattern for TgCTP was stimulated in the presence of the known CTP synthase 2033 

inhibitor, DON (Fig. 15 – 17). In intra- as well as extracellular parasites, DON 2034 

promoted the formation of TgCTP structures that in absence of or at low 2035 

concentrations of DON appeared as simple foci around the cytosol (Fig. 24A, 24C). 2036 

At high concentrations of DON, the foci appeared to be assembled into larger 2037 

structures (Fig. 24B, 24D). DON induced the assembly of various TgCTP-containing 2038 

structures including filaments and prominent foci-like and donut-like structures, in 2039 

a concentration-dependent manner. In Drosophila and mammalian cells, DON also 2040 

increases the CTP synthase filament formation (Carcamo et al., 2011; Chen et al., 2041 

2011; Calise et al., 2014b). In contrast, it is an inhibitor of CTP assembly in C. 2042 

crescentus and E. coli (Ingerson-mahar et al., 2010; Barry et al., 2014).  2043 

The lack of certain nutrients affects CTP synthase filament formation. Glucose 2044 

deprivation induces CTP synthase filament formation in yeast (Noree et al., 2010), 2045 

while in human cells, filaments composed of CTP synthase and IMPDH2 (RR 2046 

structures) are assembled in response to glutamine deprivation (Calise et al., 2014a). 2047 

Nevertheless, the absence of glutamine directly impacts both the biosynthesis of 2048 

GTP and CTP, (Curi et al., 2005), therefore the formation of RR structures could be a 2049 

consequence of decreased levels of GTP and/or CTP, and nucleotide levels are 2050 

known to affect filaments. In mammalian cells, the high levels of GTP, but not CTP 2051 

levels, are critical for disassembling the RR structures (Calise et al., 2014a). In 2052 

contrast, high levels of CTP stimulate E. coli and S. cerevisiae CTP synthase filament 2053 
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assembly (Noree et al., 2010, 2014; Barry et al., 2014). In the latter case, the 2054 

filaments are depolymerized by addition of ATP and UTP (Barry et al., 2014). Thus, 2055 

CTP synthase might be a sensor of the carbon sources (glucose and/or glutamine) 2056 

and the pools of each nucleotide triphosphate inside the cell. We performed some 2057 

preliminary experiments using parasites overexpressing TgCTP, and cultured in 2058 

media containing 1 mM of ATP, UTP, GTP or CTP. This preliminary data showed that 2059 

UTP and GTP also cause the assembly of TgCTP in foci-like structures (Fig. 18). It is 2060 

not surprising that nutrient availability affects cytoophidia formation because 2061 

nutrient levels affect the formation of other cytoplasmic structures. An example is 2062 

the formation of the processing bodies (P-bodies), which are cytoplasmic aggregates, 2063 

whose functions ranging from mRNA silencing, mRNA degradation, quality control 2064 

of mRNAs to translational repression (Eulalio et al., 2007). P-bodies proteins 2065 

colocalize to form prominent foci around the cytoplasm in eukaryotes, such as 2066 

humans, plants, vertebrates, invertebrates and Toxoplasma-related parasites such as 2067 

Trypanosomes (Kulkarni et al., 2010; Cassola, 2011). A second example are Actin 2068 

bodies, spherical or elongated structures that contain F-actin and actin-binding 2069 

proteins, which differ from actin filaments. They are formed in response to changes 2070 

in the cell division rate and nutrient avaibility (Sagot et al., 2006). In nucleotide 2071 

metabolism, there is further example of structure formation. The principle enzymes 2072 

of de novo purine biosynthetic pathway have been observed to colocalize forming 2073 

clusters in the cytoplasm known as purinosomes, although the existence of these 2074 

structures is controversial (Zhao et al., 2014). Purinosome formation is regulated by 2075 

the levels of purines in the culture media, being stimulated under purine 2076 

deprivation but inhibited in purine-rich media (An et al., 2008a; Kyoung et al., 2015). 2077 

Azaserine, a known inhibitor of enzymes in the de novo purine biosynthetic 2078 
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pathway, causes the maintance of these structures (An et al., 2008b). Putting all this 2079 

information together, it seems that the assembly of certain metabolic enzymes into 2080 

foci-like structures is a widespread phenomenon, and that some metabolic or 2081 

structural proteins form larger physical structures by sensing nutrient availability. 2082 

From the morphological point of view, there is a similarity between the larger foci-2083 

like structures of TgCTP and P-bodies, actin bodies and purinosomes. The TgCTP 2084 

structures we observed, DON-dependent or DON-independent, no doubt play a role 2085 

in parasite biology.  2086 
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	2087 

Figure 24. Schematic representations of the distribution of TgCTP in absence or 2088 

presence of DON. Immunofluorescence assays using parasites expressing TgCTP at 2089 

endogenous levels. A. Intracellular parasites grown under standard growth 2090 

conditions (without DON) showing the punctate distribution of TgCTP. B. Intracellular 2091 

parasites grown in the presence of 30 µM DON. C. Extracellular parasites grown under 2092 

standard growth conditions (without DON) showing the punctate distribution of 2093 

TgCTP. D. Extracellular parasites incubated in the presence of 30 µM DON for 6 h. 2094 

 2095 

Nucleotide metabolism plays an important role in the growth and development 2096 
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of eukaryotic cells, and is usually tightly controlled (Berg et al., 2002). CTP synthase 2097 

is regulated at the transcriptional level (Wylie et al., 1996; Meng and Switzer, 2001; 2098 

Jørgensen et al., 2003), allosterically at the enzymatic level (Willemoës and Larsen, 2099 

2003; MacDonnell et al., 2004; Endrizzi et al., 2005; Willemoës et al., 2005), and by 2100 

post-translational modifications (Park et al., 2003; Chang et al., 2007; Choi and 2101 

Carman, 2007; Kassel et al., 2010). Recently, it has been shown that the ability of 2102 

CTP synthase to assemble into cytoophidia is another mechanism to allowing control 2103 

of the enzymatic activity by converting the active CTP synthase into an inactive 2104 

form (Ingerson-mahar et al., 2010; Barry et al., 2014; Noree et al., 2014; Tastan and 2105 

Liu, 2015). High levels of CTP in the cell are critical for capturing CTP synthase into 2106 

inactive filaments, however, CTP synthase can be rapidly reactivated by filament 2107 

disassembly in the presence of ATP/UTP or in absence of CTP (Noree et al., 2010, 2108 

2014; Barry et al., 2014). Our results and results from others obtained from DON 2109 

experiments, suggest that the glutaminase domain has an impact on the ability of 2110 

some CTP synthases to form either foci or long filaments. Nevertheless, the 2111 

mechanism involved in structure formation promoted by DON, as we observed for 2112 

TgCTP, and as observed for mammals (Carcamo et al., 2011; Chen et al., 2011; Calise 2113 

et al., 2014b) and Drosophila  CTP synthase (Chen et al., 2011), may be completely 2114 

different from structure formation/depolymerization promoted by nucleotides, 2115 

since DON binds covalently to the active site of the glutaminase domain causing a 2116 

strong inhibition of the glutamine hydrolysis (Levitzki and Koshland, 1971b).  2117 

The localization of cytoophydia seems to be polarized. CTP synthase from C. 2118 

crescentus, CcCTP, forms dynamic filaments localized to the curvature of the inner 2119 

leaflet of the cell membrane during the cell cycle in a manner that is apparently 2120 

independent of its enzymatic function. Nevertheless, C. crescentus is not the only 2121 
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case in which the CcCTP is polarized towards one side of the cell. CTP synthase 2122 

from D. melanogaster, DmCTP, shows a tendency to be associated with Golgi bodies 2123 

or anchored at the cellular periphery (Liu, 2010). CTP synthase from rat 2124 

hippocampal neurons appears to localize in the axons, but not in the dendrites 2125 

(Noree et al., 2010). In addition, studies with cancer cell lines showed that CTP 2126 

synthase forms filamentous structures located adjacent or perpendicular to the 2127 

nucleus, or in the vicinity of the Golgi complex, but these are not associated with 2128 

Golgi complex, tubulin or vimentin (Carcamo et al., 2011). Our results showed that 2129 

TgCTP formed long filaments toward the tachyzoite posterior pore, while often a 2130 

foci-like or donut-like structure was observed toward the apical complex (Fig. 24D). 2131 

The pattern of TgCTP structures in intracellular parasites was not so clear, however, 2132 

very often a long filament was accompanied by a foci-like or donut-like structure 2133 

(Fig. 24B). Colocalization experiments using antibodies against different subcellular 2134 

compartments in T. gondii will be necessary to establish whether TgCTP structures 2135 

are associated with any known organelle. In summary, as was documented for other 2136 

CTP synthases, the localization of the structures formed by CTP synthase was 2137 

polarized, although the relevance and the mechanism of control of this 2138 

compartmentalization are still unknown (Liu, 2011).  2139 

In some organisms, it has been shown that CTP synthase is not the only 2140 

component of the cytoophidia. Human cells, mostly cancer cells, form rod and ring 2141 

structures composed of inosine monophosphate dehydrogenase 2 (IMPDH2), as a 2142 

major component, and CTP synthase as a minor component (Carcamo et al., 2011). 2143 

Curiously, IMPDH2 was not identified by co-immunoprecipitation experiments of 2144 

HsCTP1 interacting proteins (Higgins et al., 2008). In C. crescentus, the proteins 2145 

crescentin (CreS) and CTP synthase constitute a network of filaments that are 2146 
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responsible for maintaining the cell-shape (Cabeen et al., 2009; Ingerson-mahar et 2147 

al., 2010). TgCTP might not be the only component of these structures observed in 2148 

T. gondii, and co-immunoprecipitation and co-localization experiments will be useful 2149 

in order to determine whether there are proteins interacting with TgCTP. 2150 

Besides the effect of DON on the localization of TgCTP, plaque assays showed 2151 

that DON caused a drastic impact on the overall growth of T. gondii. Parasites grown 2152 

in media containing increasing concentrations of DON showed a significant 2153 

reduction both in the plaque size and in the number of plaques (Fig. 19A – C). The 2154 

number of plaques was reduced by 30 % when parasites were treated with 5 µM 2155 

DON, by 65 % at 10 µM and by 100 % at 20 µM DON. The area of plaques was also 2156 

affected in a DON concentration-dependent manner, for example, the mean of the 2157 

area at 10 µM DON was 3 times smaller than in the control (Fig. 19C).  2158 
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	2159 

Figure 25. Schematic representation of the effect of DON treatment over the 2160 

endodyogeny. Under DON treatment, daughter cells are not able to complete the cell 2161 

division remaining inside the mother cell. In some cases, a second round of the 2162 

endodyogeny begins but it does not progress, leading to the formation of aberrant 2163 

parasites within a single mother cell. The stages in which the endodyogeny was 2164 

arrested are highlighted in a green box.  2165 

 2166 
Moreover, immunofluorescence experiments confirmed the effect of DON on 2167 

parasite replication (Fig. 19D). As mentioned, T. gondii replicates asexually by 2168 

endodyogeny in which two daughter cells are formed within the mother cell (Fig. 4) 2169 

(Blader et al., 2015). Parasites treated with DON did not replicate properly because 2170 

they were unable to complete the endodyogeny. Unlike the controls, they remained 2171 

at the last stages of the cell parasite’s division leading to aberrant parasites and 2172 

vacuoles. In figure 25, a schematic representation highlights the three most 2173 

common stages observed when the parasites were treated with concentrations ≥ 10 2174 

µM DON (Fig. 25). In conclusion, DON appeared to completely abrogate T. gondii 2175 
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tachyzoite replication in vitro. This would be consistent with a high metabolic 2176 

demand for CTP imposed by cell division of intracellular parasites, and thus a 2177 

higher requirement for CTP synthase, than in the non-dividing extracellular stage of 2178 

the parasite. In extracellular parasites aberrant morphologies were also observed 2179 

under DON treatment (Fig. 20). Around 30 % of the parasites exhibited a spherical 2180 

form at 10 µM DON, and 40 % exhibited this form at 20 µM (Fig. 17). In spite of these 2181 

observations associated with DON treatment, one cannot ignore that DON inhibition 2182 

activity is not specific for CTP synthases, since it is able to inhibit other enzymes 2183 

which use glutamine as a substrate (Kisner et al., 1980). The observed changes in the 2184 

parasite’s morphology could be caused by the inhibition of other proteins and not 2185 

exclusively to an effect on TgCTP. However we hypothesize that the alterations in 2186 

endodyogeny in intracellular parasites and the aberrant morphology of the 2187 

extracellular parasites could be related to TgCTP based on two possible scenarios.  2188 

First, cytidine 5’-triphosphate, CTP is a principal precursor of membrane 2189 

phospholipids because it is needed to form intermediates such as CDP-acylglycerol, 2190 

CDP-ethanolamine, and CDP-choline. Thus, this enzyme is a promising target for 2191 

new drug design (Chang and Carman, 2008). The most abundant 2192 

glycerophospholipid in T. gondii is phosphatidylcholine (PtdCho), representing 57% 2193 

of the total lipid content (Welti et al., 2007). The function of these high levels of 2194 

phosphatidylcholine in the parasite are unknown, but interference with its synthesis 2195 

causes a decrease in the replication of the parasite in human cell cultures (Gupta et 2196 

al., 2005). Interestingly, the disruption of PtdCho synthesis by a choline analog, 2197 

causes a dramatic effect on growth and membrane composition of parasites 2198 

cultured in HFF cells, and causes an aberrant spherical parasite morphology (Gupta 2199 

et al., 2005). For this reason, PtdCho synthesis is considered a new target for the 2200 
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design of anti-toxoplasmosis drugs. TgCTP should be important in phospholipid 2201 

metabolism of T. gondii, necessary for the formation of precursors for the Kennedy 2202 

pathway and also for the CDP-diacylglycerol synthesis. A decrease in its activity 2203 

should have a direct effect on levels of phosphatidylcholine and other related 2204 

phospholipids. In consequence changes in the composition of the parasite’s 2205 

membranes could cause the lost of crescent-shape of the parasite. Lipid profiles 2206 

experiments will be required to test this hypothesis.  2207 

Second, the T. gondii pellicle is required to maintain the arc-shaped (Keeley and 2208 

Soldati, 2004) and it is formed by three structures: the microtubule network, a 2209 

complex of internal membranes and an outer plasma membrane (Morrissette et al., 2210 

1997). The complex of internal membranes is known as inner membrane complex 2211 

(IMC), which is a specific structure of Apicomplexa. The IMC is composed of 2212 

flattened vesicles distributed from the bottom of the parasite to the apical end 2213 

(Tonkin et al., 2014) and it is critical for the parasite’s gliding motility used for cell 2214 

invasion and for daughter cell formation (Striepen et al., 2007). During 2215 

endodyogeny, the IMC provides the scaffold for assembling the new daughter cells 2216 

(Hu et al., 2002) through several conserved proteins such as sub-compartment 2217 

proteins (ISP), intramembranous particles (IMP), (Beck et al., 2010) and many others, 2218 

recently identified (Tonkin et al., 2014). Mann and Beckers described the existence 2219 

of a different filamentous network that could also participate in the maintenance of 2220 

the parasite cell shape (Mann and Beckers, 2001). It is known that TgIMP1 and 2221 

TgIMP2 from the IMC, colocalize partially with this filamentous network. 2222 

Nevertheless, all the proteins involved in these structures have not been identified, 2223 

and other protein components of the filamentous network and IMC remain 2224 

unknown. Interestingly, some proteins that lack transmembrane domains or 2225 
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acylation signals have been found associated with the IMC, opening the possibility 2226 

that unexpected proteins could also be associated with structural components in T. 2227 

gondii. In summary, T. gondii parasites have a sophisticated internal organization, 2228 

which is emerging as a promising field of research. Due to the ability of TgCTP to 2229 

form filaments and based on the effect of DON on the endodyogeny, we hypothesize 2230 

that TgCTP could be somehow associated with the IMC or with some other structure 2231 

from the parasite pellicle.  2232 

CTP synthase is an enzyme that has become an excellent target for treatment of 2233 

parasitic diseases (Verschuur et al., 2000). In P. falciparum and T. brucei, CTP 2234 

synthase is considered a promising antiparasitic target. Unlike mammalian cells, 2235 

these parasites can’t compensate for the inhibition of CTP synthase by using salvage 2236 

pathways for cytidine (Yuan et al., 2005; Hofer et al., 2001). According to Iltzsch 2237 

(1993), T. gondii also has a limited pyrimidine salvage capacity especially for 2238 

cytidine, therefore it is likely that TgCTP could be an essential gene for parasite 2239 

survival. The CRISPR/Cas9 system is a recent tool employed to efficiently generate 2240 

mutants in T. gondii (Shen et al., 2014; Sidik et al., 2014). Lourido and coworkers 2241 

have developed a mathematical model to assign a fitness score value to each gene 2242 

from T. gondii according to its essentiality for the parasite. The maximum value for 2243 

a non-essential gene is 1.89 and the minimum value for an essential gene is -7.73. 2244 

Apparently, TgCTP gene has a fitness score of −7.22 (Sebastian Lourido, personal 2245 

communication) meaning that to generate a knockout of TgCTP could be a 2246 

challenge. In spite of these data, we attempted to get a TgCTP gene knockout using 2247 

different approaches. However, all our attempts to directly delete or replace the 2248 

TgCTP locus in Δku80::diCre and Δku80-TaTi tachyzoites were futile. Perhaps, the 2249 
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best approach in the future would be to try to construct a conditional knockout of 2250 

TgCTP using the CRISPR/Cas9 system. 2251 

In conclusion, TgCTP appears to form filaments depending on its expression 2252 

levels and the infectious stage of the parasite. One possible explanation for these 2253 

phenomena are that producing and maintaining the CTP pools in the cells is an 2254 

energy-demanding process, which must be regulated. The tachyzoite is the rapidly 2255 

replicating form of the parasite, and upon invasion into the host cell, only one 2256 

parasite can produce 32 – 64 new parasites (Dubey et al., 1998). Thus, intracellular 2257 

parasites have a high demand for CTP to satisfy the replication rate of the parasite. 2258 

The CTP levels required should be lower for extracellular parasites, which do not 2259 

divide. However, the regulation of the CTP levels in T. gondii is not a consequence of 2260 

differences in the expression levels of TgCTP, because no significant differences at 2261 

the RNA levels are between intra- and extracellular stage (Gaji et al., 2011). It is 2262 

possible that the regulation of CTP pools in T. gondii could be controlled by the 2263 

ability of TgCTP to polymerize. This idea is supported by the observation that the 2264 

number of CTP structures in extracellular parasites is higher than in intracellular 2265 

parasites. However, experiments for measuring the CTP pools in intra and 2266 

extracellular parasites will be required to confirm this hypothesis. Despite the great 2267 

structural and sequence similarities between CTP synthases, causing it to be 2268 

thought of as a highly conserved protein, the findings on these enzymes in the last 2269 

5 years suggest that each CTP synthase exhibits specific characteristics that make it 2270 

unique to the organism where it functions. In the case of T. gondii, those specific 2271 

characteristics could be exploited to design species-specific inhibitors that affect 2272 

mainly the enzyme of the parasite, and not the human protein.   2273 
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5    APPENDICES 2274 

5.1 Materials 2275 

5.1.1 Chemicals 2276 

Product  Manufacturer 

6xHis Protein Ladder  Qiagen, USA 

Acetic acid JT Baker, USA 

Acrylamide Sigma, USA 

Adenosine 5’-diphosphate (ADP) Merck, Germany 

Agar, bacteriological Oxoid, USA 

Agarose Lonza, USA 

Ammonium persulphate (APS) Sigma, USA 

Ammonium sulphate Sigma, USA 

Ampicillin Sigma, USA 

Ammonium chloride Sigma, USA 

Benzamidine Sigma, USA 

Beta-mercaptoethanol Biorad, USA 

Bradford reagent – Protein assay Biorad, USA 

Bovine serum albumin (BSA) Sigma, USA 
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Chloramphenicol  Roth, Germany  

Coomassie brilliant blue  G250 Merck, Germany 

Crystal violet Sigma, USA 

Cytidine 5’-Triphosphate Sigma, USA 

DAPI / Fluoromount G SouthernBiotech, USA 

Deoxynucleotide-triphospate (dNTPs)  ThermoScientific, USA 

Dimethyl sulfoxide (DMSO)  Sigma, USA 

Dithiothreitol (DTT)  Sigma, USA 

DNA marker (1 kb ladder)  Fermentas, USA 

DNA marker (100 bp ladder) Fermentas, USA 

DNA purification from agarose gels MP Biomedicals, USA 

DNA purification (plasmid preps) Analytik Jena, Germany 

Dulbecco’s Modified Eagle Media (DMEM) w/o 

Na-pyruvate, w/o L-glutamine, High glucose 

GE Healthcare, Germany 

ECL western blotting and analysis system  GE Healthcare, Germany 

Ethanol JT Baker, USA 

Ethylene glycol - bis (2 - aminoethylether) - N,N, 
N',N'-tetraacetic acid  

Sigma, USA 

Ethylenediamine tetraacetic acid disodium salt Sigma, USA 

Fetal bovine serum (FBS) Invitrogen, USA 

5-Fluoro-2’-deoxyuridine (FUDR)  Sigma, Germany  
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Gel red Biotium, USA 

D - Glucose Sigma, USA 

Glutathione, oxidized Sigma, USA 

Glutathione, reduced Sigma, USA 

Glycine Sigma, USA 

Glycerol Amresco, USA 

Guanosine triphosphate Sigma, USA 

HEPES Sigma, USA 

HisPur cobalt resin ThermoScientific, USA 

Imidazole Sigma, USA 

IPTG ThermoScientific, USA 

L-Glutamine Sigma, USA 

Lithium acetate Applichem, Germany 

Magnesium chloride hexahydrate  Sigma, USA 

MEM, non essential amino acid 100X Invitrogen, Germany 

Mycophenolic acid  Applichem, Germany 

NADH Sigma, USA 

Ni-NTA resin Qiagen, USA 

N,N′-Methylenebis(acrylamide) Sigma, USA 

Non-fat dried milk power Applichem, Germany 
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Paraformaldehyde (PFA) Sigma, USA 

Penicillin / Streptomycin  Invitrogen, USA  

Phenylmethylsulfonyl fluoride, PMSF Sigma, USA 

Phosphoenolpyruvate MP Biomedicals 

Polyethylenglycol 3350  Applichem, Germany 

Poly-L-Lysine hydrobromide Sigma, USA 

Potassium acetate Sigma, USA 

Potassium chloride Sigma, USA 

Protease inhibitor cocktail tablets (SigmaFast) Sigma, USA 

Protein ladder, prestained (PageRuler) Fermentas, USA 

PureLink HiPure plasmid filter maxiprep kit Invitrogen, Germany 

Pure Link RNA Mini Kit  Ambion, Germany 

Reverse transcription PCR (SuperScript III)  Invitrogen, Germany 

Salmon sperm DNA (10 mg/mL)  Invitrogen, Germany  

Sodium acetate Sigma, USA 

Sodium chloride Sigma, USA 

Sodium dodecyl sulfate (SDS)  GibcoBRL, USA 

Sodium phosphate monobasic Sigma, USA 

Sodium phosphate dibasic Sigma, USA 

Sodium pyruvate Invitrogen, Germany 
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TEMED Sigma, USA 

Tris Amresco, USA 

Triton X-100 Sigma, USA 

Trypsin / EDTA  Sigma, USA 

Tryptone Oxoid, USA 

Tween 20 Sigma, USA 

Urea Sigma, USA 

Uridine triphosphate Sigma, USA 

Xanthine  Applichem, Germany 

X-Gal Promega, USA 

Yeast nitrogen base (YNB) Sigma, Germany 

Yeast extract Oxoid, USA 

 2277 

5.1.2 Biological resources 2278 

	2279 

Cell line Source 

E. coli (XL-1blue, Rosetta)  Stratagene, USA  

E. coli (DH5α F’) Clontech, USA 

E. coli (BL21-CodonPlus(DE3)RP) Agilent Technologies 
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ExAssist helper phage Stratagene, USA 

Human foreskin fibroblasts (HFF)  Nishith Gupta, Humboldt 

University, Berlin, Germany 

Saccharomyces cerevisiae SDO195 

(Ura7Δ::TRP1, ura8Δ::HisG derivative of 

SGY157, bearing Ura7 into a plasmid)a 

George Carman, Rutgers 

University, New Brunswick, NJ, 

USA  

S. cerevisiae YBL039c 

(BY4741; MAT a; his3Δ1; leu2Δ0; 

met15Δ0; ura3Δ0; YBL039c::kanMX4)  

Euroscarf, Frankfurt 

S. cerevisiae (YJR103w) 

(BY4741; MAT a; his3Δ1; leu2Δ0; 

met15Δ0; ura3Δ0; YJR103w::kanMX4) 

Euroscarf, Frankfurt 

T. gondii tachyzoites (RH ∆ku80-

∆hxgprt- strain)  

Vern Carruthers, University of 

Michigan, Ann Arbor, USA  

T. gondii tachyzoites (RH) Instituto nacional de salud, 

Bogotá, Colombia 

T. gondii tachyzoites (Δku80 – TaTi  

strain)  

Boris Striepen, University of 

Georgia, USA  

T. gondii tachyzoites (Δku80::diCre 

strain) 

Markus Meissner, University of 

Glasgow, UK 

a For detailed information about SDO195 strain see Ostrander et al., 1998. 2280 

	2281 

5.1.3 Vectors 2282 

Plasmid Source 
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pESC-Ura, pESC-His Stratagene, USA 

pET15b Novagen, Germany  

pET19b Novagen, Germany  

pG140 Nishith Gupta, Humboldt University, 

Berlin, Germany 

pG152 Nishith Gupta, Humboldt University, 

Berlin, Germany 

pGEM-T Easy Promega, USA 

pGRA2-UPKO 
Nishith Gupta, Humboldt University, 

Berlin, Germany 

pNTP3TetO7Sag1  Nishith Gupta, Humboldt University, 

Berlin, Germany 

pNEV-N-Leu Nishith Gupta, Humboldt University, 

Berlin, Germany 

pTKO-HXGPRT Nishith Gupta, Humboldt University, 

Berlin, Germany 

pTKO-DHFR-TS Nishith Gupta, Humboldt University, 

Berlin, Germany 

pTub8CAT-GT1-KO Nishith Gupta, Humboldt University, 

Berlin, Germany 

 2283 
 2284 

5.1.4 Antibodies 2285 
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Antibody (dilution factor) Manufacturer 

Alexa 594, Alexa 488 (anti-mouse, 

anti- rabbit) (1:3,000)  

Invitrogen, USA  

Anti-5xHis-tag mAb IgG (mouse) 

(1:1000)  

Qiagen, USA 

α-c-myc (rabbit, mouse) (1:1,000)  Sigma, USA 

α-TgDHO (rabbit) (1:500) Strategic Biosolutions, USA 

α-TgHsp90 (rabbit) (1:500) Abcam, Germany 

α-TgSAG1 (mouse) (1:1000) Abcam, Germany 

 2286 
 2287 

5.1.5 Enzymes 2288 

Enzyme Manufacturer 

Alkaline phosphatase, Calf intestinal NEB, USA  

Dream-Taq polymerase Fermentas, USA 

Lisozyme Sigma, USA 

Long Amp Taq polymerase NEB, USA 

Pfu Ultra II Fusion HS DNA 

polymerase  

Agilent technologies, USA 

Proteinase K Sigma, Germany 

Pyruvate kinase / Lactic Sigma, USA 
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 2290 

5.1.6 Equipment 2291 

dehydrogenase (cat #P0294) 

T4 DNA ligase NEB, USA 

Taq DNA polymerase  Fermentas, USA 

Instrument Manufacturer 

250 Analog Sonifier Branson, USA 

Amaxa NucleofectorTM 2b device Lonza, Germany 

Centrifuge, SorvallTM ThermoScientific, USA 

CO
2
 incubator tissue culture ESCO, Singapore 

DU800 spectrophotometer Beckman, USA 

Gel documentation system Biorad, USA 

Micropulser electroporator Biorad, USA  

Microscope (Apotome Imager.Z2)  Zeiss, Germany  

Mini-Protean electrophoresis cell Biorad, USA 

Mini Trans-blot System  Fermentas, USA 

Nanodrop 1000 sphectophotometer ThermoScientific, USA 

Olympus FluoViewTM FV1000 unit 

with IX71 motorized inverted 

Olympus, USA 
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 2292 

 2293 

5.2 Oligonucleotides (Table 2) 2294 

Lyophilized oligonucleotides were dissolved in ddH
2
O (double-distilled water) at 2295 

a concentration of 100 µM and stored at −20 ºC. Dilutions of 1:10 were made for 2296 

working solutions. 2297 

Primer name Primer sequence (restriction site 
underlined) 

Cloning vector 

 

Expression of TgCTP in E. coli 

TgCTP_s 

TgCTP_as 

ATTACCATATGAACGCCGCCTCCCG
AGCC 

CCACATATGCTAGGCACTTTCCACC
TCTTCGTAGACG 

pET-19b (His-tag-
TgCTP in BL21 
strain; 6xHis-TgCTP) 

TgCTP_truncated 

 

TgCTP_as 

CTCATCGTCGACCTAGGCACTTTCC
ACCTCTTC 

 
CCACATATGCTAGGCACTTTCCACC
TCTTCGTAGACG 

pET-15b (His-tag-
TgCTP w/o 57aa of 
its N-terminal in 
BL21 strain) 

Subcellular localization of TgCTP in T. gondii  

microscope 

Peltier temperature-controlled cuvette 

holder 

Beckman, USA 
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TgCTPS_F1 

TgCTPS_R1 

CTCATCATGCATAACGCCGCCTCCC
GAGCC  

CTCATCTTAATTAATTAcaggtcctcctc
ggagatgagcttctgctcGGCACTTTCCACC
TCTTCGTAGACGGC  

pGRA2-UPKO (For 
expressing an ectopic 
copy of TgCTP-c-myc 
in tachyzoites) 

TgCTP-IT-F  

 
TgCTP-IT-myc-R  

CTCATCCCACCGGTCACCTGGGCTC
TCTCTCGATCTTTTCTGGT  

CTCATCGAATTCcaggtcctcctcggagatg
agcttctgctcGGCACTTTCCACCTCTTC
G  

pTKO-HXGPRT (For 
expressing TgCTP-c-
myc under its own 
promoter in 
tachyzoites) 

Functional expression in S. cerevisiae 

TgCTP_F2 

 

TgCTP_R2 

CTCATCGCGGCCGCATGAACGCCGC

CTCCCGA  

CTCATCGCGGCCGCCTAGGCACTTT

CCACCTCTTCGTAGA  

pESC-His or pNEV-N 
(TgCTP in YBL039c 
or YJR103w strain)  

ScCTP1_F 

 

ScCTP1_R  

CTCATCGCGGCCGCATGAAGTACGT

TGTTGTTTCAGGT  

CTCATCGCGGCCGCTTAAAAGTTGA

ATTTGTTTTCGCC  

pESC-His or pNEV-N 
(ScCTP1 in YBL039c 
strain) 

ScCTP2_F 

 

ScCTP2_R 

CTCATCGCGGCCGCATGAAATACGT

TGTTGTTTCTGGT  

CTCATCGCGGCCGCTCATTCATTTTC

ATTTCCCTCG  

pESC-His or pNEV-N 
(ScCTP2 in YJR103w 
strain) 

TgCTP_His_F 

 

TgCTP_R2 

CTCATCGCGGCCGCATGGGCCATCA

TCATCATCATC  

CTCATCGCGGCCGCCTAGGCACTTT

pNEV-N (TgCTP in 
YJR103w strain) 
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CCACCTCTTCGTAGA 

TgCTP_F2 

 

TgCTP_FLAG-R  

CTCATCGCGGCCGCATGAACGCCGC

CTCCCGA  

CTCATCGCGGCCGCGGCACTTTCCA

CCTCTTCGTAGACG  

pESC-His (Expression 
of TgCTP-flag in 
YJR103w strain) 

Knockout of TgCTP in T. gondii by Cre system 

TgCTP_5'-
UTR_Cre_F1  
 

TgCTP_5'-
UTR_Cre_R1  

CTCATCGGGCCCCAAAACCGACCGA
ATTGATT  

CTCATCGGGCCCCCAACAACGTGTG
GGCAG  

pG140 (Complete 
knockout of TgCTP 
by Cre recombinase 
in the Δku80::diCre 
strain) 

TgCTP_3'-
UTR_Cre_F1  
 

TgCTP_3'-
UTR_Cre_R1  
 

TgCTP_3'-
UTR_Cre_R2 
 

TgCTP_3'-
UTR_Cre_R3 
 

TgCTP_3'-
UTR_Cre_R4 
 

TgCTP_3'-
UTR_Cre_B_R 

CTCATCGAGCTCCATCCTCCATTTGC
CTCTTT  

CTCATCGAGCTCGTATTTGCGTTTGA
TGAAAGAATACTT  

CTCATCGAGCTCTGCAGCTGGCCAA
AGTCC 

CTCATCGAGCTCTCTCTCATCGCTTG
AGTTCTCG  

CTCATCGAGCTCTCTCTCATCGCTTG
AGTTCTCG  

CTCATCGAGCTCGAGTTTATCGACG
ACGAAGATAACT  

pG140 (Complete 
knockout of TgCTP 
by Cre recombinase 
in the Δku80::diCre 
strain) 

TgCTP_ORF_Cre_F1  CTCATCCAATTGCGACAAAATGAAC

GCCGCCTCCCGA  

 
pG140 (Complete 

knockout of TgCTP 
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TgCTP_ORF_Cre_R1  

 

CTCATCTTAATTAATTAcaggtcctcctc

ggagatgagcttctgctcGGCACTTTCCACC

TCTTCGTAGACG 

by Cre recombinase 

in the Δku80::diCre 

strain) 

TgCTP_5Scr_Cre_F1  

YFP_5Scr_Cre_R1 

TAACTCTCTGGTTAGTCGCTCTTGT 

CAGATGAACTTCAGGGTCAGC  

Screening of 5’-

crossover in 

transgenic 

Δku80::diCre strain 

HX_3Scr_Cre_F1 

TgCTP_3Scr_Cre_ 
R1  

TgCTP-3Scr-Cre-R2  

TgCTP-3Scr-Cre-R3  

TgCTP-3Scr-Cre-R4  

TgCTP-3Scr-Cre-B-
R1  

TgCTP-3Scr-Cre-B-
R2  

CTACGACTTCAACGAGATGTTCC 

CATCAGAAACTCCTTTGGCC  

GATGGCACAACTTGTTCGC  

CATTTCTCGGTCTATATCTGTGCA 

GAGTTTATCGACGACGAAGATAACT  

GAAATTCGTTTGGAGTTGGTAGA  

GTCTGTGTCTTTGTGGTTCAGC  

Screening of 3’-

crossover in 

transgenic 

Δku80::diCre strain 

TgCTP_ISP_Cre_F1 

TgCTP_ISP_Cre_R1  

GTGTACGTCCTGGAGGACG  

GCTCTGGGAGGACTTGAGTG  

Comparison between 

gTgCTP and cTgCTP 

version in transgenic 

Δku80::diCre strain 

Knockdown of TgCTP in T. gondii by 3’-UTR mRNA destabilization 

TgCTP_LIC_Cre_F  TACTTCCAATCCAATTTAATGCTCTC pG152 (Knockdown 

of TgCTP in the 
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TgCTP_LIC_Cre_R  

TCTCGATCTTTTCTGG  

TCCTCCACTTCCAATTTTAGCGGCAC

TTTCCACCTCTTCG  

Δku80::diCre strain) 

TgCTP_Scr_Cre 1 F  

pG152/pG223-ESP-

R1 

CCATCTGCAAGGTGAGGAG  

CTGTTATCCTGCAGTTACTTGTCG 

pG152 (Knockdown 

of TgCTP in the 

Δku80::diCre strain) 

Conditional knockout of TgCTP 

TgCTP-ORF-myc-F1-
UPKOtetsag  

TgCTPS_R1 

CTCATCTCATGAACGCCGCCTCCCG
A  

CTCATCTTAATTAATTAcaggtcctcctc

ggagatgagcttctgctcGGCACTTTCCACC

TCTTCGTAGACGGC 

pNTP3TetO7Sag1 
(Conditional 
knockout of TgCTP 
in the Δku80-TaTi 
strain) 

TgCTP_5'-
UTR_Cre_F1  
 

TgCTP-5UTR-pTet-
CAT-R1  

CTCATCGGGCCCCAAAACCGACCGA

ATTGATT  

 

CTCATCGGGCCCCCAACAACGTGTG

GGCAG  

pTub8CAT-GT1-KO 
(Conditional 
knockout of TgCTP 
in the Δku80-TaTi 
strain) 

TgCTP-3UTR-pTet-

CAT-F1  

TgCTP-3UTR-pTet-

CAT-R1  

CTCATCCTCGAGGGCGCGTTCGAAA

AAAGC  

CTCATCTCTAGATCTCTCATCGCTTG

AGTTCTCG  

pTub8CAT-GT1-KO 
(Conditional 
knockout of TgCTP 
in the Δku80-TaTi 
strain) 

TgCTP_5Scr_Cre_F1 

CAT-5Scr-R1  

TAACTCTCTGGTTAGTCGCTCTTGT 

TGCAGGAGAAAAAAATCACTGGA 

Screening of 5’-

crossover in 

transgenic the 

Δku80-TaTi strain 



	 129 

CAT-3Scr-pTet-F1  

TgCTP-3Scr-Cre-B-

R2 

GTTTTCACCATGGGCAA  

GTCTGTGTCTTTGTGGTTCAGC 

Screening of 3’-

crossover in 

transgenic the 

Δku80-TaTi strain 

TgCTP-5UTR-pTet-

DHFR-F1  

 

TgCTP-5UTR-pTet-

DHFR-R1  

CTCATCCCACCGGTCACCTGGCAAA

ACC GACCGAATTGATT  

 

CTCATCACTAGTCCAACAACGTGTG

GGCAG  

pTKO-DHFR-TS 

(Conditional 

knockout of TgCTP 

in the Δku80-TaTi 

strain) 

TgCTP-3UTR-pTet-

DHFR-F1  

TgCTP-3UTR-pTet-

DHFR-R1  

CTCATCGTTAACGGCGCGTTCGAAA

AAAGC  

CTCATCGGGCCCTCTCTCATCGCTTG

AGTTCTCG  

pTKO-DHFR-TS 

(Conditional 

knockout of TgCTP 

in the Δku80-TaTi 

strain) 

TgCTP_5Scr_Cre_F1 

PSS2’s 5-Scr-R 

TAACTCTCTGGTTAGTCGCTCTTGT 

CAAGGCGAGGTGAGACTGTG 

Screening of 5’-

crossover in 

transgenic the 

Δku80-TaTi strain 

PSI/CDS-3Scr-F 

PSSD2 –DHFR-F2 

TgCTP-3Scr-Cre-B-
R2 

CTCGCTGGTAGTCCCAACTG 

CTCGCGGCGTTGAATGTG 

GTCTGTGTCTTTGTGGTTCAGC 

Screening of 3’-

crossover in 

transgenic the 

Δku80-TaTi strain 

 2298 
Table 2. Sequences of oligonucleotides used in this study. All sequences are 2299 

presented 5’ to 3’. Underlined sequence indicates a restriction site added to the primer. 2300 

Sequence for the c-myc tag is shown in lower case. 2301 
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5.3 Media, buffers and solutions 2303 

5.3.1 Molecular biological methods 2304 

Solution Composition 

Amino acid mix (10X) 400 adenine hemisulfate  

200 mg L-Arg 

1,000 mg L-Asp 

1,000 mg L-Gln 

200 mg L-His 

600 mg L-Leu 

300 mg L-Lys 

200 mg L-Met 

500 mg L-Phe 

3,750 mg L-Ser 

2,000 mg L-Thr 

400 mg L-Try 

300 mg L-Tyr 
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1,500 mg L-Val 

200 mg Uracil in 500 mL ddH
2
O and 

filter-sterilized. Histidine, uracil or 

leucine was omitted for selective 

media. 

Ampicilin (1,000X) 100 mg/mL in ddH2O water, filter-

sterilized 

Auto-induction media 1 % tryptone 

0.5 % yeast extract 

25 mM Na
2
HPO

4
 

25 mM KH
2
PO

4
 

50 mM NH
4
Cl 

5 mM Na
2
SO

4
 

500 mM NaCl 

0.2 % lactose 

0.5 % glycerol; autoclaved 

Add 2 mM MgSO
4
 and 0.05 % glucose 

filter-sterilized 
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Auto-induction media for overnight 

culture 

25 mM Na
2
HPO

4
 

25 mM KH
2
PO

4
 

50 mM NH
4
Cl 

5 mM Na
2
SO

4
; autoclaved 

Add 2 mM MgSO
4
; 0.05 % glucose; 

0.25 % L-aspartate (pH 7) and 0.001 

% thiamine filter-sterilized. 

DNA sample buffer (6X) 60 % glycerol 

60 mM EDTA 

0.5 % bromophenol blue 

DnD 10 mM KOAc; pH 7.5 

1M DTT 

90 % DMSO  

LB (Luria Broth) medium 1 % NaCl 

1 % tryptone 

0.5 % yeast extract 

pH 7.5; autoclaved 
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LB agar 1.5 % Agar in LB medium, autoclaved 

Freezing solution 40 % glycerol in dH
2
O, autoclaved 

PBS (10X) 10 mM KH
2
PO

4
 

1.37 M NaCl 

27 mM KCl 

pH 7.2; autoclaved 

SOB (super optimal broth) media  2 % tryptone 

0.5 % yeast extract  

10 mM NaCl  

2.5 mM KCl; autoclaved 

Add 10 mM MgCl
2 and 10 mM MgSO

4
 

filter-sterilized. 

SOC (super optimal broth with 

catabolite repression) media 
20 mM glucose filter-sterilized in 

SOB media 

3M Sodium acetate 24.06 g NaAc 

100 mL H
2
O; pH 5.2 

Synthetic dropout media (SC) 1.7 g YNB 
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5 g ammonium sulphate in 425 mL 

dH
2
O; filter-sterilized. 

50 mL 10X amino acid mix 

25 mL 40 % glucose (final 

concentration, 2 %) filter-sterilized. 

TAE (Tris, acetic acid, EDTA), 10X 0.4 M Tris 

0.2 M acetic acid 

10 mM EDTA; pH 8.0 

TB (Terrific broth) media 1.2 % tryptone 

2.4 % yeast extract 

0.4 % glycerol, autoclaved 

100 mL of 0.17 M KH
2
PO

4
; 0.72 M 

K
2
HPO

4
 filter-sterilized. 

TE buffer 10 mM Tris-HCl; pH 8.0 

1 mM EDTA 

TFB (standard transformation buffer) 10 mM K-MES; pH 6.3 

100 mM KCl 
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45 mM MnCl
2
•4H

2
O 

10 mM CaCl
2
•2H

2
O 

3 mM Hexamine cobalt (III) chloride, 

HACoCl
3
 filter-sterilized.  

TFB I 30 mM KOAc; pH 5.8 

50 mM MnCl
2
•4 H

2
O 

10 mM CaCl
2
  

100 mM RbCl  

15 % glycerol, filter-sterilized. 

TFB II 10 mM MOPS; pH 7.0 

75 mM CaCl
2
 

10 mM RbCl 

15 % glycerol, filter-sterilized 

Transformation buffers for S. cerevisiae  10X  TE buffer  

100 mM Tris-HCl; pH 7.5 

10 mM EDTA  

Buffer was filter sterilized and 

stored at 4°C. 1X TE buffer was 



	 136 

freshly prepared from 10X TE 

buffer.  

 10X  LiAc buffer 

1 M lithium acetate; pH 7.5, filter-

sterilized. 

 1X  LiAc/TE buffer 

10 mL 10X LiAc buffer 

10 mL 10X TE buffer  

Add 80 mL of sterile water (freshly 

prepared). Filter-sterilized 

 PEG3350 solution 

50 % PEG3350 in sterile water. Filter-

sterilized. 

 PEG3350 / LiAc / TE 

80 % (v/v) PEG3350 solution 

1X LiAc buffer 

1X TE buffer 

YPD (yeast extract peptone dextrose) 

media 

2 % Bacto peptone 

1 % yeast extract; autoclaved 
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2 % glucose, filter-sterilized. 

YPD agar 2 % agar in YPD media; autoclaved 

	2305 

5.3.2 Cell culture 2306 

Solution Composition 

Cell freezing solution 10 % DMSO 

90 % FBS 

Chloramphenicol (1,000X) 34 mg/mL in absolute ethanol 

Crystal violet 2.5 % (w/v) crystal violet 

25 % absolute ethanol 

1 % Ammonium oxalate in dH
2
O 

DMEM complete medium (for HFF cells) 500 mL DMEM 

10 % FBS 

1 % P/S 

1 % Sodium pyruvate 

1X MEM, non essential 
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aminoacids 

2 mM L-glutamine 

FUDR 1.231 mg/mL in sterile water 

Lysis buffer for T. gondii genomic DNA 10 mM Tris-HCl, pH 8.0 

0.5 % SDS 

5 mM EDTA 

200 mM NaCl in ddH
2
O 

Add 100 µg/mL proteinase K 

solution, prior to use. 

MPA (1,000X) 25 mg/mL in absolute ethanol 

Pyrimethamine (1,000X) 1 mM pyrimethamine in absolute 

ethanol 

Sodium bicarbonate, 7 % 7 g sodium bicarbonate  

100 mL ddH
2
O, filter-sterilized. 

T. gondii culture medium 500 mL DMEM 

1 - 2 % FBS 

1 % P/S 
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1 % Sodium pyruvate 

1X MEM, non essential aminoacid 

1 % L-glutamine 

T. gondii transfection medium 

(Cytomix) 

120 mM KCl 

0.15 mM CaCl
2
 

10 mM K
2
HPO

4
/KH

2
PO

4
 

25 mM HEPES 

20 mM EGTA 

5 mM MgCl
2
 

2 mM ATP 

5 mM GSH, filter-sterilized. 

Xanthine (1,000X) 50 mg/mL xanthine in 0,1 M KOH 

IFA solutions 

Blocking solution  2 % BSA in 0.2 % Triton X-100 in 

PBS 

Fixation solution 4 % PFA (w/v) in PBS 

Neutralization solution 0.1 M glycine in PBS 
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Permeabilization solution 0.2 % Triton X-100 in PBS 

	2307 

5.3.3 Biochemical methods 2308 

Solution Composition 

Acryl/Bisacrylamide 29.2 % acrylamide 

0.8 % N,N′-Methylene 

bis(acrylamide) 

Blocking solution for western blot 5 % Non-fat dried milk power in 1X 

TBST 

Destainer 30 % ethanol  

10 % acetic acid in ddH
2
O 

Running gel buffer 1.5 M Tris-HCl, pH 8.8 

Running gel 8 – 15 % Acryl/Bisacrylamide 

25 % Running gel buffer 

0.4 % SDS 

0.1 % APS  

0.2 % TEMED 
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SDS-PAGE sample buffer (4X) 125 mM Tris-HCl; pH 6.8 

50 % glycerol 

4 % SDS 

0.02 % bromophenol blue 

Add 0.11 g DTT for 1 mL of sample 

buffer before use. 

SDS-PAGE running buffer (10X) 3 % Tris base 

14.4 % glycine 

1 % SDS 

Stacking gel buffer 1 M Tris-HCl, pH 6.8 

Stacking gel 4 – 5 % Acryl/Bisacrylamide 

12.5 % Stacking gel buffer 

0.4 % SDS 

0.1 % APS  

0.2 % TEMED 

Stainer 30 % ethanol  
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10 % acetic acid 

0.25 % Coomassie G-250 

Stock buffer for TgCTP purification 

(buffer A) 

50 mM sodium phosphate buffer; 

pH 7.4 

500 mM NaCl 

10 % glycerol 

TBS (10X) 0.5 M Tris 

1.5 M NaCl, adjust pH to 7.6 with 

HCl  

TBST (1X) 0.5 % Tween 20 in 1X TBS 

TgCTP assay buffer 70 mM HEPES pH 8.0 

12 mM MgCl
2
 

150 mM KCl 

1 mM DTT 

Transfer buffer (5X) 250 mM Tris 

2 M glycine 

Transfer buffer (1X) 20 % ethanol or methanol  
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20 % transfer buffer 5X. Add dH
2
O 

to a final volume of 1 L. 

	2309 

	 	2310 
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5.4 Supplemental figures 2311 

 2312 
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	2313 

Figure S1. Multiple sequence alignment of CTP synthases from different organisms. 2314 

Conserved residues in all proteins are shown in bold and indicated by asterisks above the 2315 

sequences. Residues conserved in ≥85% of CTP synthases are colored by chemical according 2316 

to the STRAP server. The highly conserved regions of the synthase domain, which are 2317 

required for UTP, ATP and CTP binding, are underlined in purple. The linker between the 2318 

synthase and glutaminase domain is underlined in green. The catalytic triad (Cys-His-Glu) is 2319 

indicated by ★ below the sequences. The N-terminal extension of TgCTP is indicated by a 2320 

pink box. The multiple sequence alignment was performed using the MAFFT algorithm 2321 

(Katoh et al., 2002). The alignment figure was produced using the STRAP server (Gille et al., 2322 

2014). The proteins included in the alignment are, in descending order, as follows: 2323 

Toxoplasma gondii, Tgon, JN847214.1; Plasmodium falciparum, Pfal, AAC36385.1; Leshmania 2324 

major, Lmaj, XP_001682814.1; Saccharomyces cerevisiae I, ScerI, CAA37941.1; S. cerevisiae II, 2325 

ScerII, CAA48277.1; Homo sapiens I, HsapI, NP_001896; H. sapiens II, HsapII, NP_062831; 2326 
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Drosophila melanogaster isoform C, DmegC, NP_730023.1; Escherichia coli, Ecol, 2327 

ACB03894.1; Thermus thermophilus, Tther, YP_144732.1. Caulobacter crescentus, Ccre, 2328 

ENZ83858.1.  2329 

 2330 

 2331 

 2332 

 2333 

	2334 

Figure S2. Evaluation of TgCTP polymer formation by TEM. A - B. TgCTP (2 mg/mL) 2335 

was incubated with saturating concentrations of all its substrates for 15 min at RT. Rod-like 2336 

and snake-like TgCTP structures were observed by transmission scanning electron 2337 

microscopy. B. Assay buffer was used as a control. Scale bar: 100 nm. 2338 

 2339 
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	2340 

Figure S3. DON inhibits intracellular replication of tachyzoites from RH strain T. 2341 

gondii. A. Plaque assay showing a reduction in T. gondii proliferation in vitro in the presence 2342 

of DON. The experiments were conducted three times, independently, and a representative 2343 

assay is shown. B. Sizes of plaques in mm2. Significant differences were calculated by one-way 2344 

ANOVA and Dunnett’s posttest, **** P value < 0.0001; mean ± SD for three independent 2345 

experiments. C. The number of plaques observed in the experiment from panel A. The 2346 

percentage was calculated based on total number of plaques observed in the control. 2347 

Significant dif The ferences were calculated by one-way ANOVA and Dunnett’s posttest, **** 2348 

P value < 0.0001; mean ± SD (n = 3). 2349 

 2350 
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	2351 

Figure S4. Recombination-specific PCR from clones obtained from Cre-recombinase-2352 

mediated knockout of TgCTP. Parasites were transfected with the Cre-mediated KO 2353 

construct and selected with MPA/XAN. Surviving transfected parasites were cloned via 2354 

limiting dilution and gDNA was extracted from each one to evaluate the cassette integration 2355 

by PCR. Gel electrophoresis shows the results from 9 of more than 40 clones analyzed by 2356 

PCR. Expected band for 5’ crossover: 3.8 kb. Expected band for 3’ crossover: 1.8 kb. Expected 2357 

band for gene swap: a band of 0.54 kb.  2358 

	2359 

	2360 

	2361 

Figure S5. Evaluation of the construction of the conditional knockout of TgCTP. A. 2362 

western blot showing the expression of the full-length c-myc tagged TgCTP in the strain 2363 

transfected with the inducible promoter construct that is absent in the wild type strain. B. 2364 

Recombination-specific PCR from clones obtained from conditional knockout of TgCTP. 2365 

Parasites were transfected with the TgCTP_CAT KO construct and selected with 2366 

chloramphenicol. Surviving transfected parasites were cloned via limiting dilution and gDNA 2367 

was extracted from each one to evaluate the cassette integration by PCR. Gel electrophoresis 2368 

shows the results from 18 of more than 40 clones analyzed by PCR. Expected band for 5’ 2369 

crossover: 1.9 kb. Expected band for 3’ crossover: 1.7 kb. 2370 

	2371 
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	2372 

	2373 

Figure S6. Bioinformatic analysis of TgCTP. A. A plot showing the hydrophobic profile 2374 

of the amino acid sequence of TgCTP obtained using the Kyte & Doolittle scale. The graph 2375 

was generated in ProtScale web server (http://web.expasy.org/protscale/). B. A three-2376 

dimensional model of TgCTP was generated by homology with the SWISS-MODEL server 2377 

using CTP synthase of T. thermophilus (1VCN subunit A) as template. Hydrophobic surface 2378 

was generated using the Kyte & Doolittle scale, and different views of the TgCTP surface are 2379 

shown. These structures were visualized with Chimera software. 2380 

  2381 
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6    LIST OF PUBLICATIONS AND PRESENTATIONS 2382 

The following publications and presentations resulted from the here-presented 2383 

work: 2384 

Articles in international 

journals 

Garavito MF1, Narváez-Ortiz HY1, Zimmermann BH. 

Pyrimidine Metabolism: Dynamic and Versatile Pathways 

in Pathogens and Cellular Development. J Genet 

Genomics.2015 May 20;42(5):195-205. doi: 

10.1016/j.jgg.2015.04.004. PMID: 26059768. 

1 These authors contributed equally to this work. 

Deciphering the role of cytidine triphosphate synthase 

(TgCTP) in the parasite Toxoplasma gondii. 

In preparation 

Presentations in 

international conferences 

13th International Congress on Toxoplasmosis & T. 
gondii Biology 

Exploring the dual role of Cytidine 5'-triphosphate 
synthase from Toxoplasma gondii. Gettysburg, PA, USA. 
2015. Poster presentation. 
 

23rd Annual Molecular Parasitology Meeting 

Exploring the dynamics of location and function of 
Cytidine 5'- triphosphate synthase from Toxoplasma 
gondii. Woods Hole, MA, USA. 2014. Poster presentation. 
 

12th International Conference on Toxoplasmosis  

Deciphering the role of TgCTPase in Toxoplasma gondii: 
from pyrimidines metabolism to the polymer formation. 
Oxford, UK. 2013. Poster presentation. 
 

23rd Annual Molecular Parasitology Meeting 

Preliminary characterization of the antiparasitic target 
cytidine triphosphate synthase: exploring its possible 
structural role in Toxoplasma gondii. Woods Hole, MA, 



	 151 

USA. 2012. Poster presentation.  
 

23rd International Conference on Arginine and 
Pyrimidines (ICAP2012) 

Preliminary characterization of the cytidine triphosphate 
synthase: Contrast between CTPs isolated from a 
halophilic environment and from the parasite Toxoplasma 
gondii” Bogotá, Colombia. 2012. Oral presentation. 

Cloning and expression of dihydropyrimidine 
dehydrogenase from Oryza sativa L.  Bogotá, Colombia. 
2012. Poster presentation.  

 

11th International Conference on Toxoplasmosis  

Preliminary characterization of the antiparasitic target 
Cytidine Triphosphate Synthase from Toxoplasma gondii.  
Ottawa, Canada. 2011. Poster presentation. 

 2385 
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