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1. Abstract 

 

Toxoplasma gondii is a ubiquitous intracellular parasite with worldwide 

distribution. New antiparasitic drugs with greater effectiveness in controlling T. gondii are 

necessary. The enzymes of de novo pyrimidine biosynthetic pathway are considered 

potential drug targets, because they are required for the parasite’s virulence and survival. 

Cytidine triphosphate synthase (CTPase) catalyzes the conversion of UTP to CTP, 

the final step in the production of cytidine nucleotides, and the first step in the formation 

of phospholipid intermediates. In many organisms, CTPase also plays a structural role in 

vivo, forming filaments together with other proteins. The function of these filaments is 

unknown, and identification of their protein components could aid in elucidating function. 

Our goal was the biochemical characterization of cytidine triphosphate synthase of T. 

gondii (TgCTPase), and generated tools to study protein-protein interactions, in order to 

begin to determine its importance as a potential antiparasitic target. 

Previously in our laboratory, TgCTPase was cloned and recombinant protein was 

expressed and purified from Escherichia coli. Expression of recombinant TgCTPase in a 

prokaryotic system resulted in formation of inclusion bodies, and only small amounts of 

soluble protein were recovered. To obtain functional recombinant protein, we worked on 

four different strategies: bacterial expression by autoinduction and heat shock, bacterial 

expression of a N-terminally truncated TgCTPase protein, expression of recombinant 

TgCTPase protein in Saccharomyces cerevisiae and recovery of protein from inclusion 

bodies.  

We used protein recovered from inclusion bodies for biochemical characterization.  

Kinetic experiments revealed a Km = 0.26 ± 0.04 mM and Vmax = 24.0 ± 0.9 μmol/min/mg 

for L-glutamine, Km = 0.54 ± 0.05 mM and Vmax = 29.2 ± 0.9 μmol/min/mg for ATP and 

K0.5 = 0.30 ± 0.06 mM and Vmax = 25.9 ± 0.9 μmol/min/mg for UTP. Additionally, we 

obtained the UTP saturation curve for native truncated TgCTPase (Km = 0.37 ± 0.10 mM 

and Vmax = 31.3 ± 2.0 μmol/min/mg) and a preliminary UTP saturation curve for native 

full length (Km = 0.29 ± 0.17 mM and Vmax = 24.9 ± 3.0 μmol/min/mg). We found that 

TgCTPase was activated by GTP at 0.05 mM, but inhibited at higher concentrations (> 
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0.5 mM). Furthermore, we found that the activity of TgCTPase was inhibited 100% by 6-

diazo-5-oxo-L-norleucine (DON) at concentrations > 35 µM and the IC50 was 10.3 µM. 

Electroelution was used to improve purity of the his-tagged recombinant TgCTPase, 

and preparations were used to immunize rabbits. Serum samples were collected 9 weeks 

post-immunization and tested by Western blot. Antisera from rabbits immunized with the 

purified recombinant protein recognized the recombinant protein and a band migrating at 

the predicted molecular mass of TgCTPase in parasite extracts but it was not possible to 

detect TgCTPase in extracellular parasites by indirect Immunofluorescence (IFA) 

experiments. Additional experiments with purified antibodies should be performed. 

 

Keywords: Toxoplasma gondii, cytidine triphosphate synthase, pyrimidine, filaments, 

inclusion bodies, kinetics, polyclonal antibodies, protein-protein interaction. 
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2. Introduction 

 

The Apicomplexa phylum consists of many protozoan parasites that cause a variety 

of diseases in humans and in animals of economic importance (Kim and Weiss, 2004). 

Within this group, is Toxoplasma gondii an obligate intracellular parasite of warm-

blooded animals. T. gondii was discovered simultaneously in the year 1908 by Nicolle & 

Manceaux in the African rodent Ctenodactylus gundi, and by Alfonso Splendor in rabbit 

tissue (Dubey, 2007). This parasite has a cosmopolitan distribution and is estimated to 

affect one-third of the human world population (Montoya and Liesenfeld, 2004). 

 

T. gondii parasites infect members of the family Felidae, the definitive host, and 

they are capable of transmission to a variety of other intermediate hosts. In the intestinal 

epithelium of the definitive host, the sexual forms of the parasite develop into infective 

sporozoites within mature oocysts, which are released into the environment through feces 

(Dubey, 2007). Humans can acquire the parasite by ingestion of undercooked meat, by 

congenital infection from mother to fetus, transplantation of contaminated tissue, contact 

with cats and rarely, drinking water contaminated with feces (Hill & Dubey, 2002; 

Skariah et al., 2012).  

After the ingestion of oocysts, sporozoites are released and penetrate the intestinal 

epithelium, where they become tachyzoites, the parasite form responsible for the spread of 

infection within an intermediate host (Dubey, 1986). Tachyzoites can differentiate into the 

slowly replicating bradyzoites form, which form tissular cysts that usually remain in 

tissues of the nervous system, eyes, heart and skeletal muscle. Tissular cysts are found at 

lower frequency in visceral organs such as the kidney, lung and liver. Tachyzoites and 

bradyzoites usually are associated with the intermediate host, where these asexual forms 

develop (Dubey et al., 1998). 

Although most people infected with T. gondii are asymptomatic, for fetuses and 

immunocompromised patients, infection can be lethal (Montoya & Remington, 2008). 

The cysts can persist within human cells for long periods, but these latent infections can 

be reactivated. In immunocompromised or immunosuppressed patients such as those with 

HIV, reactivation causes severe encephalitis (Porter and Sande, 1992). When a primary 
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infection occurs during pregnancy, T. gondii can cause spontaneous abortion or fetal 

death, or the child may develop congenital toxoplasmosis with significant ocular and 

neurological consequences (Pappas et al., 2009). 

 

In Colombia, toxoplasmosis is a one of the three principal causes of prenatal 

infection with serious neurological and ophthalmological complications, where 2 to 10 of 

each 1000 newborns suffer this disease (Gomez et al., 1995). In addition, seroprevalence 

is estimated to be approximately 56% in pregnant women based on studies in different 

cities, including Bogotá (Barrera et al., 2002; Juliao et al., 1988), Quindío (Gómez et 

al.,1993) Yopal (Posada et al., 1997), Sincelejo (Manrique et al., 2004), Cali (Rosso et al., 

2008), Villavicencio (Oyola et al., 2006) and Valledupar (Jácome, 2007). 

Most significantly, the effects of congenital infection in children are more severe in 

Colombia than in Europe. Probably this is due to the diverse genotypes of T. gondii 

present in Colombia and Brazil (Cañón et al.,  2014). To support this, reports have shown 

that strains of T. gondii isolates from tissues of animals in Colombia were 100% lethal to 

outbred mice (Dubey et al., 2005, 2007; Rajendran at al.,  2012; Sundar et al., 2006). 

Previous studies suggest that there is a constant transmission of T. gondii in 

Colombia, and a decline in prevalence in the past 25 years has not been observed, in 

contrast to what has happened in other parts of the world (Berger et al., 2008). 

 

Currently, there is not a satisfactory treatment for toxoplasmosis. The drugs 

administered, a combination of pyrimethamine and sulfadiazine, are only directed to the 

active form of the parasite (tachyzoite) and do not eliminate the latent form (bradyzoite) 

(Martín & García, 2003). Although these drugs can control acute infection, toxic effects 

occur in 40% of treated patients (Haverkos, 1987; Leport et al., 1988). For this reason, 

their administration is not recommended during the first trimester of pregnancy (Rosso et 

al., 2007). 

 

In conclusion, the search for new targets for the design of antiparasitic drugs that are 

less toxic and have greater effectiveness in controlling different cellular forms of T. gondii 

is necessary. 
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Pyrimidine nucleotides are indispensable in cellular metabolism; they are precursors 

of nucleic acids (RNA and DNA), membrane lipids (phospholipids) and sugars that 

participate in protein glycosylation and in glycogen synthesis (Jones, 1980). Pyrimidines 

can be acquired through two pathways: salvage or recycling where nucleosides and 

nucleobases of pyrimidines are recovered for the synthesis of nucleotides, and de novo 

synthesis (Evans and Guy, 2004) where pyrimidines are synthesized from simple 

precursors such as aspartic acid and glutamine (Fig. 1) (Hyde, 2009). 

 

In general, the activity of the pathway of de novo synthesis is low in quiescent cells 

(Fairbanks et al., 1995). In contrast, it is high in proliferating cells or pathogens in order to 

meet the increased demand for precursors of nucleic acids and other cellular components 

(Evans and Guy, 2004; Hyde, 2009). De novo synthesis is the most important pathway for 

obtaining pyrimidines in many organisms in the Apicomplexan phylum (Fox and Bzik, 

2002; Hendriks et al., 1998). 

In T. gondii, it has been shown that recycling of pyrimidines is not essential, and 

that in the absence of this pathway, the parasite can grow and survive. Uracil 

phosphoribosyl transferase (UPRTase) is the main enzyme of the salvage pathway 

(Donald and Roos, 1995; Li et al., 2007), and was initially an attractive therapeutic target 

because mammalian cells lack this activity (Hyde, 2009; Li et al., 2007). However 

Pfefferkorn (1978) showed that parasites with a deficiency in UPRTase were viable. In 

addition, studies of T. gondii mutants in pyrimidine salvage in both tachyzoites (RH 

strain, type I) (Donald and Roos, 1995) and bradyzoites (Pru strain, type II) (Fox et al., 

2011), show that this pathway is not required for the survival of actively dividing 

parasites or for cyst formation during the development of a latent infection (Donald and 

Roos, 1995; Fox et al., 2011). 

In contrast, parasites lacking the de novo synthesis pathway are unable to replicate, 

showing a total dependence on this metabolic pathway (Fox and Bzik, 2002). For 

example, T. gondii mutant parasites lacking carbamoyl phosphate synthetase (CPSII) were 

avirulent and incapable of replication in mice. Also, in vitro, this mutant is dependent on 

uracil supplementation for survival (Fox and Bzik, 2002). Because of the great importance 
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of the pathway in the viability of the parasite (Sibley, 2002), the enzymes involved have 

become potential drug design targets.  

These advances in the field have intensified efforts to characterize pyrimidine 

enzymes involved in de novo synthesis. To date, one of the least-studied enzyme is 

cytidine triphosphate synthase, CTPase (EC 6.3.4.2), This enzyme was originally 

identified in 1955 by Lieberman, who showed that the enzyme catalyzes the conversion of 

uridine 5'-triphosphate (UTP) to cytidine 5'-triphosphate (CTP) in the presence of ATP, 

ammonia and magnesium (Fijolek et al., 2007). The enzymatic activity of CTPase is 

regulated by the substrates ATP and UTP, allosteric interactions of the product CTP, and 

GTP, a positive allosteric activator of the glutaminase activity (Fig. 2) (Levitzki et al., 

1971; Long & Pardee, 1967). Furthermore, the activity or inactivity of CTPase depends 

on its oligomerization state. The enzyme is active in presence of saturating concentrations 

of ATP and UTP, which promote the tetrameric form, but it is inactive as a dimer 

(Levitzki and Koshland, 1972; Pappas et al., 1998).  

CTP occupies a central role in the biosynthesis of RNA and DNA, is the main 

precursor of all membrane phospholipids through intermediates such as CDP-

diacylglycerol, CDP-ethanolamine and CDP-choline (Carter and Kennedy, 1966; Chang 

and Carman, 2008; Kennedy and Weiss, 1956). Furthermore, it is a carrier of cellular 

energy and is a cofactor for some metabolic reactions such as sialoglycoprotein synthesis 

(Nelson and Cox, 2000). 

 

Studies in Plasmodium falciparum (Yuan et al., 2005) and Trypanosoma brucei 

have suggested CTPase as a possible antiparasitic target. T. brucei, unlike mammalian 

cells, can not compensate for the inhibition of CTPase by recycling cytidine, and 

inhibitors exhibit a direct effect on the parasite growth in vitro and in vivo in a mouse 

model (Hofer et al., 2001). 

Several studies have shown that glutamine analogs such as Acivicin (α-amino-3-

chloro-4,5-dihydro-5-isoxazoleacetic acid, C5H7ClN2O3) and DON (6-diazo-5-oxo-L-

norleucine, C6H11N3O3) inhibit CTPase glutaminase activity (Hofer et al., 2001). Acivicin 

is a natural antibiotic that is an inhibitor of glutamine-aminotransferases, including those 

that play an important role in the metabolism of purines and pyrimidines. Derivatives of 
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Acivicin such as 3-bromo Acivicin (α-amino-3-bromo-4, 5-dihydroisoxazol-5-yl acetic 

acid) are very good candidates for antiparasitic drugs because of their low toxicity in 

mammalian cells and their high effectiveness in the control of T. brucei in vitro and in 

vivo (Conti et al., 2011). 

 

Recent studies have shown that CTPase plays an additional structural role in 

organisms such as Caulobacter crescentus, Schizosaccharomyces pombe, E. coli 

(Ingerson-Mahar et al., 2010), Drosophila melanogaster, D. virilis, D. pseudoobscura 

(Liu, 2010), S. cerevisiae, and Rattus norvegicus (Noree et al., 2010) and human cells 

(Carcamo et al., 2011; Chen et al., 2011). In the above organisms, it has been found to 

form filaments containing CTPase and this ability is highly conserved among prokaryotes 

and eukaryotes (Liu, 2011). CTPase filaments have been reported in the cytoplasm and in 

the nucleus of eukaryotic cells (Gou, et al., 2014). 

In prokaryotic organisms like C. crescentus, CTPase filaments (CcCTPase) are 

formed at the end of the cell cycle, and appear to move from the center of the cell to the 

periphery. In addition, these filaments interact with the protein crescentin (CreS) allowing 

for control of the C. crescentus cell shape, maintaining the curvature of the bacteria. 

Polymerization of CTPase in filamentous structures could stabilize the enzyme into an 

active or inactive state or a mixture thereof as a possible form of enzyme regulation 

(Ingerson-Mahar et al., 2010). 

 

Barry et al. (2014) have shown that the tetramer of CTPase is able to form 

cytoplasmic filaments in E. coli. They evaluated the effect of CTPase polymerization and 

found that it inhibits the activity and that the product (CTP) induces the assembly of 

polymers while UTP and ATP disassemble these structures. Studies in eukaryotes suggest 

that CTPase activity is downregulated by incorporation of dimers into cytoplasmatic 

filaments through polymerization. Dimers are the constituent components of the filaments 

in S. cerevisiae and D. melanogaster. (Aughey et al., 2014; Noree et al., 2014). It is 

unclear if the filament-forming mechanisms are conserved between prokaryotic and 

eukaryotic CTPases (Aughey et al., 2014).  
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It has been shown that after treatment with alpha interferon and Ribavirin, patients 

with hepatitis C virus produce antibodies termed anti-RR (Covini et al., 2012). These 

antibodies recognize rod and ring (RR) structures that are formed by CTPase 1 and 

inosine monophosphate dehydrogenase (IMPDHase 2), which catalyzes the conversion of 

IMP into xanthosine 5'-monophosphate, the limiting step in the synthesis of guanine 

nucleotides (Jackson et al., 1975; Weber et al., 1996). In presence of inhibitors like 

Acivicin and DON for CTPase, and Ribavirin and mycophenolic acid for IMPDHase 2, 

these enzymes form RR structures in the cytoplasm. RR structures are dependent on the 

dosage of inhibitors. These structures show a possible connection between purine and 

pyrimidine biosynthesis (Carcamo et al., 2011). Previous reports have shown that human 

sera positive for anti-RR from patients with hepatitis C virus treated with interferon and 

Ribavirin reacted with the purified CTSPase 1 recombinant protein (Probst et al., 2013; 

Stinton et al., 2013). Not all anti-CTPase antibodies recognize RR structures. Furthermore 

CTPase forms RR structures only under specific conditions (Carcamo et al., 2014).  

In the case of T. gondii, it is possible that other proteins interact with TgCTPase in 

vivo, and that together they may play a structural role in maintaining the shape of the 

parasite or may have a function in co-regulating pyrimidine and purines biosynthesis. 

There are as yet no reports on TgCTPase, and studying this enzyme could be of 

great importance in the search for new therapeutic targets or for understanding regulation 

of nucleotide pools in the parasite. Here, we carried out the biochemical characterization 

of the CTPase from T. gondii, and produced polyclonal antibodies anti-TgCTPase for 

protein-protein interaction experiments. 

 

3 Materials and methods 

 

3.1. Molecular cloning  

 

3.1.1. Multiple sequence alignment of CTPases 

 

Multiple sequence alignment of synthase domain of CTPases from different 

organisms was performed using the MUSCLE algorithm (Robert C, 2004). Sequences 
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from GenBank were as follows: Tg, Toxoplasma gondii, (AET99076.1); Pv, Plasmodium 

vivax, (KMZ83921.1); Pf, Plasmodium falciparum (ETW40252.1); Ec, Escherichia coli, 

(EDV68051.1); Ss, Sulfolobus solfataricus (WP_009990444.1); Tt, Thermus 

thermophilus, (AEG33880.1); Lp, Leshmania panamensis (AIN97973.1); Lm, Leshmania 

mexicana (XP_003875124.1); Hs1, Homo sapiens (NP_001896.2); Hs2, Homo sapiens 

(NP_062831.3).  

 

3.1.2. PCR amplification 

 

CTP sequence from T.gondii previously cloned in pET-19b plasmid was used as 

template to amplify and modify the sequence; a truncated TgCTPase version was 

produced for a bacterial expression. Full-length TgCTPase with a His-tag at the N-

terminus was produced for eukaryotic expression (Table 1). Conditions of the PCR were 

adjusted according to the primers, and the high fidelity Long Amp polymerase (NEB) was 

used. The DNA amplification was visualized by gel electrophoresis, 1% (w/v) agarose 

and 0.05X Tris-acetate buffer (TAE) was used. To determine the size of DNA fragments, 

GeneRuler 100 bp DNA Ladder and GeneRuler 1kb DNA Ladder (Thermo ScientificTM) 

were used. 

 

3.1.3. Restriction and ligation  

 

Insert and plasmid were digested with restriction endonucleases. In the case of 

truncated TgCTPase with the His-tag, insertion was directional using XhoI (Jena 

Bioscience) and NdeI (NEB) sites in the pET-15b vector. Full-length TgCTPase also had 

a His-tag, and insertion was non-directional in the pNEV-N-Leu at the NotI (NEB) site.  

Prior to ligation, 5’-phosphate residues were removed from the vector using FastAP 

Thermosensitive Alkaline Phosphatase (Thermo ScientificTM). Digested vector and insert 

were mixed at a ratio of 10 fmol of vector and 30 fmol of insert and ligated using 1U of 

T4 ligase (NEB). The ligation reaction was incubated at 16 °C overnight.  
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3.1.4. Chemically competent E. coli cells and transformation  

 

Chemically competent E. coli cells were prepared using the Alexander (1987) 

method adapted by Dr. Howard Judelson (University of California, Riverside). E. coli 

cells (DH5α F’, BL21-CodonPlus(DE3)-RP and XL1-blue) (Table 1S) were innoculated 

into 25 mL of 2xL broth (2% bacto-tryptone, 1% yeast extract, 0.1% NaC1, 0.2% glucose, 

pH 7.0) and grown overnight at 30 °C.  

A volume of 2.5 mL of the overnight growth was inoculated into 250 mL 2xL broth 

in a 1L flask prewarmed to 30 °C. The flask was shaken at 150-200 rpm at 30°C until an 

OD600 of 0.45-0.55 was reached. Cells were chilled in ice water for 2 hours and then 

centrifuged in polypropylene bottles at 2500 xg for 20 min at 4°C. Cells were resuspended 

carefully with 10 mL of ice-cold solution A (100 mM CaCI2, 70 mM MnCI2, 40 mM 

NaOAc, pH 5.5). Cells were diluted to 250 mL with solution A, and incubated for 45 min 

in ice. Cells were centrifuged at 1800 xg for 10 min and then suspended in 12.5 mL of 

solution A. Solution B (80% glycerol) was added dropwise with gentle swirling to obtain 

a final concentration of 15% (v/v). Cells were aliquoted into 1.5 mL microfuge tubes on 

ice and stored at -80 °C.  

A volume of 100 μL of bacterial cells were used in the transformation, with 1 ng or 

10 ng of supercoiled DNA diluted in 50 μL of water. In a pre-chilled tube, the DNA was 

combined with the cells. After mixing the cells, DNA, and cells were incubated on ice for 

30 minutes. Then, a heat shock at 37 °C for 5 min was performed. Afterwards, 800 μL 

pre-warmed (37 °C) SOC (Autoclaved 2% (w/v) tryptone, 0.5% (w/v) yeast extract, 10 

mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4 were combined with filter-

sterilized 20 mM glucose) were added and the mix was shaken at 37 °C for 1 h. Cells 

were collected by centrifugation, resuspended in SOC and plated on Luria Broth agar 

media (LB) (1% tryptone (w/v), 0.5% yeast extract (w/v) and 17 mM NaCl, 1.5% agar) 

with ampicillin and incubated at 37 °C overnight.  
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3.1.5. Electrocompetent cells and transformation in Sacharomyces cerevisie 

 

Transformation of electrocompetent cells were performed following the protocol of 

Benatuil et al., (2010). S. cerevisiae cells (YJR103w) (Table. 1S) were grown overnight to 

stationary phase (OD600 about 3.0) in YPD media (10 g/L yeast nitrogen base, 20 g/L 

Peptone and 20 g/L D-(+)-glucose) in a shaker at 225 rpm and 30 °C. Cells from the 

overnight culture were inoculated into 100 mL YPD media to an OD600 of approximately 

0.3, and further incubated with shaking at 225 rpm at 30 °C until the OD600 was 1.6. Cells 

were collected by centrifugation at 3000 xg for 5 min and the media was removed. The 

pellet was washed with 50 mL ice-cold water and then with 50 mL of ice-cold 

electroporation buffer (1 M sorbitol, 1 mM CaCl2). The pellet was resuspended in buffer 

D (20 mL 0.1 M LiAc/10 mM DTT) and shaken at 225 rpm in a culture flask for 30 min 

at 30 °C. Next, cells were collected by centrifugation, washed with 50 mL ice-cold 

electroporation buffer, and resuspended in 1 mL electroporation buffer. 

The cells were kept on ice until electroporation. A	 volume	 of	 50 μL 

electrocompetent cells and DNA was transferred to a pre-chilled BioRad GenePulser 

cuvette (0.2 cm electrode gap) and were incubated on ice for 5 min. Cells were 

electroporated with a MicroPulserTM Electroporation Apparatus (BioRad) using the Sc2 

program (1.5 kV and 1 pulse). 

Afterwards, 1 mL of YPD medium with 1 M sorbitol was added and the mixture 

was shaken at 30°C for 1 h at 225 rpm. Cells were collected by centrifugation, 

resuspended in YPD and plated on selective synthetic complete dropout media (SC) plates 

without leucine (–leu) (1.7 g YNB, 5 g ammonium sulphate in 425 mL dH2O, 50 mL 10X 

amino acid mix, 10 g agar, 25 mL 40% glucose) and incubated at 30°C for three to four 

days. Freezer stocks were made in 25% glycerol by snap freezing in liquid N2. 
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3.2. Expression of TgCTPase in E. coli 

 

3.2.1. Induction under standard conditions 

 

A colony containing the TgCTP-pET19b plasmid was grown in 2xYT medium 

(1.6% tryptone (w/v), 1% yeast extract (w/v) and 0.5% NaCl (w/v)) supplemented with 

ampicillin (100μg/mL) overnight at 37 ºC. A 0.5% inoculum was used to begin the 

induction in 2xYT media containing 100 mg/mL ampicillin at 37 °C until it reached an 

OD600nm of 0.3. Then, culture was incubated at room temperature until an OD600nm of 0.5 

was reached. Isopropyl-β-D-thiogalactopyranoside (IPTG) (Thermo ScientificTM) was 

added to 0.2 mM, and cells were shaken at room temperature for 24 h.  

 

3.2.2. Autoinduction in minimal medium 

 

An E. coli colony with the pET19b plasmid containing TgCTPase was grown 

overnight in minimal medium (25 mM Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM 

Na2SO4, 2 mM MgSO4, 0.5% glucose, supplemented with 0.25% aspartate, 0.001% 

thiamine and 100 mg/mL ampicillin). A 1% inoculum was used to begin the induction in 

autoinduction media (1% tryptone, 0.5% yeast extract, 25 mM Na2HPO4, 25 mM KH2PO4, 

50 mM NH4CL, 50 mM Na2SO4, 0.5% glycerol, 0.5% glucose, 0.5% lactose and 100 

mg/mL ampicillin) for 48 h at 18 oC (Studier, 2005).  

 

3.2.3. Heat Shock 

 

A colony containing the TgCTP-pET19b plasmid was grown in LB medium (1% 

tryptone (w/v), 0.5% yeast extract (w/v) and 17 mM NaCl) with 0.5 M NaCl overnight at 

37 oC. A 1% inoculum was used to begin the induction in LB media containing 0.2% 

glucose, 0.5 M NaCl and 100 mg/mL ampicillin at 37 °C and allowed to grow to an OD600 

of 0.9. Then, the culture was transferred to a shaker set a 47 °C until the media achieved 

the same temperature. IPTG (Thermo ScientificTM) was added to 0.5 mM, and cells were 

shaken at 18 °C overnight (Oganesyan et al., 2007).  
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3.2.4. Expression and purification of truncated TgCTPase  

 

Truncated TgCTPase was induced in a 2xYT medium and purified using a HisPur 

cobalt resin column (Thermo ScientificTM), the methodology was previously described in 

item 3.2.1.  

 

3.2.5. Purification of TgCTPase from E. coli under native conditions 

 

Cells from the previous protocols of induction were recovered by centrifugation at 

5,500 ×g, 4 °C. The pellet was resuspended in buffer A (50 mM sodium phosphate buffer 

pH 7.4, 500 mM NaCl and 10% glycerol), 5 mM imidazole. Lysozyme was added to the 

cell suspension to 1 mg/mL, and it was incubated on ice for 2 h. Cells were disrupted by 

sonication on ice (40 cycles of 20 sec each, output control setting of 8 and 100% duty 

cycle) with a 250 Analog Sonifier (Branson). A concentration of 1 mM of protease 

inhibitors: benzamidine (Sigma-Aldrich) and phenylmethylsulfonyl fluoride  (PMSF) were 

added to the suspension three times during the sonication process. The insoluble pellet 

was separated from the soluble supernatant fraction by centrifugation at 10,000 ×g, 1 h, 4 

°C.  

TgCTPase was purified using a Co2+ affinity column (Thermo ScientificTM). The 

column was equilibrated with buffer A containing 5 mM imidazole. Then, the supernatant 

was loaded onto the column and it was washed two times with 10 mL of buffer A and 35 

mM imidazole. TgCTPase was eluted in two fractions in 1 mL of buffer A, 250 mM 

imidazole and 10% glycerol and two fractions in 1.5 mL of buffer A, 500 mM imidazole 

and 10% glycerol.  

The protein fractions were concentrated using a centrifugal filter unit (Millipore, 

Amicon Ultra 0.5 mL centrifugal filters 30 or 100 kDa molecular weight cut off 

(MWCO)). TgCTPase produced by standard conditions and autoinduction was confirmed 

by Western blot using Penta·His Antibody, BSA-free (QIAGEN) (see 3.4.1.). 
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3.2.6. Recovery of protein from inclusion bodies 

 

To solubilize protein from the inclusion bodies, we used 6 M urea or 5 M guanidine 

as denaturants (Saini et al., 2002). During this protocol the recombinant protein was 

refolded while the denaturant was removed.  

Cells with TgCTPase clone were grown in LB medium overnight at 37 oC. An 

inoculum of 1% was used to inoculate LB media containing 100 mg/mL ampicillin at 37 

°C with shaking until an OD600 of 0.6 nm was reached. Then, cells were induced by adding 

of 1 mM IPTG. After 3 h, cells were collected by centrifugation at 5500 xg. Bacteria were 

sonicated, the pellet (insoluble fraction) was washed twice in buffer B (50 mM phosphate 

buffer pH 7.4, 500 mM NaCl, 10% glycerol, 0.5 mM dithiothreitol (DTT) and 0.05% 

Triton X-100). The sample was resuspended in buffer B containing 6 M urea or 5 M 

guanidine and 5 mM imidazole and kept on ice for 3 h. Next, the sample were centrifuged 

and the supernatants were purified using a HisPur cobalt resin column (Thermo 

ScientificTM). The column was equilibrated with buffer B and 5 mM imidazole. The 

sample was loaded on the column, and it was washed with buffer C (50 mM phosphate 

buffer pH 7.4, 500 mM NaCl, 10% glycerol, 0.5 mM oxidized glutathione (GSSG) and 5 

mM reduced glutathione (GSH) and 15 mM imizadole) gradually decreasing the 

denaturant concentration in a linear gradients of urea (8 M to 0 M), or guanidine (5 M to 0 

M). The protein was eluted in elution buffer (50 mM phosphate buffer pH 7.4, 500 mM 

NaCl, 20% glycerol, 0.5 mM GSSG and 5 mM GSH) with 400 mM and 500 mM of 

imidazole. The protein fractions were concentrated using a centrifugal filter unit 

(Millipore, Amicon Ultra 0.5 mL centrifugal filters MWCO 30 or 100 kDa).  

 

3.2.7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). 

 

In all cases the concentration of purified protein was determined by SDS-PAGE 

(Laemmli, 1970) using different concentrations of bovine serum albumin (BSA). 

SDS-PAGE gel was comprised of a 12% running gel (2.5 mL 1.5 M Tris-HCl pH 

8.8, 100 μL 20% SDS, 4 mL 29.2%/0.8% acrylamide/bisacrylamide, 100 μL 10% 
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ammonium persulfate (APS) (w/v), 10 μL tetramethylethylenediamine (TEMED), and 3.5 

mL H2O) and 5% a stacking gel (0.75 mL 1 M Tris-HCl pH 6.9, 60 μL 20% SDS, 1 mL 

29.2%/0.8% acrylamide/bisacrylamide, 60 μL 10% APS (w/v), 6 μL TEMED and 4,1 mL 

H2O). The protein samples were mixed with 1x loading buffer for SDS gel and heated to 

95 oC for 15 min to denature the proteins. The gel was run at 100 V in SDS gel 

electrophoresis buffer (25 mM Tris-HCl, 192 mM glycine, 0.1% SDS) for 2h.  

Purified recombinant TgCTPase (≈ 73.4 kDa) and truncated TgCTPase (≈ 67.5 kDa) 

migrated more slowly than expected on SDS-PAGE. The mass of full length TgCTPase 

calculated from its migration on a 13% gel was 81.5 kDa (Fig. 2S). 

 

3.3. Kinetic characterization 

 

3.3.1.  UV assay 

 

TgCTPase activity was determined at 37 °C using a spectrophotometric assay in a 

DU800 (Beckman) spectrophotometer equipped with Peltier temperature control. The rate 

of increase in absorbance at 291 nm due to conversion of UTP (ε = 182 M-1 cm-1) to CTP 

(ε = 1520 M-1 cm-1) (Long and Pardee, 1967) was measured for 1 min in a total volume of 

0.4 mL. In this assay the reaction solution containing 50 mM HEPES pH 8.0, 10 mM 

MgCl2, 70 and 183 nM of TgCTPase, 1 mM UTP, 1 mM ATP and 0.15 mM GTP was 

pre-incubated for 3 minutes at 37 °C and the reaction was initiated by addition of 10 mM 

L-glutamine (Steeves & Bearne, 2011). Protein purified by refolding was used to perform 

preliminary kinetic assays. 

We also tested the TgCTPase activity in a solution of 50 mM Tris HCl pH 7.8 10 

mM MgCl2, 35-183 nM of TgCTPase, 1 mM UTP, 1 mM ATP and 0.15 mM GTP that 

was pre-incubated for 3 or 20 minutes at 37 °C, and the reaction was initiated by addition 

of 10 mM L-glutamine. 
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3.3.2. Coupled assay 

 

We performed an enzyme assay coupled to pyruvate kinase and lactate 

dehydrogenase (LDH) from rabbit muscle (Sigma-Aldrich) (Fig. 3) (Conti et al., 2011). 

The coupled spectrophotometric assay was performed with a final volume of 100 μL, at 

37 °C in a Multiskan™ GO Microplate Spectrophotometer (Thermo Scientific). 

TgCTPase activity was tested in different buffers: 70 mM HEPES (pKa= 7.31), 

MOPS (pKa= 6.98), Tris HCl (pKa= 7.72) and sodium phosphate (pKa= 7.2) near pH 8 at 

37oC and substrates were maintained at saturating concentrations: 1 mM ATP and UTP, 

0.25 mM GTP. The reaction was initiated with 2 mM L-glutamine.  

To determine the TgCTPase kinetic constants, we used 70 mM HEPES pH 8 with 

150 mM KCl, 12 mM MgCl2, 1 mM DTT, 2 mM phosphoenolpyruvate, 2 units of pre-

mixed pyruvate kinase and lactate dehydrogenase (Sigma-Aldrich), 0.2 mM NADH and 

the substrate concentrations were varied: 0–4 mM L-glutamine, 0–3 mM UTP and 0–3 

mM ATP. We also tested the effect of GTP between 0-1 mM on L-glutamine-dependent 

TgCTPase activity. 

One unit of TgCTPase activity is defined as the amount of enzyme that catalyzes the 

formation of 1 μmol of CTP per minute. Calculation of kinetic constants was performed 

by fitting data according to the best-fitted model for each substrate. Three equations were 

applied using the GraphPad Prism Version 6.0e software. Eq.1 is the Michaelis-Menten 

equation, Eq.2 is the allosteric sigmoidal equation and Eq. 3 (Lunn et al., 2008; 

MacDonnell et al., 2004) describes the activation and inhibition of CTPases-catalyzed L-

Gln-dependent CTP formation by GTP. 

 

Eq. 1  Y = Vmax*X/(Km + X) 

Eq. 2  Y=Vmax*X^h/(Kprime + X^h) where Vmax is the maximum enzyme velocity, h 

is the Hill slope and Kprime is related to the Km.  

Eq. 3  Y=(ko+kact(X)/KA)/(1+(X/KA)+(X/Ki)^n) where ko and kact  are the rate constants for 

the formation of product, KA is the dissociation constant for the E�GTP complex,  

Ki
n is the apparent dissociation constant for the E�(GTP)n complex and n is the Hill 

number.  
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3.3.3. Inhibition assays 

 

Various concentrations of DON (Sigma-Aldrich) (0-35 μM) were pre-incubated 

with TgCTPase on ice for 10 min. We used 70 mM HEPES pH 8 with 150 mM KCl, 12 

mM MgCl2, 1 mM DTT, 2 mM phosphoenolpyruvate, 2 units of pre-mixed pyruvate 

kinase and lactate dehydrogenase, 0.2 mM NADH, 4 mM L-glutamine, 1 mM UTP, 1 

mM ATP and 0.4 mM GTP.  

The half maximal inhibitory concentration (IC50) value was obtained by fitting the 

data to Eq. 4 log(agonist) vs. response-variable slope equation using the GraphPad Prism 

Version 6.0e program: 

 

Eq. 4  Y = 100/(1 + 10^((LogIC50-X)*HillSlope))), where Y =50. 

 

3.4. Polyclonal antibody production 

 

Considering that it is very difficult to obtain soluble protein in large amounts, an 

electroelution protocol was used to obtain purified protein for the production of 

polyclonal antibodies (Castellanos-Serra et al 1997; Ohhashi et al., 1991). After 

performing gradient SDS-PAGE, the gel was incubated to reveal the TgCTPase by 

negative staining incubating with 4 M sodium acetate 40 min at 25 oC, with shaking (60 

rpm). The band corresponding to the protein was excised and it was washed two times 

with distilled water. Next, the gel fragment was incubated in 50 % methanol for 15 min 

and it was washed two times with electroelution wash buffer (125 mM Tris HCl pH 6.8, 

2% β-mercaptoethanol) for 15 min and a third wash with electroelution wash buffer 

containing 1% SDS. The sample was introduced into a cellulose membrane dialysis 

tubing (Sigma-Aldrich). Electrophoresis was performed for 14 hours at 40 V, to elute the 

protein from the gel. This procedure was performed to accumulate ≈ 4 mg of pure protein. 

The protein and Freund's complete or incomplete adjuvant in a proportion 1:1 were used 

to inoculate two rabbits (see Table 3 and 4).  
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3.4.1. Western Blot 

 

Serum samples were collected 9 weeks post-immunization and tested by Western 

blot. Samples were loaded on a SDS-PAGE gel and fractionated for 2 h at 100 V. The 

transfer to Sequi-BlotTM polyvinylidene difluoride (PVDF) membrane (BioRad) was made 

in a Mini Trans-Blot Cell (BioRad) in pre-cooled 1x transfer buffer (25 mM Tris, 190 mM 

glycine and 20% ethanol, pH 8.3) at 100V for 1 h. The membrane was incubated in 

blocking solution (3% BSA in TBS: 20 mM Tris pH 7.5, 150 mM NaCl) for 2 h. 

Afterwards, it was washed two times in TBST (TBS, 0.1% Tween 20) and a third wash in 

TBS. The membrane was incubated overnight in the serum sample diluted 1 to 3,000 in 

TBS and 1% BSA, at 4°C. Next, it was washed two times with TBST and once with TBS. 

The membrane was incubated with the secondary antibody Anti-Rabbit IgG Alkaline 

Phosphatase (Sigma-Aldrich) diluted 1 to 30,000 in TBS and 1% BSA for 1 h at room 

temperature and then it was rinsed 2 times for 5 min with TBST and 1 once with TBS.  

The Western blot was developed with colorimetric substrate BCIP/NBT tablets (5-bromo-

4-chloro-3-indolyl phosphate/Nitro blue tetrazolium) (SIGMAFASTTM). Also, a 

commercially available antibody against yeast CTPases, CTP Synthsetase ½ Antibody (y-

88) (Santa Cruz Biotechnology) diluted 1 to 1,500 in TBS and 1% BSA was used as a 

control in a Western blot using yeast extract.  

 

 

3.4.2. Indirect immunofluorescence assays (IFA) 

 

The polyclonal antibodies produced were tested by IFA. Extracellular RH strain 

tachyzoites were used. The sample was fixed with 4 % paraformaldehyde (PFA) for 10 

min at room temperature, followed by a neutralization step in 0.1 M glycine/PBS for 5 

min. Tachyzoites were permeabilized in 0.2 % Triton-X100/PBS for 20 min. Blocking 

solution (2 % BSA in 0.2 % Triton-X100/PBS) was added for 30 min. The coverslips 

were incubated overnight in the serum sample diluted 1:200 in blocking solution and 

washed 3 times for 5 min each in 0.2 % Triton-X100/PBS. Next, samples were incubated 

for 45-60 min with the secondary antibody: Alexa- Fluor 594 conjugated goat-anti rabbit 
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(Life technologies) diluted 1 to 3,000 in blocking solution. Coverslips were washed in 

PBS 3 times for 5 min. Finally, the samples were mounted with DAPI-Fluoromount G on 

glass slides. Fluorescent imaging was performed using inverted research microscope 

ECLIPSE Ti (Nikon) at Universidad de los Andes.  

 

4. Results 

 

The purposes of this study were to obtain active recombinant TgCTPase in order to 

perform the kinetic characterization and to produce anti-TgCTPase polyclonal antibodies 

for preliminary protein-protein interaction experiments. Previously, in the laboratory of 

Biochemistry and Molecular Biology of Parasites, TgCTPase was cloned into the 

expression plasmid pET-19b and was confirmed by sequencing. The previous conditions 

of induction used 5% of bacterial culture containing the plasmid pET-19b-TgCTPase to 

start induction in LB medium. To minimize the formation of inclusion bodies, 

temperature, percentage of inoculum and time of induction were varied. Also, TgCTPase 

was induced in TB medium as describing for CTPase from T. brucei (Fijolek et al., 2007). 

Nevertheless it had not been possible to obtain sufficient soluble protein under any of 

these conditions evaluated. 

In the current study, other variables were explored, and alternative strategies were 

implemented. First, we expressed protein by autoinduction and heat shock protocols. 

Second, we cloned and expressed a truncated version of TgCTPase lacking the first 57 

residues of the N-terminus in the prokaryotic system. The truncation was made because 2 

peptides were identified in the membrane fraction in proteomic analysis (Dybas et al., 

2008). Third, TgCTPase was cloned in a S. cerevisiae vector because this eukaryotic 

system allows post-translational modifications that are important in some cases for 

obtaining an active, properly folded protein (Stevens, 2000). Finally, we recovered protein 

from inclusion bodies and obtained high amounts of active protein in comparison with the 

previously described protocols. The results of this study allowed us to produce active 

recombinant protein and allowed us to perform kinetic characterization. 
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4.1.1. Expression and purification of full length TgCTPase from E. coli 

A very small amount of soluble active TgCTPase was obtained under standard 

conditions (Fig. 4) (≈ 0.02 mg per liter of cell culture). By autoinduction more soluble 

protein was obtained than the above method (≈ 0.31 mg per liter of cell culture) (Fig. 5), 

and purified recombinant protein (≈ 73.4 kDa) was confirmed by Western blot (Fig. 6) but 

unfortunately, it was not active (data not shown). We also induced and purified TgCTPase 

by a heat shock protocol (≈ 0.03 mg/L of cell culture). We obtained a lower amount of 

protein by this method than by either autoinduction (Fig. 7) or under standard conditions, 

and the purified protein could not be confirmed by Western blot. The purified protein 

obtained by all methods contained many lower molecular weight bands. 

 

 

4.1.2. Cloning, expression and purification of truncated TgCTPase from E. 

coli 

Two peptides that were identified in membrane fractions of tachyzoites in proteomic 

experiments (Xia et al., 2008) corresponded to the N-terminus of TgCTPase. As can be 

seen in the alignment (Fig. 8), these peptides are located in the long N-terminal extension 

that is present in TgCTPase, but is absent in other CTPases. The alignment also suggests 

that this N-terminal extension is probably not involved in dimerization and 

tetramerization. In the alignment these regions are identified based on crystallographic 

structure of E. Coli sythase domain (N-terminus) (Endrizzi et al., 2004). 

We cloned a truncated TgCTPase starting at residue 58 eliminating the insoluble 

peptides in the pET-15b vector (Novagen) in a directional way with XhoI and NdeI 

restriction enzymes. The clone was confirmed by restriction (Fig. 9) and sequencing. 

TgCTPase was expressed and purified (≈ 67.5 kDa). A significant amount of soluble 

TgCTPase was obtained (≈ 0.16 mg per liter of cell culture) (Fig. 10). Five liters of cell 

culture were induced, and protein was purified and concentrated for the kinetic assays. 

However, a large percent of the protein was lost because it precipitated during 

preparation.  
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4.1.3. Cloning of full length TgCTPase in S. cerevisie 

 

We cloned a TgCTPase in S. cerevisie in the pNEV-N-Leu vector in a non-

directional way with NotI restriction enzyme. The clone was confirmed by restriction 

(Fig. 11) and sequencing. However, experiments to express the protein have not yet been 

performed. 

 

4.1.4. Recovery of full length protein from inclusion bodies 

 

Experiments were performed to solubilize the inclusion bodies with 8 M urea or 5 

M guanidine. The purifications were performed using a Cobalt HisPur resin column 

(Thermo ScientificTM) and a gradient of urea (8 M to 1 M) (Fig. 12) or guanidine (5 M to 

1 M) (Fig. 13) and the protein was eluted with 400 mM of imidazole. Higher amounts of 

protein were obtained using urea than guanidine as visualized by SDS-PAGE. The 

concentration of purified protein was determined by the Bradford assay (BioRad) using 

BSA as the standard. The yield for the refolding procedure using urea was ≈ 0.75 mg/L of 

cell culture and for the refolding procedure using guanidine was ≈ 0.56 mg/L of cell 

culture. Eight liters of cell culture were induced; protein was purified by affinity 

chromatography and concentrated for kinetic characterization (Fig. 14). 

 

4.2. Kinetic Characterization 

 

4.2.1. UV assay 

 

Protein purified by refolding was used to do kinetic assays. TgCTPase activity was 

determined at 37 °C using a spectrophotometric assay in a DU800 (Beckman) 

spectrophotometer equipped with a Peltier temperature control. The rate of increase in 

absorbance at 291 nm due to conversion of UTP (ε = 10 M-1cm-1, Sober, 1968) to CTP (ε 

= 1520 M-1cm-1, Sober, 1968) was measured. 

We measured the specific activity of the protein obtained by refolding with both 

denaturants, and imidazole was not removed. The specific activity of TgCTPase 
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recovered from inclusion bodies with urea was ≈ 3 times higher than TgCTPase recovered 

with guanidine (data not shown). 

The preliminary activity of TgCTPase was determined in 50 mM Tris HCl pH 7.8 (Barry 

et al., 2014). Assays showed that preincubation of the reaction for 20 minutes decreased 

the specific activity. Preliminary results showed that the activity of TgCTPase was highest 

in 70 mM HEPES pH 8.0 buffer (data not shown). 

Nevertheless, this spectrophotometric method has some difficulties because the 

absorption peaks of UTP and CTP are very close and a large amount of protein is 

required. For this reason, TgCTPase activity was also measured by a spectrophotometric 

method using a coupled assay monitoring the disappearance of NADH (Fig. 3). 

 

4.2.2. Coupled assay 

 

The conditions of the coupled assay were standardized and included 2 mM 

phosphoenolpyruvate, 2 units of pre-mixed pyruvate kinase and lactate dehydrogenase 

and 0.3 mM NADH. TgCTPase activity was tested in different buffers at pH 8 under 

saturation conditions using 45 nM of enzyme. The highest specific activity of TgCTPase 

was 17.7 ± 2.5 μmol/min/mg in 70 mM HEPES pH 8 (Fig. 15).  

Steady state kinetic studies were performed on concentrated purified enzyme 

preparations of full-lengh refolded TgCTPase or native truncated TgCTPase in 70 mM 

HEPES pH 8, using a coupled assay, and are summarized in Table 2. The L-glutamine 

and ATP saturation curves were hyperbolic, and fit reasonably well to the Michaelis-

Menten equation (Fig. 16 and 17). However, the UTP saturation curve exhibited a 

sigmoidal behavior indicating positive cooperative binding of substrate to the active site. 

A UTP saturation curve was also produced for truncated TgCTPase and full length 

TgCTPase obtained under standard conditions, and similar sigmoidal behavior, and 

kinetic parameters were observed (Fig. 18). Figure 19 shows a nonlinear regression curve 

the effect of GTP on L-glutamine-dependent TgCTPase activity. Full length refolded 

TgCTPase was activated by GTP at 0.05 mM, but inhibited at higher concentrations (> 

0.5 mM). 
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4.2.3. Inhibition assays 

 

The effect of DON was evaluated for refolded TgCTPase. This inhibitor reduced 

TgCTPase activity by 100% at a concentration of 35 µM. A preliminary dose response 

inhibition curve (Fig. 20) gave an IC50 of 10.3 µM for DON. However, it is necessary to 

test more inhibitor concentrations to calculate the best fit line. 

 

4.3. Polyclonal antibodies production 

 

Approximately 2 mg of full length TgCTPase were purified by electroelution and 

protein was quantified by SDS-PAGE using different concentrations of BSA (Fig. 21 and 

Table 3S). The protein was used to inoculate two rabbits using standard procedures. 

Serum samples were collected 9 weeks post-immunization (Table 3 and 4) and tested by 

Western blot with extracts of tachyzoites or with yeast which overexpress TgCTPase. A 

band apparently corresponding to the molecular mass of TgCTPase was recognized in 

extracts of tachyzoites and yeast by Western blot (Fig. 22 and 4S). These antibodies were 

tested by Immunofluorescence Assay (IFA), however the sera did not recognize 

TgCTPase in extracellular parasites, and generated unspecific fluorescence (Fig. 5S).  

 

 

5. Discussion 

 

Pyrimidine biosynthesis is an essential metabolic pathway for cell survival and 

growth in all organisms. This pathway has been considered an important target for 

parasite control (Sibley, 2002). The treatments available for parasitic infections such as 

toxoplasmosis are not efficient because drugs such as sulfadoxines and pyrimethamines, 

generate toxic side effects and are directed only to the active tachyzoite form of the 

parasite (Haverkos, 1987; Leport et al., 1988; Martín & García, 2003). Thus, it is 

necessary to study new targets for drug design. 
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CTPase catalyzes the final step of de novo pyrimidine biosynthesis to produce CTP 

from UTP. CTP is a precursor in both the biosynthesis of nucleic acids (Hatse et al., 1999) 

and the biosynthesis of membrane phospholipids (Kennedy and Weiss, 1956). Increased 

CTPase activity is associated with various types of cancer for example leukemias and 

lymphomas (Ellims et al., 1983). The formation of CTPase filaments apparently is related 

to the inhibition of glutamine metabolic pathways, and glutamine analogs have been 

considered as potential anti-cancer drugs (Gou et al., 2014). Moreover, this enzyme is 

considered a target for the human immunodeficiency virus (HIV) (Dereuddre-Bosquet et 

al., 2004). CTPase could be related with neurological diseases. In Drosophila, the 

formation of CTPase filaments (cytoophidia) affected the developing of central nervous 

system. CTP formed filaments in quiescent and starved neuroblasts larvae (Aughey et al., 

2014; Tastan and Liu, 2015).  

This is the first biochemical study of T.gondii CTPase. The characterization of the 

recombinant TgCTPase is the first step towards understanding regulation of cytidine pools 

in this parasite, and the enzyme has additional importance because it may be a good 

therapeutic target for treating toxoplasmosis. CTPases have been studied in parasites like 

C. trachomatis (Wylie et al., 1996), T. brucei (Hofer et al., 2001) and P. falciparum 

(Yuan et al., 2005) where they are considered potential targets for treatment of parasitic 

diseases.  

Inhibition of TgCTPase could not only affect pyrimidine synthesis, but could also 

have an effect on phospholipid synthesis. Lipids are essential components for parasite 

membranes. Tachyzoites develop in a parasitophorous vacuole inside the host cell. Most 

precursors used by the parasite to synthesize lipids are derived from the host. Nutritional 

import from the host cell allow for the successful replication of intracellular parasites 

which is associated with the expansion of the parasitophorous vacuole (Coppens, 2013). 

The parasite is able to acquire lipid precursors from its environment for membrane 

biogenesis (Charron and Sibley, 2002) and also through the Kennedy pathway for 

glycerophospholipids. It has the capacity to synthesize phosphatidylethanolamine 

(PtdEtn), phosphatidylcholine (PtdCho) and phosphatidylserine (PtdSer) (Gupta et al., 

2005). PtdCho is the most abundant glycerophospholipid (57-75 % of total polar lipids) 

followed by PtdEtn (10-19 %) (Gupta et al., 2005; Welti et al., 2007). The connection 
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between pyrimidine and lipid synthesis would be the nucleotide CTP, which is a principal 

precursor of all membrane phospholipids through the formation of intermediates such as 

CDP-diacylglycerol (CDP-DAG), CDP-ethanolamine (CDP-Etn) and CDP-choline (CDP-

Cho) (Carter and Kennedy, 1966; Chang and Carman, 2008; Kennedy and Weiss, 1956). 

The disruption of PtdCho synthesis affects membrane structure and decreases the rate of 

replication of the parasite in human cell culture (Gupta et al., 2005). 

 

5.1. Expression and purification of TgCTPase 

 

Expression of recombinant proteins in E. coli is one of the most common systems 

for overexpressing a target protein. In the cytoplasm, the production yields are usually 

high (Khow and Suntrarachun, 2012). However, one of the principal problems of 

producing eukaryotic proteins in prokaryotic systems is that these proteins often form 

insoluble aggregates (inclusion bodies). Recombinant proteins form these aggregates 

because they can not interact with folding modulators like chaperones in an opportune 

fashion (Baneyx and Mujacic, 2004). On the other hand, trapping of recombinant protein 

within inclusion bodies helps to protect it from the proteases of the bacteria (Clark, 1997).  

It is reported that changing some conditions during expression, such as growth 

temperature, concentration of inducer, induction time and percentage inoculum can often 

help in decreasing the formation of inclusion bodies and increasing the amount of soluble 

protein (Prasad et al., 2011).  

In previous reports on T. brucei (Fijolek et al., 2007) and H. sapiens (Han et al., 

2005) in which CTPases were cloned in a bacterial system, some conditions such as 

temperature, media or hours of induction were changed in order to obtain higher amounts 

of soluble protein. In our laboratory, it was shown that the recombinant TgCTPase 

overexpressed in E. coli tended to form inclusion bodies. Many conditions were tested in 

an attempt to obtain higher amounts of soluble and active protein and to reduce the 

production of these aggregates, but they were unsuccessful. The maximum yield of 

soluble protein was ≈ 0.31 mg/L of cell culture by the autoinduction. However, with this 

method the protein obtained did not show activity. Finally, we use one of the most 

common procedures to recover protein from inclusion bodies (≈ 0.75 mg/L of cell 
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culture), by the one-step-denaturing and refolding process using urea as a denaturant 

(Burgess, 2009). At high concentrations of urea, this compound denatures proteins by the 

chaotropic effect, while at a low concentration, it tends to stabilize the structure of the 

protein and prevents protein aggregation during refolding (Hagihara et al., 1993; Hevehan 

& Clark, 1997). This method was also used for CTPase of P. falciparum (Yuan et al., 

2005). We used refolded TgCTPase for our kinetic characterization. In addition, in future 

experiments we will test the induction of TgCTPase in S. cerevisie. 

5.2. Kinetic characterization of TgCTPase 

 

We tested the TgCTPase activity in different buffers near pH 8. Also, we verified 

that the activity of the coupled assay was not affected by these buffers. Since other 

researchers use sodium phosphate buffer in the coupled assay reaction, we tested the 

TgCTPase activity in this buffer, even though the partial reaction of TgCTPase produces 

Pi. In addition, MOPS was tested although at pH 7.9 is at the limit of the pH buffering 

range at 37oC. Additionally, HEPES and Tris-HCl were tested because activities of other 

CTPases have been reported in these buffers.  

The ionic strength range that most enzymes accept is 0.05 to 0.2 M (Bisswanger, 

2014). We found that differences in TgCTPase activity were apparently not related to 

differences in ionic strength. In Figure 15 the ionic strength for MOPS, HEPES and Tris-

HCl were 0.2 M, and the ionic strength for sodium phosphate buffer was 0.35 M. Because 

TgCTPase had the highest activity in HEPES, we used this buffer for the biochemical 

characterization. 

Regarding the steady-state kinetics of the refolded enzyme, L-glutamine and ATP 

saturation curves were hyperbolic, and both curves were fitted to the Michaelis-Menten 

equation (L-glutamine curve, R2=0.92 and ATP saturation curve, R2=0.98). Nevertheless, 

in the double reciprocal plot TgCTPase exhibited a negative cooperativity for glutamine 

(h= 0.57 ± 0.06) similar to the behavior of CTPases from E. coli (Levitzki and Koshland, 

1969) and S. cerevisie (Yang et al., 1994). The UTP saturation curve exhibited positive 

cooperative kinetics. In contrast, the CTPases from E. coli, L. lactis and S. cerevisie 

exhibit sigmoidal behavior for both ATP and UTP (Lunn & Bearne, 2004; Park et al., 

2003; Wadskov-hansen et al., 2001; Willemoës, 2004; Yang et al., 1994), because these 
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nucleotides act synergistically to promote the active tetrameric form of the enzyme 

(Levitzki & Koshland, 1972). It is possible that the ATP saturation curve behavior for 

TgCTPase was affected by the production of ATP in the coupled assay.  

 

To test whether the refolding protocol affected the kinetic characteristics of the 

TgCTPase, we compared the activities of refolded full length protein, truncated native 

protein and full length native TgCTPase (preliminary UTP curve). We found that native 

truncated and native full length TgCTPase also displayed a sigmoidal behavior for UTP 

and their kinetic parameters were comparable with those of the refolded enzyme (Hill 

coefficient was > 1 for both). These results support the idea that the refolded process did 

not affect the activity significantly. Additionally, the activity of truncated version of 

TgCTPase was not affected by the lack of 2 peptides at the N-terminus. An alignment of 

amino acid CTPase sequences shows that this region is only found T. gondii. Since the 

truncated TgCTPase is active, we conclude that the formation of the tetrameric state does 

not require the N-terminal extension. Apparently the N-terminal extension appears to 

reduce the solubility of TgCTPase, since the native full length TgCTPase tended to 

precipitate to a greater extent than the truncated or the refolded full-length protein when it 

was concentrated in a centricon. 

The TgCTPase is activated at a lower concentration (< 0.5 mM) of GTP compared 

to the enzymes from E. coli and T. brucei, where CTP formation is activated by GTP at < 

0.15 mM and < 0.2 mM, respectively. Also, TgCTPase was inhibited at a higher 

concentration (> 0.5 mM) of GTP compared to the enzymes from E. coli and T. brucei, 

where inhibition by GTP is observed at > 0.15 mM and > 0.2 mM, respectively. 

Additionally, the Gln-dependent activity of TgCTPase (ko = 1.7 s-1 ±1.5 and kact = 15 s-1  ± 

5.3) is higher than that observed for EcCTPase (ko = 0.27 s-1 and kact = 10.3 s-1) or 

TbCTPase (ko = 0.16 s-1 and kact = 0.87 s-1) (MacDonnell et al., 2004; Steeves & Bearne, 

2011).  

 

The observation that CTPases are inhibited at elevated concentrations of GTP and 

that EcCTPase and TbCTPase are potently inhibited by derivates of uric acid and 8-oxo 
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substitued purine derivates (Lunn et al., 2008; Roy et al., 2010; Steeves and Bearne, 2011) 

suggest that their activity may be subject to general control by cellular purine levels. 

 

Other potent inhibitor candidates are glutamine analogs such as Acivicin and DON. 

In vivo experiments of inhibition with DON in P. falciparum grown in human 

erythrocytes, showed that it blocked parasite proliferation with IC50 between 0.36-0.52 

μM. For T. brucei grown in mammalian blood, 1μM DON inhibited proliferation (IC50 

0.36 μM) (Hofer et al., 2001). In T. gondii, preliminary in vitro experiments showed that 

DON inhibited 100% of TgCTP activity at 35 μM (IC50 10.32 µM), this result is supported 

by in vivo experiments in our laboratory with parasites expressing endogenous TgCTPase. 

When grown in the presence of low concentrations of DON for 24 hours (2 μM), the 

inhibitor affected proliferation and the shape of the parasite. It also changed the 

localization of the enzyme causing formation of ring and filament structures. Furthermore, 

higher concentrations of DON (20 μM) apparently did not have a negative effect on 

fibroblast human cells (HFF) (Narvaez et al., unpublished). In addition, in vitro 

experiments showed that the concentration of DON needed for inhibition was lower in 

full length refolded TgCTPase than that observed for recombinant CTPase from E.coli 

whose the activity was inhibited 98% with 2 mM of DON (Long and Pardee, 1967).   

 

 

5.3. Production of polyclonal antibodies 

 

The identification of possible protein candidates that interact with TgCTPase was 

not achieved using the polyclonal antibodies produced in rabbit against TgCTPase. These 

antibodies reacted with denatured recombinant protein, but in vivo they apparently could 

not recognize the native protein, for this reason protein-protein interaction experiments 

could not be performed with the strategy we had chosen. The first IFA experiment was 

performed at the Universidad de los Andes and showed fluorescence signal in both 

negative control and sample. The second experiment was performed at Yale University 

but the fluorescence signal corresponded to nonspecific fluorescence. 
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The affinity of the antigens is influenced by the folding state of the enzyme. It is 

possible that our antibodies bound denatured protein antigens but were not able to bind 

the protein in a native state (Nelson et al., 1997). However, polyclonal antibodies are 

heterogeneous and recognize multiple epitopes and conformational changes may not 

influence all epitopes to the same degree in comparison with monoclonal antibodies 

(Lipman et al., 2005). Probably, there are higher populations of antibodies that recognize 

epitopes of denatured rather than the native protein in the antisera. An alternative is to 

purify the serum sample by affinity chromatography using active TgCTPase (Hortua 

Triana et al., 2012). 

For further experiments, it is necessary to use other strategies to perform protein-

protein interaction experiments, such as pull down assays using extracts of parasites that 

express the Myc-tagged protein, which are available in our laboratory. 

 

6. Conclusions 

In this thesis we report the kinetic behavior of the CTPase from T.gondii. To 

characterize TgCTPase it was necessary to obtain soluble enzyme. To achieve this, 

different strategies were implemented. We found that removing the first 57 residues from 

the N-terminus of TgCTPase increased the solubility of the recombinant TgCTPase. 

However, the yield of soluble protein was higher using recovery of full length protein 

from inclusion bodies. 

Full length refolded, native truncated and full length TgCTPase did not show 

significant differences in activity. This suggests that the denaturing and refolding process 

with urea did not affect the activity of the enzyme, and that the 56 amino acids that are 

lacking in the truncated version are not involved in the tetramerization of the enzyme. 

Our kinetic assays demonstrated that the activity of TgCTPase was dependent on L-

glutamine and that the enzyme exhibited a negative cooperativity for this substrate. The 

UTP saturation curve exhibited positive cooperativity behavior. Unexpectedly, the ATP 

saturation curve of TgCTPase did not show sigmoidal behavior, this could be explained 
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by interference of ATP in the coupled assay which may have masked ATP positive 

cooperativity. Probably both ATP and UTP nucleotides are involved in promoting the 

active form of the enzyme. Also, GTP is a positive and negative allosteric regulator but 

the range of activation or inhibition of TgCTPase activity is broader compared to its 

effects on CTPases from other organisms. Our preliminary inhibition experiments suggest 

that compounds analogous to glutamine such as DON could be developed to treat 

toxoplasmosis, however other kinds of inhibitors should also be evaluated. 

This report is the first describing the biochemical characterization of TgCTPase and 

provides a basis to understanding the importance of this enzyme for T.gondii. 

Furthermore, TgCTPase could be considering a good therapeutic target for treating 

toxoplasmosis.  
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8. Figures 

 

Figure 1. Pyrimidine metabolic pathways in T. gondii. In the de novo pyrimidine 

biosynthetic pathway (green box) six catalytic steps are needed to obtain uridine 5`- 

monophosphate (UMP) from carbamoyl phosphate, aspartate and phosphoribosyl 

pyrophosphate (PRPP). The nineth step forms cytidine 5’-triphosphate (CTP) which is a 

precursor of RNA (orange box), DNA and phospholipids (blue box). In the salvage 

pathway (purple box) UMP is catabolized to pyrimidine nucleosides and free bases. 

Adapted from Garavito et al., 2015. Enzymes: ATC, aspartate transcarbamoylase; CD, 

cytidine deaminase; CCT, choline-phosphate cytidylyl transferase; CPSII, carbamoyl 

phosphate synthase; CTP, cytidine triphosphate synthase; DHFR-TS, bifunctional 

dihydrofolate reductase-thymidylate synthase; DHO, dihydroorotase; DHOD, 

dihydroorotate dehydrogenase; ECT, ethanolamine-phosphate cytidylyl transferase; NDK, 

nucleoside diphosphate kinase; NMP, nucleoside 5'-monophosphate phosphohydrolase; 

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

orotate phosphoribosyl transferase; RNA polymerase; UCK, uridine-cytidine kinase 

UMPK, uridine 5’-monophosphate kinase; UP, uridine phosphorylase. Abbreviations: 

Asp, aspartate; CDP-Cho, CDP-choline; CDP-Etn, CDP-ethanolamine; CMP, cytidine 5’-
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monophosphate; CTP, cytidine 5’-triphosphate; dTMP, deoxy-thymidine 5’-

monophosphate; dUMP, deoxy-uridine 5’-monophosphate; Glu, glutamate; P-Cho, 

phosphocholine: P-Etn, phosphoethanolamine; Pi, inorganic phosphate; PPi, 

pyrophosphate; UMP, uridine 5’-monophosphate; UDP, uridine 5’-diphosphate; UQ, 

ubiquinone; UTP, uridine 5’-triphosphate. 

 

 
Figure 2. Reaction catalyzed by CTPase. In the synthase domain, UTP is phosphorylated 

by ATP to produce a 4-phospho-UTP intermediate. Binding of these nucleotides exhibit 

positive cooperativity. In the glutaminase domain, glutamine hydrolysis is activated by 

GTP (allosteric regulator) and ammonia is released. Finally, in the synthase domain a 

nucleophilic attack of 4-phospho-UTP by ammonia displaces the phosphate, and produces 

CTP which is a competitive inhibitor of UTP. Adapted from Endrizzi et al., 2004.  
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Figure 3. Scheme of the spectrophotometric coupled assay using pyruvate kinase (PK) 

and lactate dehydrogenase (LDH)	to	measure	the	activity	of	TgCTPase.		
	
 

 
Figure 4. Denaturing gel showing purification of full length TgCTPase induced under 

standard conditions. 1, Pellet; 2, supernatant; 3, flow through; 4, wash; 5-7, elution 

fractions 1-3; STD, PageRuler™ Plus Prestained Protein Ladder 250 kDa (Thermo 

Scientific™). The arrow indicates the predicted molecular weight of TgCTPase 

recombinant protein. 
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Figure 5. Denaturing gel showing purification of full length TgCTPase induced by 

autoinduction. 1, Pellet; 2, supernatant; 3, flow through; 4, wash 1; 5, wash 2; 6-10, 

elution fractions 1-4; STD, PageRuler™ Plus Prestained Protein Ladder 250 kDa 

(Thermo Scientific™). The arrow indicates the predicted molecular weight of TgCTPase 

recombinant protein. 

 
 

 
Figure 6. Western blot of full length TgCTPase purified by autoinduction. A, SDS-PAGE 

showing purified full length TgCTPase induced by autoinduction. B, Western blot using 

Penta·His Antibody, BSA-free (QIAGEN); STD, PageRuler™ Plus Prestained Protein 

Ladder 250 kDa (Thermo Scientific™). The arrow indicates the predicted molecular 

weight of TgCTPase recombinant protein. 
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Figure 7. Denaturing gel showing induction and purification of full length TgCTPase by 

autoinduction and heat shock. 1, Purification from autoinduction; 2, purification from 

Heat Shock; 3, 0.535 μg of BSA; 4, TgCTPase protein purified by electroelution; STD, 

PageRuler™ Plus Prestained Protein Ladder 250 kDa (Thermo Scientific™). The arrow 

indicates the predicted molecular weight of TgCTPase recombinant protein. 
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Tg   ------MNAASRAASCPRLDAEFPVPCSLNSPQLFCGHNIFKMATGADSLEFVGNHSPAGGKTKYIVVTGGTMSGLGKGTTISSLGVTLKALGVHVTAIKIDPYLNVDAGTMSPY 109 
Pv   ------MDSAEDVNAI----------------------------------------------TKYIIVTGGNMSGLGKGTAMSSMGVLLLTKNILLTTIKIDPYLNIDAGTMSPY 63 
Pf   ------MDSVDDEKPI----------------------------------------------IKYIIVTGGNMSGLGKGTAMSSMAVLLLTKNILLTTIKIDPYLNIDAGTMSPY 63 
Ec   ------MT------------------------------------------------------TNYIFVTGGVVSSLGKGIAAASLAAILEARGLNVTIMKLDPYINVDPGTMSPI 55 
Ss   ---------------MP---------------------------------------------NKYIVVTGGVLSSVGKGTLVASIGMLLKRRGYNVTAVKIDPYINVDAGTMNPY 55 
Tt   ------MNGSADAGPRP---------------------------------------------RKYVFITGGVVSSLGKGILTSSLGALLRARGYRVTAIKIDPYVNVDAGTMRPY 64 
Tb   --MEGSATAKAYMLPSPELRPVS-GTGA----------------------------------CKYIVVTGGVCSSLGKGVTTSATGALLRAEGYQVCSIKIDPYINMDAGLMSPY 78 
Lp   MAERKTASGSAYYLPSPMLLSQNQSEER----------------------------------AKFVVVSGGVCSSLGKGITTSAIGALLRAAGYRVCSIKIDPYINIDAGLMSPY 81 
Lm   MEERKTASGSAYYLPSPMLLSQNQGEER----------------------------------VKFVVVSGGVCSSLGKGVTTSAIGALLHASGYRVCSIKIDPYINIDAGLMSPY 54 
Hs1  --------------------------------------------------------------MKYILVTGGVISGIGKGIIASSVGTILKSCGLHVTSIKIDPYINIDAGTFSPY 54 
Hs2  --------------------------------------------------------------MKYILVTGGVISGIGKGIIASSIGTILKSCGLRVTAIKIDPYINIDAGTFSPY 54 
                                                                          **  *  ***         *          * *** * * *   *   
                                                                                      P-loop 
 
Tg   EHGEVYVLEDGGEVDLDLGNYERFLDITLTRDHNLTSGKVYQKVIQEERKGSYLGKTVQVVPQVTDAIQAWIARVAEQPV------------DGHYEAPQVCLIEVGGTVGDIES 218 
Pv   EHGEVYVLEDGGEVDLDLGNYERFLNIKLSYKNNITSGKVYEEVIKKERKGEYLGKTVQVVPHVTDAIQKWIKGVMDDNIKKMKKEYNIRASSTPNTVPCICMIEVGGTVGDIES 184 
Pf   EHGEVYVLEDGGEVDLDLGNYERFLNIRLTYKNNITSGKIYEEVIKKERKGEYLGKTVQVVPHVTDAIQKWIKDVIDENIKKMKKEYNI---DSFNKIPCMCLIEVGGTVGDIES 182 
Ec   QHGEVFVTEDGAETDLDLGHYERFIRTKMSRRNNFTTGRIYSDVLRKERRGDYLGATVQVIPHITNAIKERVLEGGEGH--------------------DVVLVEIGGTVGDIES 156 
Ss   MHGEVFVTEDGAETDLDLGHYERFMDVNMTKYNNITAGKVYFEVIKKEREGKYLGQTVQIIPHVTDQIKDMIRYASKINN------------------AEITLVEIGGTVGDIES 158 
Tt   EHGEVFVTADGAETDLDIGHYERFLDMDLSRGNNLTTGQVYLSVIQKERRGEYLSQTVQVIPHITDEIKERIRKVAEEQK------------------AEIVVVEVGGTVGDIES 167 
Tb   EHGEVYVLDDGGEVDLDLGNYERWMSVQLRREHNITTGKVYQKLINKERQGGFLGKTVQLVPHFTNDVVESIFRVSQSPV------------DESGAQPEICMIELGGTVGDMES 187 
Lp   EHGEVYVLEDGGEADLDLGNYERWMSVHLTRDHNITTGKVYQKLLTKERAGGFLGKTVQLVPHFTNEVVNHIFKICQTPM------------SGSNKRPEICMIELGGTVGDMES 195 
Lm   EHGEVYVLEDGGEADLDLGNYERWMSVHLTRDHNITTGKVYQKLLTKERAGGFLGKTVQLVPHFTNEVVNHIFKICQTPM------------GSSNKRPEICMIELGGTVGDMES 167 
Hs1  EHGEVFVLDDGGEVDLDLGNYERFLDIRLTKDNNLTTGKIYQYVINKERKGDYLGKTVQVVPHITDAIQEWVMRQALIPV------------DEDGLEPQVCVIELGGTVGDIES 167 
Hs2  EHGEVFVLNDGGEVDLDLGNYERFLDINLYKDNNITTGKIYQHVINKERRGDYLGKTVQVVPHITDAVQEWVMNQAKVPV------------DGNKEEPQICVIELGGTIGDIEG 167 
      **** *  ** * *** * ***          * * *  *      ** *  *  ***  *  *                                       * *** ** *  
                                               Interdimeric contact arm 
 
 
Tg   AVYLEALQQFSRRVGRENLCLCHVSYVPCIG--GEQKTKPTQHGVKELRMAGLSPDMIFCRCETMLSEAARGKIALFTQVLPEHVISVHDVANTYRVPLVLDSQNVAHSICKRLRL 327 
Pv   AVYLEALQQLINNLNADDVCLCHLSYVPIIGILREQKTKPTQHSVKILREAGLKPDFIFCRCEEPLTEEAIQKISLFSQVKNEHVISLHDTSNVYKVPLILEQQNFSANVLKKLNL 295 
Pf   AVYLEALQQLINNLNNDDVCLCHLSYVPIIGNLREQKTKPTQHSVKILREAGLKPDFIFCRCEEPLTQEAIKKIALFSQVKNEHVISLHDTSNVYKVPLILDKQNVCMNVLKKLNL 293 
Ec   LPFLEAIRQMAVEIGREHTLFMHLTLVPYMAASGEVKTKPTQHSVKELLSIGIQPDILICRSDRAVPANERAKIALFCNVPEKAVISLKDVDSIYKIPGLLKSQGLDDYICKRFSL 267 
Ss   LPFLEAVRQLKLEEGEDNVIFVHIALVEYLSVTGELKTKPLQHSVQELRRIGIQPDFIVGRATLPLDDETRRKIALFTNVKVDHIVSSYDVETSYEVPIILESQKLVSKILSRLKL 269 
Tt   LPFLEAIRQFRFDEGEENTLYLHLTLVPYLETSEEFKTKPTQHSVATLRGVGIQPDILVLRSARPVPEEVRRKVALFTNVRPGHVFSSPTVEHLYEVPLLLEEQGLGRAVERALGL 278 
Tb   QPFVEALRRLRCLVGPDEFCLMHTTYLPVFG--GSQKTKPTQHSTRTLLSMGLQPDILICRSENRLTPDAKEKLSNLCGVRSGDIVSAPNVSCLYEVPVVFTKDGLVDRLVEKLRL 296 
Lp   QPFVEALRRLRYSILPEDFCLLHTTYLPVFG--GTQKTKPTQHSCRALLSLGLHPDFLVCRSEQPLAADVKEKLSNQCGVQSKDIIGAPNVSCLYEIPIEFVDQGLIDRLSHKLRL 299 
Lm   QPFVEALRRLRYSILPEDFCLLHTTYLPVFG--GTQKTKPTQHSCRALLSLGLQPDFLVCRSEQPLAADVKAKLSDQCGVQSKDIIGAPDVNCLYQIPVKFVDQGLIDRLLHKLRL 271 
Hs1  MPFIEAFRQFQFKVKRENFCNIHVSLVPQPSSTGEQKTKPTQNSVRELRGLGLSPDLVVCRCSNPLDTSVKEKISMFCHVEPEQVICVHDVSSIYRVPLLLEEQGVVDYFLRRLDL 273 
Hs2  MPFVEAFRQFQFKAKRENFCNIHVSLVPQLSATGEQKTKPTQNSVRALRGLGLSPDLIVCRSSTPIEMAVKEKISMFCHVNPEQVICIHDVSSTYRVPVLLEEQSIVKYFKERLHL 273 
         **                *             **** *     *   *  **    *           *      *              *  *                 *                  
                        Tetramer interface 
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Figure 8. Alignment of the synthase domain of TgCTPase amino acid sequence with CTP 

synthases from other organisms. Conserved residues are indicated (asterisks). Regions 

predicted to be involved in dimerization and tetramerization based on the crystallographic 

structure of E.coli (Endrizzi et al., 2005) are highlighted in grey. Residues highlighted in 

black correspond to peptides identified in membrane fractions by proteomic analysis of 

tachyzoites (Xia et al., 2008). The first residue in the truncated recombinant TgCTP is 

underlined in red. Tg, Toxoplasma gondii, (AET99076.1); Pv, Plasmodium vivax, 

(KMZ83921.1); Pf, Plasmodium falciparum (ETW40252.1); Ec, Escherichia coli, 

(EDV68051.1); Ss, Sulfolobus solfataricus (WP_009990444.1); Tt, Thermus thermophilus, 

(AEG33880.1); Lp, Leshmania panamensis (AIN97973.1); Lm, Leshmania mexicana 

(XP_003875124.1); Hs1, Homo sapiens (NP_001896.2); Hs2, Homo sapiens 

(NP_062831.3).  

 

 

 
Figure 9. Agarose gel showing directional cloning of truncated TgCTPase in pET-15b 

vector (Novagen) confirmed by restriction endonucleases. 1-3, Restriction digestion of 

truncated TgCTPase-pET15b construct with XhoI and NdeI enzymes (NEB); STD, 

GeneRulerTM 1 kb DNA Ladder (Thermo ScientificTM).  
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Figure 10. Denaturing gel showing purification of truncated TgCTPase. 1, Pellet; 2, 
supernatant; 3, flow through; 4, wash; 5-9, elution fractions 1-4; STD, PageRulerTM 

Unstained Broad Range Protein Ladder (Thermo ScientificTM). The arrow indicates the 

predicted molecular weight of TgCTPase recombinant protein  

 

 

 
Figure 11. Agarose gel showing directional cloning of TgCTPase with His-tag confirmed 

by restriction endonucleases in the pNEV vector. 1, Fragments of 7169 bp and 2022 bp 

after digestion with NotI enzyme (NEB); 2, fragments of 7330 bp and 1863 bp after 

digestion with BamHI enzyme (NEB); STD, GeneRulerTM 1 kb DNA Ladder (Thermo 

ScientificTM).  
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Figure 12. Denaturing gel showing refolding of full length TgCTPase from urea. 1, Pellet; 
2, supernatant; 3, flow through; 4, wash with 6 M urea; 5, wash with 5 M urea; 6, wash 

with 80 mM imidazole; 7, elution fraction with 250 mM imidazole; 8-9, elution fractions 

with 500 mM imidazole; STD, PageRuler™ Plus Prestained Protein Ladder 250 kDa 

(Thermo Scientific™). The arrow indicates the predicted molecular weight of TgCTPase 

recombinant protein. 

 

 
Figure 13. Denaturing gel showing refolding of full length TgCTPase from guanidine. 1, 

Supernatant; 2, flow through; 3, wash with 5 M guanidine; 4, wash with 4 M guanidine; 5, 
wash with 3 M guanidine; 6, wash with 80 mM imidazole; 7, elution fraction  with 250 mM 

imidazole; 8, elution fraction with 500 mM imidazole; STD, PageRuler™ Plus Prestained 

Protein Ladder 250 kDa (Thermo Scientific™). The arrow indicates the predicted 

molecular weight of TgCTPase recombinant protein. 
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Figure 14. Denaturing gel showing full length refolded TgCTPase concentrated with 

Amicon® Ultra 0.5 mL Centrifugal Filters 30 kDa MWCO (Millipore). 1, 500 μg/ml; 2, 

200 μg/ml; 3, 100 μg/ml; 4, 67.7 μg/ml; 5-7, TgCTPase fractions 3-5; STD, PageRuler™ 

Unstained Broad Range Protein Ladder (Thermo Scientific™). The arrow indicates the 

predicted molecular weight of TgCTPase recombinant protein. 

 

 
Figure 15. Activity of full length refolded TgCTPase measured by coupled assay in buffers 

at concentrations of 70 mM. Buffers: HEPES pH 8, sodium phosphate pH 8, Tris HCl pH 8 

and MOPS pH 7.9. The rate of CTP formation was measured in the presence of 1 mM 

ATP, 1 mM UTP, 0.4 mM GTP and 4 mM of L-Gln. 
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Figure 16. Saturation curve of L-Gln of full length refolded TgCTPase by coupled assay. 

The rate of CTP formation was measured in the presence of 1 mM ATP, 1 mM UTP, 0.4 

mM GTP and variable L-Gln (0.05 mM - 4 mM). The curve shown is from a nonlinear 

regression fit of the data to the Michaelis-Menten equation (Eq.1).  

 

 
Figure 17. Saturation curve of ATP of full length refolded TgCTPase by coupled assay. 

The rate of CTP formation was measured in the presence of 1 mM UTP, 0.4 mM GTP, 4 

mM L-Gln and variable ATP (0.03 mM - 3 mM). The curve shown is from a nonlinear 

regression fit of the data to the Michaelis-Menten equation (Eq.1).  
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Figure 18. Saturation curve of UTP by coupled assay. The rate of CTP formation was 

measured in the presence of 1mM ATP, 0.4 mM GTP, 4 mM of L-Gln. The curve shown is 

from a nonlinear regression fit of the data to the Hill equation. A, Full length refolded 

TgCTPase. Variable UTP (0.06 mM - 3 mM). B, Truncated TgCTPase. Variable UTP 

(0.065 mM - 3 mM). B, Full length TgCTPase. Variable UTP (0.165 mM - 2 mM). The 

curve shown is from a nonlinear regression fit of the data to the allosteric sigmoidal 

equation (Eq.2).   

 

 
Figure 19. Nonlinear regression curve of full length refolded TgCTPase by coupled assay 

shows activation and inhibition of TgCTPase-catalyzed L-Gln-dependent CTP formation 

by GTP. The rate of CTP formation was measured in the presence of a saturating 

concentration of L-Gln (4 mM), ATP (1 mM), UTP (0.5 mM) and variable GTP (0.05 mM 

- 1 mM). The curve shown is from a nonlinear regression fit of the data to equation (Eq.3).  
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Figure 20. Preliminary dose-response inhibition curve of DON for full length refolded 

TgCTPase. The rate of CTP formation was measured in the presence of a saturating 

concentration of L-Gln (4 mM), ATP (1 mM), UTP (1 mM) and GTP (0.4 mM). The curve 

shown is from a nonlinear regression fit of the data to log(agonist) vs. response-variable 

slope equation (Eq.4). 

 

 
Figure 21. Denaturing gel showing electroeluted sample of full length TgCTPase. 

TgCTPase lanes 1-5. 1, 1,1 μg; 2, 0.54 μg; 3-5, 2.7 μg. BSA standard lanes 6-9. 6, 5.4 μg; 

7, 2.7 μg; 8, 1.1 μg; 9, 0.54 μg; STD, PageRuler™ Plus Prestained Protein Ladder 250 kDa 

(Thermo Scientific™). 
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Figure 22. Western	 blot	 of	 a	 serum	 sample	 from	 rabbit.	 A,	 SDS-PAGE	 showing	

purification	of	 full	 length	TgCTPase.	B,	Western	blot	using	 a	dilution	of	1:3000	of	 a	

serum	sample	from	rabbit.	1,	Full	length	TgCTPase	purified	by	refolding;	2,	full	length	

TgCTPase	purified	by	electroelution;	 3,	extract	of	tachyzoites.	STD,	PageRuler™	Plus	

Prestained	Protein	Ladder	250	kDa	(Thermo	Scientific™).	

	
9. Tables 

 
Table 1. Primers and vectors used for cloned sequences. 

Primer     Sequence Vector 

Expression of TgCTPase in E. coli 
TgCTP_a 
TgCTP_as 

5′  ATTACCATATGAACGCCGCCTCCCGAGCC  3′ 
5′  CCACATATGCTAGGCACTTTCCACCTCTTCGTAGACG  3′ 

pET-19b 
(Novagen, 
Germany) 

TgCTP_truncated 
TgCTP_as 

5′  CTCATCGTCGACCTAGGCACTTTCCACCTCTTC  3′ 
5′  CCACATATGCTAGGCACTTTCCACCTCTTCGTAGACG  3′ 

pET-15b 
(Novagen, 
Germany) 

Expression of TgCTPase in S. cerevisiae 

TgCTP_His_F                      
TgCTP_R2 

5′  CTCATCGCGGCCGCATGGGCCATCATCATCATCATC  3′ 
5′  CTCATCGCGGCCGCCTAGGCACTTTCCACCTCTTCGTAGA 3′ 

pNEV-N (Dr. 
Nishith Gupta, 
Humboldt 
University, 
Berlin, Germany) 
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Table 2. Kinetic parameters of different CTPases. 
 

Organisms Substrate Vmax 
(U mg-1) 

K
m 

(mM) K
0.5

 (mM) kcat (s-1) kcat / Km 
(s-1 mM-1) 

Reference 

Toxoplasma gondii (full length refolded)*  
 L-Gln 24.02 ± 0.94 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 
 

 

Toxoplasma gondii (native truncated)*       
 UTP     31.3 ± 20  0.41 ± 0.06 

h= 1.14 ± 0.15 
 

38.6 104.3 This work 

Toxoplasma gondii (native full length)*      
 UTP   24.9 ± 3.0  0.41 ± 0.09 

h= 1.40 ± 0.37 
30.7 105.9 This work 

Lactococcus lactis 
 L-Gln 

 
UTP 
 
 
ATP 
 

- 
 
- 
 
 
- 

 

0.52 ± 0.11 - 
 
 0.08 ±  0.01 
h=1.88 ± 0.16 

 
 0.097 ± 0.02 
h=1.99 ± 0.15 

 

- 
 
- 
 
 
- 

- 
 
- 
 
 
- 

 
(Wadskov-
Hansen et 
al., 2001) 

Escherichia 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 

Trypanosoma brucei      (Fijolek et 
al., 2007)  L-Gln - 0.26 - - - 

 UTP - 0.16 - - - 
 ATP  0.07 

 
- - - 

Saccharomyces 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 ± 0.01 - - - (Kassel et 

al., 2010)  UTP - 0.59 ± 0.24 - - - 
 ATP - 0.17 ± 0.11 - - - 
Homo sapiens (CTP 2)      
 L-Gln - 0.10 ± 0.04  - - - 
 UTP - 0.19 ± 0.08 - - - 
 ATP - 0.06 ± 0.02 - - - 

One unit is defined as the conversion of 1 μmol of substrate per minute at 37oC. * The values were calculated with 
GraphPad Prism Version 6.0e according to the best-fitted model. 
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Table 3. Steps in the Production of Polyclonal Antibodies in rabbit 1. 
 

Rabbit # 001 Date μg protein Volume protein Route Volume serum Comments 
Prebleed 5/03/14    ≈ 3 mL (aorta)  

 
Inoculation 1 10/03/14 

Day 0 
≈ 350 μg 1 mL 

(0.5 mL protein + 0.5 mL 
Freund's complete 
adjuvant) 
 

Subcutaneous  Smaller 
granulomas 
formed 
 

Serum 1 26/03/14 
Day 16 

   ≈ 2-3 mL Tested 
1:150, 
1:600, not 
reaction by 
Western 
blot 
 

Inoculation 2 31/03/14 
Day 21 

≈ 411 μg 2 mL 
(1 mL protein + 1 mL 
Freund's incomplete 
adjuvant) 
 

Subcutaneous  Large 
granulomas 
formed 
 

Inoculation 3 21/04/14 
Day 42 

≈ 211 μg 2 mL 
(1 mL protein + 1 mL 
Freund's incomplete 
adjuvant) 
 

Subcutaneous  Large 
granulomas 
formed 

Serum 2 5/05/14 
Day 56 

 

   ≈ 2 mL  
 

Final Serum  4/06/14 
Day 86 

   ≈ 30 mL  
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Table 4. Steps in the Production of Polyclonal Antibodies in rabbit 2. 
 

Rabbit # 002 Date μg protein Volume protein Route Volume serum Comments 
Prebleed 
 

5/03/14    ≈ 3 mL (aorta)  

Inoculation 1 31/03/14 
Day 0 

≈ 521 μg 1 mL 
(0.5 mL protein + 0.5 
mL Freund's complete 
adjuvant) 

 

Subcutaneous  Smaller 
granulomas 
formed 
 
 

Inoculation 2 21/04/14 
Day 21 

≈ 214 μg 2 mL 
(1 mL protein + 1 mL 
Freund's incomplete 
adjuvant) 

Subcutaneous  Large 
granulomas 
formed 
 
 

Serum 1 5/05/14 
Day 16 

   ≈ 3 mL Tested 
1:150, 
1:1500, not 
reaction by 
Western blot 
 

Inoculation 3 12/05/14 
Day 42 

≈ 272 μg 2 mL 
(1 mL protein + 1 mL 
Freund's incomplete 
adjuvant) 
 

Subcutaneous  Large 
granulomas 
formed 
 

Serum 2 3/06/14 
Day 64 

 

   ≈ 3 mL  

Final Serum  25/06/14 
Day 86 

   ≈ 20 mL  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 49 

10. Supplementary material 
 

Table 1S. Biological resources  

 
Cell line Source 

E. coli (XL-1blue, Rosetta)  Stratagene, USA  
E. coli (DH5α F’) Clontech, USA 
E. coli (BL21-CodonPlus(DE3)-RP) Agilent Technologies 
Human Foreskin Fibroblasts (HFF)  Nishith Gupta, Humboldt University, 

Berlin, Germany 
S. cerevisiae (YJR103w) 
(BY4741; MAT a; his3Δ1; leu2Δ0; 
met15Δ0; ura3Δ0; YJR103w::kanMX4) 

Euroscarf, Frankfurt 

T. gondii tachyzoites (RH)  
 
 

 
Figure 2S. Anomalous migration of TgCTPase in SDS-PAGE. Standard curve of the log 

MW versus Rf generated using the line range from 13% denaturating gel. PageRuler™ Plus 

Prestained Protein Ladder 250 kDa (Thermo Scientific™) was used. According to this 

curve, the full length TgCTPase was calculated to have a molecular weight of 81.5 kDa. 
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Table 3S. Protein purified by 32 electroelution experiments. Relative values of 

TgCTPase quantification using BSA. 
 

 

 
 

Electroelutions Total (μg) 
1            2 
2            9 
3 21 
4            2 
5 99 
6 19 
7 21 
8 75 
9   134 

10 19 
11 11 
12 33 
13   104 
14 19 
15 55 
16 77 
17   108 
18 13 
19 82 
20   124 
21   108 
22 93 
23    240 
24   116 
25 80 
26   157 
27 25 
28 80 
29 68 
30   108 
31   164 
32   117 

Total     2383 
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Figure 4S. Western blot of full length TgCTPase. A, CTP Synthetase 1/2 Antibody (y-88) 

(1:1500). B, Serum after 9 weeks of immunization (1:3000). C, Serum after 9 weeks of 

immunization (1:3000). D, Pre-bleed serum. 1, Extract of S. cerevisiae expressing 

TgCTPase; 2, Extract of tachyzoites; 3, TgCTPase purified by electroelution. STD, 

PageRuler™ Plus Prestained Protein Ladder 250 kDa (Thermo Scientific™). 

 

 

 
Figure 5S. Immunofluorescence Assay (IFA) of extracellular tachyzoites using serum 

samples from rabbit . A, Pre-bleed serum; B, Serum after 9 weeks of immunization. 
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