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CHAPTER 5                                                         

DISCUSSION 
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5.1. In vitro Experiments  

The focus of this PhD thesis was to analyze the enzyme aspartate carbamoyltransferase 

from Plasmodium falciparum. The sequences of the ATCase have several methionines in 

the first 60 amino acids and a predicted apicoplast targeting sequence. For this reason, we 

cloned the full-length version, for the in vivo assays, and a truncated version for the in 

vitro assays. Cloning, expression, and purification were performed to get soluble protein 

to perform in vitro characterization, such as Native Blue PAGE and activity assays. The 

first one demonstrates that the protein can form homotrimer and homohexamer in 

solution; this is a typical characteristic of ATCases of different species [69, 75]. The 

second experiment determined the specific activity of the enzyme, which was similar to 

ATCase from Trypanosoma cruzi [73].  

Furthermore, in collaboration with the laboratory of Matthew Groves we determined the 

crystal structure. It was possible to get the structure of the full-length PfATCase and a 

truncated version PfATCase-met3 complexed with citrate and with the compound 2, 3-

napthalenediol. A comparison among these structures allows describing two molecular 

states of the protein: a relaxed “R” state, which has high affinity for substrate, and a tense 

“T” state, which has low affinity for substrate [100]. Analysis of the resulting crystal 

structure revealed the presence of three PfATCase molecules in the asymmetric unit, and 

this was described before for several ATCases, such as E. coli [103, 104] and T. cruzi 

[73]. Indeed, with the crystal structure resolved it was possible to localize the residues 

involved in the catalysis, R109, and K138; these residues were changed to alanine and the 

resulting mutant ATCase R109A/K138A (ATCase RK) went through the same 

experiments, showing no activity. Nonetheless, the structure was still a hexamer with no 

significant modification (Bosch et al., in preparation). 

After establishing the activity assay of the isolated protein, dose-response experiments 

were performed against PALA, a well-known inhibitor and a new compound called 

Torin2. The IC50 values were 160 µM and 67 µM, respectively. Interestingly, the IC50 

value of Torin2 in vitro was higher than we expected, since this compound was reported 

to have an EC50 value of 1.4 nM in asexual stage of the plasmodial parasites. However, we 

have to consider that inside the cell there are more complex mechanisms for the drug to 

achieve an effect. Actually it had already been reported that Torin2 could bind to three 
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different proteins (ATCase, PRSase and a putative transporter), having a synergistic effect 

in the parasite [80, 81].  

For this reason, experiments of Microscale Thermophoresis (MST) with PfPRSase against 

Torin2 were performed at RUG that demonstrated binding of the compound with the 

protein with a Kd of 15.7 µM (Fig. 49). Therefore, by applying the standard activity assay 

a dose-response assay of PfPRSase against Torin2 has been performed; surprisingly no 

inhibition could be seen. For this reason, more experiments are needed to characterize the 

in vitro activity of the enzyme: this project is ongoing in The Netherlands.  

 

Figure 49- Microscale Thermophoresis of PfPRSase against Torin 2 

 

5.2. In vivo Experiments  

First, for in vivo section, a vector for localization experiments was constructed, with the 

N- terminal region of ATCase in frame with GFP. An apicoplast targeting sequence has 

been identified by applying bioinformatic tools: this bipartite targeting sequence consists 

of two domains: the signal peptide and the transit peptide. Since the point of processing is 

not precisely known; in the first attempt we cloned the first 125 amino acids directly with 

GFP. However, the resulting chimera was sent to the ER and not to the apicoplast as 

expected, as it shows the co-localization with ER tracker (Fig. 31). This localization has 
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no sense, from the functional point of view; in reality after a search in the literature, we 

saw several works that report this localization to the ER with this kind of partial clones of 

Toxoplasma gondii [91, 97]. They described that only the full-length protein in frame with 

GFP was successfully sent to the apicoplast. For this reason, we repeated the experiment, 

now with the entire ORF of ATCase in frame with GFP. The protein was sent to the 

apicoplast (Fig. 32).  

To validate the ATCase as a drug target, we performed PIA [105]. For this experiment we 

inserted a copy of the wild type and double mutant ATCase RK inside the parasite, 

because the active site of the protein is formed by residues provided per two subunits. 

Consequently, we designed the mutations to affect the protein in both interphases at the 

same time [106]. Lunev et al. describe that introducing mutations without interfering with 

oligomeric assembly is a potential tool to validate druggability in vivo, without recourse to 

complex genetics. 

The introduction of more copies of ATCase allowed the parasite to grow 4-times faster 

than the mock cell line, in regular media (Fig. 34). Nonetheless, in minimal media this 

transgenic cell line did not have an advantage when comparing with mock; this could 

prove that despite the cells having more copies of ATCase, the supply of aspartate or 

glutamine is the critical step for the pathway. 

The transgenic cell line containing the double mutant ATCase does not show differences 

with mock in normal media; however, in minimal media the cell line shows a clear 

phenotype, exhibiting a decrease in growth by half. Besides, a comparison between 

ATCase and ATCase RK both in minimal media demonstrates a significate difference, 

with the wild type growing faster than the mutant (Fig. 50), demonstrating that not only is 

the supply of amino acids as important metabolites for the pathway but also the mutated 

protein makes it more difficult for the parasite to proliferate, showing a clear knock-down 

phenotype. In this way we can prove that the aspartate carbamoyltransferase is essential 

for the parasite to grow, leading the protein to become a drug target.  
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Figure 50 - Comparison among ATCase, double mutant and mock cell line. 

 

Comparison of growth profile of transgenic cell lines in minimal media, from one side the simple transfectant A) 

BSD mock cell line, ATCase wild type and ATCase RK, and for other the double transfectant B) double 

transfected AspAT YR with ATCase, AspAT YR with ATCase RK and double mock cell line.  

 

Once we showed that the PfATCase is essential for the parasite, the next step was to see if 

the protein is druggable, this means to be accessible enough inside the parasite. 

Subsequently, in collaboration with RUG we received several synthetic compounds that 

were designed exclusively for PfATCase and were tested in in vitro activity assays. The 

IC50 value was determined to be in the micro molar range [100]. After performing the in 

vivo drug assay against the synthetic drugs we got in all cases an EC50 around 50 µM, that 

we consider promising results. We need to consider this scaffold and try to optimize it, for 
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future experiments, further considering that 2, 3-napthalediol was binding in close 

proximity to the active site in co-crystallization experiments with PfATCase [100]. 

Nevertheless, there is no difference between 3D7 control cell line and ATC 

overexpressing cell line, despite these drugs having been designed for this specific 

protein. This effect could be explained by several factors, such as the drug could not enter 

into the parasite since the compounds are polar and the drug would need to pass through 

several membranes to reach the protein, or the drug is inhibiting another protein present in 

both parasites. Furthermore, the merozoite stage of the parasite is in direct contact with 

the media; this form of the parasite does not have DNA synthesis or ATCase expression, 

in principle, and in addition it spends a short time free in the media. For these reasons, we 

expected differences between ATC cell line and 3D7 if the EC50 were bigger and we can 

conclude that the transgenic cell line has a protective effect. If the opposite were the case, 

we could be in the presence of a pro-drug in case the extra amount of ATCase will convert 

the pro-drug into an active form, allowing the cell to have a small EC50. Nonetheless, this 

did not happen in the three cases. With all these data, we can conclude that these drugs are 

not inhibiting the PfATCase in in vivo experiments, due to a low IC50 in in vitro assays, 

which does not have a protection effect against the drugs in the transgenic cell line. 

Additionally, dose-response experiments with the potent inhibitor Torin2 was performed 

against PfATCase, PfPRSase transgenic cell lines and the BSD mock line. Interestingly, 

the EC50 report here for the mock cell line is 0.030 nM, which is several values of 

magnitude smaller than what Sun et al. reported. However, this value was obtained after 

three triplicates of the experiments. The EC50 value of PfATCase and PfPRSase transgenic 

cell lines were 0.505 and 0.513 nM, this is 10 times higher than the mock cell line, but it 

is still smaller than the one reported. With this experiment we saw that the overexpression 

of the ATCase and PRSase separately had a protective effect, requiring more amount of 

drug to kill these parasites. This experiment points that the ATCase is druggable, this 

means that the drug does enter the parasite and is able to reach the protein. This 

assumption is also valid for PRSase; however, in this case it is more controversial because 

of the results of the in vitro assays. 
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