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CHAPTER 4                                                             

RESULTS 
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4.1. Cloning, expression, and purification of plasmodial aspartate 

carbamoyltransferase 

In Plasmodium falciparum, ATC is a polypeptide of 375 amino acids with a predicted 

molecular mass of 43.3 kDa (PlasmoDB ID: PF3D7_1344800). In silico analysis of the 

amino acid sequence of PfATC with the bioinformatic tool PlasmoAP [91] showed a 

strong prediction for an apicoplast targeting sequence at the N-terminal region, with a 

possible cleavage site between residues 27 and 28. Further, a BLAST analysis [92] of 

PfATC DNA sequence shows that the N-terminal region of approximately 37 amino acids 

does not have known structural homologs and several methionines are present in the first 

60 amino acids (Fig. 11). Besides, this in silico analysis reveals no regulatory subunits in 

the genome of the parasite, as it describes for E. coli.  
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Figure 11- Homology analysis of PfATC 

 

Homology analysis of PfATC was performed using BLAST tool [92]and visualized via T-coffee [93]. Red, 

yellow, green and blue colours represent good, average, average bad and bad alignment, respectively. Residues 

from the active sites are shown with red arrows.  
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Several sequences of proteins of different organisms which were already crystallized, 

were aligned. Based on this alignment adding the prediction of the apicoplast signal 

peptide by bioinformatic tools, it was decided to make a construct starting from the third 

methionine into the pASK-IBA3 expression vector and use this truncated version of the 

protein, PfATCase Met 3, for the in vitro experiments (Fig. 12). For the in vivo 

experiments, it was necessary to clone the full-length sequence, PfATCase Met 1, into the 

shuttle vector pARL (Fig. 13). 

 

Figure 12 - Maps of vector pASK IBA3 PfATCase. 

 

A Map of the vector pASK-IBA3-PfATCase. The full-length gene is described in green; the strep tag is in 
purple. B In a closer view of the sequence is possible to localize the methionine 2 and 3 into the full-length 

protein, as well as the residues, involve in the catalysis, R109 and K138. The sequence primers are also shown in 
yellow. 
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Figure 13 - Vector map of pARL PfATCase-myc 

 

Vector map of pARL PfATCase-Myc. The gene is described in yellow, the myc tag in purple, the primers in 
pink and the GFP gene in green. The construct with a myc tag has also a stop codon after the tag. The vector 

contains the ampicillin resistance cassette and the Blasticidin cassette leading to resistance against ampicillin in 

bacteria and for the transgenic parasites against the selection drug Blasticidin S, respectively. The transcription 
of the introduced gene is crt-promoter driven. 

 

The vectors residing the fragment MET1 and MET3 of the P. falciparum ATCase were 

sequenced and subsequently transformed into the Escherichia coli expression cell line 

BL21 pGro7, which harbors an expression construct for the groES-groEL chaperon 

(Takara).  

The purification of the recombinant expression of PfMET1 and PfMET3 was analyzed by 

Western Blot using an anti-Strep antibody (Fig. 14). Their oligomeric state were analyzed 

by DLS measurements, which confirmed the homogeneity of the sample (Fig. 15). 
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Figure 14 - Western-blot of PfATCase Met 1 and Met 3. 

 

SDS-PAGE and Western blot of the purified PfATC-Strep Met3 (1) and Met1 (2). The Strep-tag fusion proteins 

reveal a molecular mass of 45kDa and 40.2kDa, respectively. The western blot was revealed with antibody anti 
Strep (1:2500). 

 

Figure 15 - DLS profile 

 

Profile of DLS measurements. A PfATCase Met3 in 1% Glycerol + 20mM Tris +300mM NaCl 2mM BME. B 

PfATCase Met1 in elution buffer after purification. 
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After the purification by Strep-tactin matrix, size exclusion chromatography was 

performed using an Äkta Pure gel filtration system (GE) with an attached Malvern 

Dynamic Light Scattering device. Figure 16 shows the profile of the elution. 

 

Figure 16 - Chromatogram of PfATCase-Met3 

 

Profile of the chromatogram of PfATCase, purified by size exclusion chromatography performed in Akta Pure. 
The column used is a HiLoad 16/600 Superdex 200pg. 

 

 

4.2. Biochemical characterization of the recombinant protein as well as 

mutagenic analysis of the trimerization process  

In collaboration with Dr. Matthew R. Groves (Structural Biology Unit, University of 

Groningen, The Netherlands), we could solve the crystal structure of the plasmodial 

protein PfATCase Met3 (Fig. 17). This truncated protein consists of 349 amino acids 

including 339 of wild type PfATCase (37-375) and SAWSHPQFEK sequence of Strep-

tag (IBA3) at the C-terminus with a molecular mass of 40.3 kDa. The catalytic unit of 

ATCase consists of a homotrimer with three-fold rotational symmetry; this is a common 

characteristic among ATCases [74, 86, 65]. 
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Figure 17 - The schematic overall model of PfATC 

 

(a) PfATC is a homotrimer with three active sites (shown with stars) formed at the oligomeric interfaces. (b) 

Schematic view of PfATC homotrimer.  

 

Residues from the adjacent subunit complete the active site, thus explaining why the 

enzyme is active only as a trimer [75, 77]. Each subunit of the trimer hosts an active site 

comprising two residues (Ser135 and Lys138) from the adjacent chain [76]. In Figure 18, 

the PyMol software shows the residues that are in contact with the interface. This 

conformation was also confirmed by DLS measurements and Blue Native Polyacrylamide 

Gel Electrophoresis. 
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Figure 18 - Interphase contact among subunits 

 

PfATCase-Met3 structure analysis reveals that each subunit forms two oligomeric contacts with other subunits 
of the trimer (a). The residues that form these contacts are shown in blue (b–f). Absolutely (red), strongly 

(orange) and slightly conserved (green) residues of these interfaces are shown (c, e). Active-site residues 

(magenta) are also shown on the surface (f). 

 

Based on mutagenic studies on E. coli ATCase [69]and the overall structure similarity, the 

mutant PfATCase was constructed. An extensive in silico comparative analysis and 

detailed analysis of the structure allow us to identify the probable essential residues for 

catalysis, which are R109 and K138. Mutation of these residues allow protein interference 

studies that are intended to influence the catalytic activity of the entire trimer. We decided 

to make a single (PfATCase-RC) and double mutant (PfATCase-RK), R109C and R109A 

with K138A, respectively. The pASK-IBA3-PfATCase was used as template and site 

direct mutagenesis studies were applied. For all in vitro analysis, the truncated versions of 

the mutated proteins, PfATCase-RC and -RK Met 3, were used. The mutated constructs 

were analyzed by sequencing.  
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To analyses the oligomeric state of PfATCase in solution, as well as the mutagenic 

versions, Native Blue PAGE and Dynamic Light Scattering measurements were 

performed. The Native Blue PAGE (Fig. 19) shows there are 3 bands in each lane and the 

strongest – around 242 kDa – suggest a hexameric conformation, one band down 146 kDa 

which corresponds to the trimer and one below 66 kDa which corresponds to the isolated 

subunits of ATCase.  

 

Figure 19- Oligomeric state of PfATCase wild type and mutants. 

 

Native Blue Polyacrylamide Gel. Lane 1 corresponds to the double mutant PfATCase-RK, lane 2 is the wild 

type and lane 3 is the single mutant PfATCase-RC, all the proteins are the truncated version (Met 3). Between 

lane 1 and 2 there is the molecular weight marker NativeMark™ Unstained Protein (Thermo Fisher Scientific). 

 

The pattern observed in the Native Blue PAGE analysis suggests that the mutations are 

not involved in the oligomerization process. Furthermore, the activity of these constructs 

was verified by the malachite green method, according to [43, 83]. The specific in vitro 

activity of PfATCase was 11.04 ± 1.04 μmol min
−1

 mg
−1

. Activity assays with the simple 

and double mutant PfATCase-RC and PfATCase-RK were also performed and showed 

significantly lower specific activity of 1.14 ± 0.17 and 0.85 ± 0.30 μmol min
−1

 mg
−1

, 

respectively (Fig. 20).  
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Figure 20 - Activity profile of ATCases 

 

Activity profile of PfATCases. Specific activity calculated from the truncated version of PfATC wild type, 
double mutant RK and single mutant RC, with their respective values of 11.04 ± 1.04, 0.85 ± 0.30 and 1.14 ± 

0.17 μmol min−1 mg−1. The activity values were derived from at least three independent experiments.   

 

These data confirm that the mutations of the key active site residues (R109 and K138) 

nearly abolish catalytic activity while they do not have an adverse effect on the oligomeric 

assembly.  

In addition, a pull-down assay analyzed whether the wild type subunit binds to the 

mutated one to form the trimeric conformation. For this experiment, the lysate of cells 

expressing the truncated version of PfATCase wild type with Strep tag was mixed with 

the lysate expressing the truncated version of PfATCase-RK with His6-tag and split into 

two samples. Co-purification was performed via the Strep-tactin as well as via Ni-NTA 

agarose (Qiagen). 

Figure 21 shows three lanes: lane 1 is the elution from the Ni-NTA column, lane 2 is the 

elution from Strep-tactin column, and lane 3 is the mixture of these two elutions and 

purified again only by Strep-tactin column. Western blot analysis using a monoclonal 

anti-His antibody (Pierce, USA) visualized a strong signal in lane 1, lanes 2 and 3 have 

weak signals, which reveals the presence of mutated subunit after purifying the wild type 

Strep-tagged subunit. 
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By applying a monoclonal anti-Strep II antibody (IBA), the Western blot analysis did not 

show a signal in lane 1, this effect could be because the interaction of the His6 tag with the 

column is so strong that the subunit of the trimer separate from each other. Nevertheless, 

lanes 2 and 3 show a signal displaying the presence of wild type subunit. The two Western 

blots reveal a co-purification of both subunits in the protein, the wild type and the mutant, 

which allow us to conclude that the protein could form a heterocomplex mixing the 

subunits. In both cases, the secondary anti-mouse horseradish peroxidase labeled goat 

antibody (BioRad, Germany) was used. 

 

Figure 21- Co-purification of wild type and mutant subunits. 

 

Pull down assay of the truncated version of PfATCase wild type and double mutant. After mixing both lysates, 

the co-purification was performed via the strep-tactin as well as via Ni-NTA agarose (Qiagen). In lane 1, the 

elution from Ni-NTA agarose column, lane 2 the elution from Strep-tactin column and lane 3, the elution of 
Strep-tactin column, after mixture this first both elutions. The western blot was revealed with antibody anti Strep 

(1:2500). 

 

4.3. In vitro analysis of inhibitors of plasmodial aspartate 

carbamoyltransferase  

Within the standardized activity assay, we performed a dose-response experiment against, 

the well-known inhibitor for ATCases, PALA, and the deriving IC50 value of the 

plasmodial enzyme was calculated to be 160 ± 28 µM (Fig. 22). 
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Figure 22- Dose-response of PfATCase against PALA 

 

Dose-response profile of PfATCase versus N-phosphonacetyl-L-aspartate (PALA), the concentration of inhibitor 

it is in logarithmic scale. The IC50 of the enzyme is 160 ± 28µM. This value was obtaining in at least three 

independent assays, measuring the product of the reaction, inorganic phosphate by the malachite green method. 
 

This experiment, as well as the obtained IC50-value, demonstrates that this inhibitor beside 

being well-known for years, clearly inhibits the enzyme in vitro. In collaboration with 

Prof. Alexander Dömling, we received and tested several compounds; unfortunately, none 

of them was able to inhibit the enzyme significantly. Hanson et al. reported that Torin 2 

(Fig. 23) has an EC50 of 6.62nM and 1.4 nM, in vivo in both stages of the plasmodial 

parasites, sexual and asexual respectively [80, 81].  

 

Figure 23- Structure of the compound Torin 2. 
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For that reason, we performed the dose-response experiment in vitro with the plasmodial 

ATCase, revealing an IC50 of 67.7 ± 6.6 µM. Figure 24 shows the dose-dependent 

inhibitory potential of Torin 2 against recombinant enzyme in vitro. 

Figure 24- Dose-response of PfATCase against Torin 2. 

 

Dose-response profile of PfATCase versus Torin 2, the concentration of inhibitor is shown in logarithmic scale. 

The IC50 value of the enzyme is 67.7 ± 6.6 uM. This value was obtained in at least three independent assays, 
measuring the product of the reaction, inorganic phosphate by the malachite green method. 

 

 

4.4. Characterization of Phosphoribosylpyrophosphate synthetase 

(PfPRSase) 

The recombinant expression of plasmodial Phosphoribosylpyrophosphate synthetase was 

carried out in E. coli pGro7. Briefly, during induction, 2 mL of MgSO4 1M was added to a 

1 L culture of bacteria, as the magnesium coordinates the ATP in the catalytic reaction, 

this helps in the stabilization of the soluble protein.  

The expression of PfPRSase was verified by Western blot analysis (Fig. 25) and the 

oligomeric state by Native Blue PAGE (Fig. 26). In Figure 25, the elution from the Strep-

tactin column during the purification is in lane 1 and the protein after concentration by 

Amicon Ultra Centrifugal Filters is in lane 2.  
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Figure 25- SDS PAGE and Western blot of PfPRSase 

 

SDS-PAGE and Western Blot of PfPRSase. Lane 1 Elution directly from the strep tactin purification column 

and lane 2 after concentration by Amicon Ultra Centrifugal Filters. For the western blot, a primary monoclonal 
anti-Strep II antibody (IBA; 1:2500) and a secondary anti-mouse horseradish peroxidase labelled goat antibody 

(BioRad, Germany; 1:10.000) was used.  

 

Figure 26 - Native Blue PAGE of PfPRSase 

 

Lane 1 directly elution from the strep tactin purification column and lane 2 after concentrate in the Amicon 
Ultra Centrifugal Filters, this second sample was used in the activity assays. In both lanes, it is possible to see a 

superior band, around 720kDa which could be just aggregation of the protein. There is another band around 

242kDA which corresponds to a hexameric conformation and a tiny third band above 66kDa which could be a 
tetramer. The NativeMark™ Unstained Protein (Thermo Fisher Scientific) was used as a marker. 
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For crystallization trials, size exclusion chromatography has been applied. The protein 

elutes as single peak (Fig. 27). 

In this context, it was indispensable to repeat the Differential Scanning Fluorimetry 

experiments, to screen further buffer conditions. Nonetheless, after changing the buffer 

several times without removing the precipitations, a buffer of 40mM sodium phosphate 

subsequently stabilized the protein [94]. 

 

Figure 27- Size exclusion chromatogram of PfPRSase. 

 

Size exclusion chromatography profile of PfPRSase. We can see the elution of the protein in a monodisperse 

population. 
 

After purifying the PfPRSase, we set up two screening plates with the TTP Labtech’s 

mosquito crystal robot and the buffer setup PEG/Ion and Index (Hampton Research). 

After several weeks, tiny crystals at condition 44 of PEG/Ion screening, which was 0.2 M 

ammonium phosphate dibasic, pH 8.0 and 20% w/v Polyethylene glycol 3,350 (Fig. 28), 

were observed. These crystals were taken to the German Electron Synchrotron (DESY) in 

Hamburg and a preliminary data set was collected (Fig. 29). 
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Figure 28 - Protein crystals of PfPRSase 

 

Image of the crystal inside the drop of condition 44 of the PEG/Ion screening plate. Since the crystals are too 

small, it was not possible to have good resolutions in the final structure. 

 

Figure 29 - Processing data collection of PfPRSase 

 
This screen print of the X-ray Detector Software is from the analysis of the data obtained in the synchrotron, 
from PfPRSase. It shows with red arrows that the black dots in the picture are due to the presence of protein and 

not salt in the sample. Moreover, even though the resolution is around 8Å, these data are valid preliminary 

results. 
 

Probably due to the small crystals, a low resolution of 8 Å of PfPRSase was obtained; 

however, as a preliminary data set the result is promising. 
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Furthermore, these preliminary results were used to perform optimization conditions. The 

screen ranged from 14 to 24% of PEG 3350 at 0.2 M (NH4)2PO4 in the presence of 5 mM 

of ribose-5 phosphate, 5 mM of ATP and 500 µM of Torin2 [94, 95]. 

Following D’Arcy et al.’s hypothesis that the optimal condition for crystal nucleation 

could be very different for crystal growth [96], we performed a technique called streak 

seeding.  

Due to time constrains the crystallization experiments could not be finished and is being 

continued at RUG. 

Additionally, the required activity assays using the AMP-Glo Assay kit from Promega 

were carried out. In a first experiment, both substrates as well as Torin2 were titrated. The 

assay started in a 96-well plate, with serial dilutions of one substrate while maintaining 

the other at 1 mM (value of 3 at logarithm scale), were incubated with the enzyme for 5 

min at room temperature, the obtained curves are in Figure 30. 

 

Figure 30 - Titration of PfPRSase substrates. 

 

Activity profile of PRSase. The green line is the titration of ATP, at a Ribose 5-Phosphate concentration of 

1mM. The blue line is switching the substrate, titrating R5P and maintaining ATP at 1mM.  
 

In this experiment we extracted the optimal concentrations to perform future experiments, 

the range for ATP is 150–1250 µM and for R5P is 1 mM. Nonetheless, after performing 

dose-response curves against Torin 2, it was not possible to see an apparent inhibition of 

the enzyme. 
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4.5. The localization of the protein within P. falciparum using GFP 

chimeras 

The in silico analysis of the PfATCase amino acid sequence revealed a potential bipartite 

apicoplast targeting sequences, at its N-terminus. The bipartite targeting sequence, 

responsible for the transport of the protein to the apicoplast, appears to have two domains: 

a signal peptide and a transit peptide (Fig. 31-1). The signal peptide is responsible for 

entering in the secretory pathway (ER) and the transit peptide for directing the protein to 

the apicoplast. For localization studies, the first 375 nucleotides (125 amino acids) of the 

atcase coding region were cloned into the P. falciparum transfection plasmid pARL (Fig. 

31-2). The final construct, pARL SP-GFP, has the first part of the signal peptide in frame 

with GFP, which was confirmed by sequencing. The vector was transfected into the 

malaria parasite according to [43, 87]. 

Figure 31-3 shows the cell line pARL 1a+ SP-GFP; the GFP fluorescence signal was co-

localized with ER Tracker and not with the MitoTracker. Although this was an 

unexpected result, since various bioinformatic tools predicted the plasmodial ATCase to 

be present in the apicoplast, this was previously reported when only the full-length 

protein-GFP fusion was localized to the apicoplast [91, 97]  
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Figure 31 - Localization of pARL SP-GFP. 

 

1) Schematic image of full-length ATCase, describing the bipartite targeting sequence, form by a signal peptide 

and a transit peptide. 2) Schematic image of the 125 amino acid sequence clone in frame of GFP. 3) A and B 

shows cell line pARL 1a+ SP-GFP. An ER-Tracker has been used for co-localisation. B MitoTracker was used. 
In both cases, Hoechst was used to stain the nucleus. 

 

As it is not clear where exactly the transit peptide ends, the experiment was repeated with 

the full-length ATCase sequence cloned upstream of GFP. The construct, pARL-PfATC-

strep-GFP, encodes for the entire PfATCase sequence in frame with Strep tag and GFP. 

The pictures of this transgenic parasites line are in Figure 32, showing that the chimeric 

protein is neither localized in the ER nor in the mitochondrion; however, revealing a 

distinct localization within the cell which suggested the presence of ATCase in the 

apicoplast.  
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Figure 32- Localization of pARL-PfATC-strep-GFP. 

 

1) Scheme of the full-length ATCase sequence clone in frame with GFP. 2) A and B shows cell line pARL 1a+ 
ATC-strep-GFP. A ER-Tracker has been used for co-localisation. B MitoTracker was used. In both cases, 

Hoechst was used to stain the nucleus. 

 

Moreover, to confirm the expression of the chimeric protein within the parasite, the 

protein was purified from the parasite. Using a kit for isolating epitope-tagged proteins 

(Miltenyi Biotec), the PfATC-GFP protein was purified via the GFP tag. The resulting 

sample was analyzed by SDS-PAGE and Western blot with antibody anti-GFP (Fig. 33). 

The SDS gel was stained with Silver Staining Kit, Protein (GE Healthcare) after 

transference to the membrane. The PfATC–Strep–GFP protein has a predicted molecular 

mass of 71.6 kDa. As shown in the SDS-PAGE and Western Blot analysis, there are two 

signals at the predicted molecular weight; this is the pre-processed and mature form of the 

chimera as previously reported by Waller et al. [98]. 
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Figure 33- Expression of PfATCase-GFP in transgenic parasites 

 

The SDS-PAGE and Western blot of the PfATCase-strep-GFP product isolated from the parasite. The gel 

stained with silver shows the pre-processed and mature chimera, in two bands close around 72kDa. The next 

band could be the ATCase alone, around 42kDa. The Western blot was made with an antibody anti GFP 
(1:1000) provided by the kit for isolation of epitope-tagged proteins (Miltenyi Biotec). There are both forms of 

the chimera and the signal of remaining GFP. 

 

The clear signal at a molecular mass of about 25kDa in the Western blot represents a 

signal from the processed GFP-tagged magnetic beads as previously reported by the kit´s 

company.  

 

4.6. Evaluation of the effect of overexpression and absence of ATCase 

activity on the viability of P. falciparum 

 

To verify the necessity of the ATCase at the cellular level, we carried out protein 

interference assays by overexpressing ATCase wild type and the respective ATCase 

mutants. The mutant RK (R109A+K138A), as well as the wild type ATCase 

overexpressing cell lines were analyzed and compared with the MOCK control cell line to 

evaluate whether the mutant protein is affecting the metabolism of the parasite, as already 

demonstrated in the in vitro experiments using recombinantly expressed proteins. 

Table 2 describes all transgenic parasites that have been established. In previous studies, 

our group already worked on the aspartate metabolism by performing aspartate 
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aminotransferase (AspAT) PIA assays. This enzyme is also involved in the metabolism of 

aspartate, and a co-expression of double mutated AspAT YR (Y18A R257A) together 

with mutated malate dehydrogenase V190W (MDH) significantly affects proliferation of 

the parasite (Butzloff et al. 2018, submitted). 

 

Table 2- Vector for transgenic cell lines 

Transgenic cell lines names and resistant drug. All vectors containing the ATCase gene also contain the 

blasticidin resistant cassette; therefore co-transfection with mutated AspAT gene (residing WR resistance) could 
be performed. 

 

The cell lines were analyzed in regular medium and aspartate-free medium to compare 

whether aspartate is crucial for the proliferation. However, after comparing the results of 2 

independent experiments in triplicates, the performance of growth curves in aspartate-free 

medium did not demonstrate a definite effect. For this reason, we decided to repeat the 

experiments in a medium supplying three amino acids, since the medium was already 

described to be essential for parasite growth only in the presence of isoleucine in the 

medium [99]. 

The proliferation assay was performed in normal RPMI 1640 medium and RPMI 1640 

amino acid-free medium, supplemented with 50 mg cysteine, 15 mg methionine, and 50 

mg isoleucine per liter, according to Liu et al. The triplicate was repeated in two 

independent experiments. Moreover, in these experiments, the samples were taken every 

two days because the parasite has a cycle of approximately 48 h. The values are shown in 

% parasitemia considering the accumulative effect of the dilution. Figure 34 shows the 

profile of PfATCase and BSD Mock cell line.  

 

Name of transgenic cell line pARL + BSD Resistance pARL + WR Resistance 

ATC WT ATCase  

ATC RK ATCase RK  

ATC WT + AspAT YR ATCase AspAT YR 

ATC RK + AspAT YR ATCase RK AspAT YR 

Mock BSD Empty  

Mock BSD + WR Empty Empty 
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Figure 34- Proliferation profile of wild type transfectant cell line 

 

Proliferation curves of the simple transfectant pARL ATCase and pARL BSD mock cell lines. The values are 
given in % parasitemia counting every second day considering accumulative dilution steps.*Both cell lines were 

grown in normal RPMI medium (NM) and minimal medium (MM). A two-way ANOVA analysis was 

performed by GraphPadPrism 5.0. 

 

A clear phenotype of the transgenic cell line overexpressing PfATCase can be observed 

(Fig. 34); this protein increased the proliferation of the parasite by 2–4-fold, compared 

with the mock cell line, in normal media, which corresponds with the expected results. 

Figure 35 shows the profile of PfATCase-RK and BSD mock transgenic cell lines. 

 

Figure 35- Proliferation profile of double mutant cell line 
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Proliferation curves of the simple transfectant cell line pARL ATCase –RK and pARL BSD mock. The values 

are given in % parasitemia counting every second day considering accumulative dilution steps.*Both cell lines 

were grown in normal RPMI medium (NM) and minimal medium (MM). A two-way ANOVA analysis was 
performed by GraphPadPrism 5.0. 

 

The proliferation of the mutant cell line appears to be equal to the mock cell line in the 

regular media; nevertheless, in minimal media the PfATCase double mutant cell line has a 

slower growth with significant differences, suggesting that the mutant protein is forming a 

nonfunctional heterocomplex with the protein from the parasite.  

Figure 36 shows a profile of double transfected cell lines pARL AspAT Y68A R257A 

with ATCase and BSD with WR mock in the normal and minimal medium. 

 

Figure 36- Proliferation profile of ATCase wild type and AspAT mutated. 

 

Proliferation curves of the double transfect cell line pARL AspAT YR + ATCase Wild Type, and BSD WR 
mock cell line. The values are given in % parasitemia counting every second day considering accumulative 

dilution steps.*Both cell lines were grown in normal RPMI medium (NM) and minimal medium (MM). A two-

way ANOVA analysis was performed by GraphPadPrism 5.0. 
 

Figure 36 shows the profile of growth of the double transgenic cell line AspAT YR + 

ATCase, which shows a fast proliferation growth than the control. This growth could be 

explained  by the increase in the presence of ATCase in the cell line, assisting the 

pyrimidines supplies.  

Figure 37 shows the proliferation profile of the double transfected cell lines with both 

double mutated proteins which in normal media were able to have the same proliferation 
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than the control. Nonetheless, in minimal media, this cell line with mutant proteins has a 

clear phenotype, demonstrating that both mutant proteins could form their respective 

heterocomplex and affect the development of the parasite. 

 

Figure 37- Proliferation profile of ATCase-RK and AspAT-YR. 

 
Proliferation curves of the double transfect cell line pARL AspAT YR + ATCase RK and BSD WR mock cell 

line. The values are given in % parasitemia counting every second day considering accumulative dilution 

steps.*Both cell lines were grown in normal RPMI medium (NM) and minimal medium (MM). A two-way 
ANOVA analysis was performed by GraphPadPrism 5.0. 

 

 

4.6.1. Evaluation of the presence of the ATCase protein in the transgenic cell 

lines 

After performing proliferation assays of the different transgenic cell lines, it was 

necessary to confirm the presence of the exogenous protein which was labeled with a C-

terminal myc tag. The samples containing the PfATC-myc protein were directly loaded to 

the SDS gel or were purified with a kit, which has anti-myc labeled magnetic beads 

(Miltenyi Biotec) for isolating the tagged constructs.  

Figure 38 shows the SDS-PAGE and Western blot of simple transfectant samples: 

PfATCase, PfATCase-RC and PfATCase-RK. The molecular weight of the proteins is 

approximately according to their prediction as the protein is processed by the transport 

machinery of the parasite and the precise processing point is not known.  
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Figure 38- SDS Page and Western blot of ATCases extracted from parasites. 

 

SDS-PAGE and Western blot of (1) BSD mock, (2) PfATCase-RC-myc, (3) PfATCase-RK-myc and (4) 

PfATCase-myc, single, double mutant and wild type, respectively. The gel stained with silver shows each 

construct around 50kDa, this band correspond to the mature form of the protein. Moreover, in the western, it is 
possible to see two bands in all the wells, one correspond to mature PfATCase and the other is the antibody 

present in the extraction kit. The western blot was made with the antibody anti Myc-tag (1:1000) provided by the 

kit for isolation of epitope-tagged proteins (Miltenyi Biotec). 
 

The clear signal at the molecular mass of about 25kDa in the western blot represents a 

signal from the process of myc-tagged magnetic beads as previously reported.  

Additionally, a Western blot of the double transfected cell lines was also performed to 

confirm the presence of ATCase-myc tagged in the parasites since the Western blot of 

PfAspAT-YR was already reported by Batista, Bosch et al. 2018 (submitted).  
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Figure 39- Western blot of ATCases extracted from double transfected parasites 

 

Western blot of (1) PfAspAT-YR + PfATCase, (2) PfAspAT-YR + PfATCase-RK, double transfected cell lines 

and (3) WR with BSD mock. It is possible to see 2 bands around 40kDa, which correspond to the PfATCase-

myc tagged. The western blot was made with the antibody anti Myc-tag (ThermoFisher; 1:1000). 
 

4.6.2. Quantification of the ATCase transcript by quantitative real-time 

polymerase chain reaction 

To compare the level of expression of the ATCase in the different cell lines, quantitative 

real-time polymerase chain reaction (qRT-PCR) was performed. In this case, specific 

primers of the open reading frame were designed for the reaction, which amplifies 109bp 

(Fig. 40a). The transgenic cell lines were transfected with the same pARL-BSD vector 

that has a chloroquine-resistance promoter (CRT) to express the protein that was cloned. 

We synchronized and harvested the cells in trophozoite stage when replication of the 

DNA is more active.  

Figure 40b shows the value obtained after applying the method of 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =

2−∆∆𝐶𝑡,; this analysis gives the expression fold change of the analyzed gene that is already 

normalized with the respective mock cell line.  
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Figure 40- Transcription profile of transgenic cell lines. 

 

A Schematic image of the transcribed mRNA and the location of the stop codon after myc tag and qRT-PCR 

primer set. B Transcription profile of ATCase, ATCase-RK, AspAT-YR + ATCase-RK and ATCase- R109C 

transgenic cell lines. The analysis was done via the 2−∆∆𝐶𝑡 method in triplicates and three independent 

experiments. The PCR was carried out with specific primers of ATCase and Aldolase as a control. It was 
performed a one-way ANOVA analysis by GraphPadPrism 5.0.  

 

Figure 40b shows the profile of transcripts expressed in the different cell lines compared 

with to the control. The level of ATCase expression in all transgenic cell lines increased 

by about 1.5-fold compared with the control mock cell line. Furthermore, a statistical 

analysis was evaluated from at least three independent assays using one-way ANOVA. 

Tukey's multiple comparison test was applied to compare the values of RNA expression, 

but they were not significant, accordingly with was expected since all of the vectors have 

the same promoter.  

 

4.7. Analysis of inhibitors, in vivo drug assays with transgenic cell lines 

In collaboration with the chemistry laboratory of Prof Alex Dömling and close partnership 

with the PhD student Sergey Lunev, we received several compounds designed to inhibit 
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PfATCase for in vivo tests. Figure 41 shows the compounds that were tested against 3D7 

and PfATCase overexpressing cell line.  

 

Figure 41 - Structure of synthetic drugs design for plasmodial ATCase. 

 

Structure of designed drugs against PfATCase. 2, 3-napthalenediol, 6, 7-dibromonaphthalene-2,3-diol and 

1,4,6,7-tetrabromonaphthalene-2,3-diol were designed in Dömling´s laboratory to inhibit specifically the 
ATCase of Plasmodium falciparum. 

 

Furthermore, these three compounds – 2, 3-napthalenediol, 6, 7-dibromonaphthalene-2, 3-

diol, and 1, 4, 6, 7-tetrabromonaphthalene-2, 3-diol – revealed an IC50 value of 5.5, 16, 

and 2uM, respectively in vitro [100], tested by Mr. Lunev, with an activity assay dosing 

CA, according to [101].  

 

Figure 42 - Dose-response profile of in in vitro assay 

 

Dose-response profile of in vitro PfATCase against 2,3-napthalenediol, 6,7-dibromonaphthalene-2,3-diol and 

1,4,6,7-tetrabromonaphthalene-2,3-diol. The concentration of inhibitor it is in logarithmic scale in two of the 
graphics. This value was obtained with at least three independent assays, measuring the product of the reaction, 

carbamoyl aspartate by Ceriotti’s colorimetric method [102]. 

 

Additionally, a dose-response experiment was performed in the transgenic PfATCase cell 

line as well as 3D7 as a control. Figures 43, 44, and 45 show the dose-response curves of 

drugs against both cell lines. The EC50 value of 2, 3-napthalenediol is 102.5 ± 9.9 µM and 

117.1 ± 15.6 µM, in 3D7 and transgenic cell line, respectively; the profile is in Figure 43. 
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Figure 43 - Dose-response of 2, 3-napthalenediol 

Dose-response profile of 3D7 and PfATCase transgenic cell line versus 2, 3-napthalenediol the concentration of 
inhibitor it is logarithmic scale.  

 

The EC50 value of 6, 7-dibromonaphthalene-2,3-diol was determined to be 54.32 ± 10.75 

µM, 42.58 ± 11.7 µM, in 3D7 and transgenic cell line, respectively. 

 

Figure 44 - Dose-response of 6, 7-dibromonaphthalene-2, 3-diol. 

Dose-response profile of 3D7 and PfATCase transgenic cell line versus 6,7-dibromonaphthalene-2,3-diol, the 
concentration of inhibitor it is logarithmic scale.  
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Figure 45 shows the profile of 1, 4, 6, 7-tetrabromonaphthalene-2, 3-diol whose EC50 

value is around 60 µM for both cell lines. Since these drugs were designed for ATCase of 

P. falciparum, the transgenic cell lines overexpressing the protein should have a protective 

effect in these assays; nonetheless, this does not happen with the drugs.  

 

Figure 45 - Dose-response of 1, 4, 6, 7-tetrabromonaphthalene-2, 3-diol 

 

Dose-response profile of 3D7 and PfATCase transgenic cell line versus 1, 4, 6, 7-tetrabromonaphthalene-2, 3-
diol the concentration of inhibitor it is a logarithmic scale. The EC50 of the cell lines are around 60uM.  
 

Furthermore, in parallel, it was possible to transfect and establish a transgenic cell line 

expressing the PfPRSase protein. Sun et al. [80] described that this protein also interacts 

with Torin2. For that reason we performed dose-response experiments to validate the drug 

in vivo according to [102]. The profile of transgenic cell lines PfATCase, PfPRSase, and 

BSD mock, as a control, is described in Figure 46. The EC50 values were 0.505, 0.513, and 

0.030 nM, respectively. 
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Figure 46 - Dose-response of Torin 2. 

Dose-response profiles of PfATCase, PfPRSase and BSD mock transgenic cell lines versus Torin 2. The 

concentration of inhibitor it is a logarithmic scale. The EC50 value of the cell lines was measured in at least three 

independent assays. 
 

The EC50 values of the PfATCase and PfPRSase transgenic cell lines are more than 10-

fold higher than the BSD mock control cell line (Fig. 46). This increase clearly 

demonstrates that additional protein numbers have a protective effect on the parasite 

against the drug. 

 

4.7.1. Evaluation of the presence of PRSase protein in the transgenic cell line 

After performing the drug assay with PfPRSase against Torin2, it was necessary to see 

whether the transgenic protein was expressed inside the parasites. For this reason, we 

performed a Western blot analysis against PRSase-myc tagged protein. We analyzed the 

transgenic parasites as well as mock cell line used as a control, by Western blot (Fig. 47). 
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Figure 47 - Western blot of PfPRSase extracted from transfected parasites  

 

Western blot of (1) PfPRSase-myc and (2) BSD Mock, where is possible to see one band around 30kDa, which 

correspond to the mature PfPRSase. The western blot was made with a first antibody anti Myc-tag 

(ThermoFisher; 1:1000) and a secondary anti-mouse horseradish peroxidase (HRP)-labelled antibody (Pierce, 
USA; 1:10.000) 
 

Furthermore, total RNA from PfPRSase cell line was extracted to perform a quantitative 

real-time PCR; primers were designed to amplify 120 bp fragment from a specific region 

of the gene, which is described in Figure 48a. The value obtained after applying the 

equation  𝑐ℎ𝑎𝑛𝑔𝑒 = 2−∆∆𝐶𝑡 , which gives the change in gene transcription that is already 

normalized with the respective mock cell line. Figure 48b shows the profile of transcript 

expression in the transgenic cell line. The level of PRSase expression was near to one; this 

was not expected as the same promoter of the vector was used previously with ATCase. 
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Figure 48 - Transcription profile of PfPRSase 

 

A Schematic image of the transcribed mRNA and the location of the stop codon after the myc tag and qRT-PCR 

primer set. B Transcription profile of PRSase transgenic cell line. The analysis was done via the 2−∆∆𝐶𝑡 method 

in triplicates and three independent experiments. The PCR was performed with specific primers of ATCase and 

Aldolase as a control. It was applied a one way ANOVA analysis by GraphPadPrism 5.0. 
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