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CHAPTER 3                                                               

MATERIALS AND METHODS 
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3.1. Methods for in vitro characterization 

3.1.1. Cloning, expression, and purification of the plasmodial aspartate 

carbamoyltransferase. 

As the open reading frame of the plasmodial ATCase is predicted to contain two introns 

the atcase was amplified by reverse transcriptase PCR using total RNA from P. 

falciparum as a template. For the in vivo experiments was necessary to clone the full-

length sequence, PfATCase Met 1. The open reading frame of the plasmodial ATCase 

was amplified by the primers shown below: 

*PfATC-Met1-S  GCGCGCGGTCTCCAATGATTGAAATATTTTGCACTGC 

*PfATC-Met3-S  GCGCGCGGTCTCCAATGTTTTATATCAATAGCAAG 

*PfATC-IBA3-AS 

 GCGCGCGGTCTCCGCGCTGCTAGTTGATGAAAAAATGAG 

The respective PCR products were digested with BsaI and cloned into a BsaI cut pASK-

IBA3 expression vector (Institut für Bioanalytik, Göttingen), which encodes for a C-

terminal Strep-Tag. The generated constructs were named, PfATCase-Met1 and 

PfATCase-Met3. Furthermore, to perform pull down experiments it was also necessary to 

clone the ORF of atcase in frame with a HIS tag, PfATCase-His. The primers used for 

this part are listed below: 

*PfATCase- HIS-IBA3-AS  

GCGCGCGGTCTCAGCGCTTTAATGATGATGATGATGATGTCCGCTAGTTGATG

AAAAAATGAGATATAATAAAGCC 

The ORF of prsase also presents introns in the sequence. For this reason, the same 

protocol as described above was used using the following primers.  

*PfPRS-IBA3-S  

 GCGCGCGGTCTCCAATGAGTTTCTTTGTATCAAAAAAATG 

*PfPRS-IBA3-AS

 GCGCGCGGTCTCCACTTTTAATGTTGAATAAATCATTTA 

*PfPRS -Short-S 

 GCGCGCGGTCTCCAATGGAAAATGCTATATTATTTAGTGG 

The constructs were named, PfPRSase and PfPRSase-short. 
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Additionally, it was used another set of primers, where the sense oligonucleotides contain 

a KpnI restriction site, and the antisense oligonucleotides have an AvrII restriction site to 

allow sub cloning into the P. falciparum transfection plasmid pARL1a+ for transfection 

into the malaria parasite. The primers are listed below: 

*PfATCase-KpnI-S  GAGAGGTACCATGATTGAAATATTTTGCACTGC 

*PfATCase-MYC-avr2-AS

 AGACCTAGGTTATAAATCTTCTTCTGATATTAATTTTTGTTCTCCGCT

AGTTGATGAAAAAATGAG 

*PfATC-SHORT-Avr2-AS 

 GAGACCTAGGGGAACCTAATTTTAAAATTGCAGC 

*IBA3-Strep-wo-STOP-Avr2-AS

 GAGACCTAGGTTTTTCGAACTGCGGGTGGCTCC 

The first two primers were used to clone the full-length ATCase for proliferation assays; 

the construct PfATCase-Myc has a myc tag cloned in frame in the C-terminal. The other 

two primers were used to clone GFP chimeras. The final constructs, SP-GFP and 

PfATCase-GFP, have the first part of signal peptide and full-length sequence in frame 

with GFP, respectively. All of the constructs were confirmed by sequencing 

For the expression trials, the vector pASK-IBA3 containing the P. falciparum ATCase 

was transfected into the Escherichia coli expression cell line pGro7 (Takara). A single 

colony was picked and grown overnight in TB medium. The bacterial culture was diluted 

1:50 and grown at 37°C until the A600 was reach 0.5. The expression was initiated with 

200 ng/ml of anhydrotetracycline (AHT), and the cells were grown over night at 20°C 

before being harvested. The cell pellet was re-suspended in 100 mM Tris-HCl buffer, pH 

8, containing 1mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride, sonified, and then 

centrifuged at 50.000 x g for 1 h. The supernatant was purified using Strep-tactin resin 

according to the manufacturer’s recommendation. The homogeneity of the enzyme 

preparation was analyzed by SDS-PAGE, Native Blue PAGE and Western Blot [82] 

Recombinant expression of PfPRSase was carried out in E. coli pGro7. Briefly, during 

induction 2mL of MgSO4 1M to 1L culture of bacteria was added; as the magnesium 

coordinates the ATP in the catalytic reaction, this helps in the stabilization of the soluble 

protein.  
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3.1.2. Native Blue Polyacrylamide Gel Electrophoresis 

The gel of Native Blue PAGE was prepared with an acrylamide gradient percentage from 

5 to 15%. Both solutions contain 0.5 and 1.04 ml of AB mix (Acrylamide:Bisacrylamide 

48:1.5), 1.66 and 1.11ml of gel buffer 3X (150mM Bis-Tris, 1.5M Aminocaproic acid, pH 

7), 2.8 and 0.6ml of water, respectively and 560μl of glycerol just in the 15% solution. 

These mixtures were added to a separate compartments but connected, without the 

Ammonium persulfate (APS) and TEMED, it was used a peristaltic pump to charge the 

gel with a speed around 3 mL/min. The stacking gel, which was prepared just before 

running, was prepared as follows: 1.75 ml distilled water, 1 ml gel buffer 3X, 0.25 ml AB 

mix, 25μl of 10 % APS and 3μl TEMED.  

Electrophoresis was performed at 4°C at 80 V for 25-30 min. Then at 300 V limiting the 

current to 12mA/gel, until the dye reaches the bottom of the gel (around 105-120 min in 

total). The cathode buffer, 50mM tricine, 15mM Bis-Tris pH 7 and 0.02% of Comassie G-

250, was charged in the upper chambers and the anode buffer, 50mM Bis-Tris pH 7, in the 

lower chamber. The gel was stained with Coomassie blue dye solution (Coomassie dye R-

250 at 0.25% in methanol, 10% acetic acid, staid for 10-15 min) and de-stained with 

several washes of 10% acetic acid.  

3.1.3. Size exclusion chromatography 

After the purification of the proteins by strep affinity, the sample was concentrated to 1ml 

using Amicon Ultra Centrifugal Filters, with a cut off of 30kDa. Subsequently, the protein 

was separated by fast protein liquid chromatography (FPLC) on a HiLoad 16/600 

Superdex 200 pg column (GE Healthcare Life Sciences, USA) using Äkta Pure 150 (GE 

Healthcare Life Sciences, USA). The used buffer conditions for the exclusion 

chromatography contained 100 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA. The 

flow velocity was adjusted for 1.5 ml/min collecting 120 mL total volume.  

3.1.4. Dynamic light scattering  

A second method to analyse the oligomeric state of PfATCase and its mutant is the 

Dynamic Light Scattering (DLS), which measures hydrodynamic sizes of protein 

solutions using a laser beam and its scattered light. Fluctuations of the scattered light are 

detected at a scattering angle of 90° by a fast photon detector. Therefore the protein 
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concentration was adjusted to 0.5 mg/mL. After centrifugation of 10 min at maximum 

speed at 4° C, a micro-cuvette was filled with 20 μl of the protein solution. The DLS 

device Zetasizer Nano Zs (Malvern, UK) performed 10 measurements of 30 seconds each. 

The data were analysed with the embedded software. The DLS measurements were 

performed with a SpectroSize 301 Dynamic Light Scattering System. 

3.1.5. Site-Direct Mutagenesis of the constructs 

After analysis of the in silico model of ATCase amino acid residues have been identified 

which are essential for the catalytic activity but not for the structural conformation of the 

protein. This analysis was carried out in close collaboration with Dr. Matthew R. Groves 

(RUG, The Netherlands). The identified amino acid residues were exchanged by an in 

vitro site-directed mutagenesis method according to [82]. Briefly, the mutagenic 

oligonucleotides, which are listed in table 1, complementary to the opposite strand of the 

double-stranded DNA template, were extended by Pfu DNA polymerase during 

temperature cycling. 35 ng of the double-stranded, supercoiled expression plasmid 

PfATCase-IBA3 and 100 ng of mutagenic sense and antisense primers were used in a 

50µl reaction mixture containing deoxyribonucleotides, reaction buffer, and Pfu DNA 

polymerase according to the manufacturer’s recommendations (Stratagene). The cycling 

parameters were 95°C for 30 s, 60°C for 1 min, and 68°C for 8 min, 12 cycles. The linear 

amplification product was treated with endonuclease DpnI (Fermentas) for 1h to eliminate 

the parental template. Subsequently, an aliquot of 6 µl of this reaction mixture containing 

the double-nicked mutated plasmid was used for the transformation of competent E. coli 

XL10 gold cells. All mutants were analyzed by sequencing of the respective mutagenic 

site. Positive clones (colonies) were picked and grown overnight in Luria-Bertani 

medium. The protein purification and subsequent analysis were carried out as described 

above. 

 

Table 1 - Mutagenic primers of PfATCase 

Name Sequence Codon change 

PfATCase-

R109C-S 

GTTCCTTGAACCAAGTACATGTACAAGATGTTCT

TTTGATGC AGA TGT 
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PfATCase-

R109C-AS 

GCATCAAAAGAACATCTTGTACATGTACTTGGTT

CAAGGAAC TCT ACA 

PfATCase-

R109A-S 

GTTCCTTGAACCAAGTACAGCAACAAGATGTTCT

TTTGATGC AGA GCA 

PfATCase-

R109A-AS 

GCATCAAAAGAACATCTTGTTGCTGTACTTGGTT

CAAGGAAC TCT TGC 

PfATCase-

K138A-S 

CTGATATGAATTCAACTTCTTTTTATGCGGGAGA

AACTGTTGAAGATGCC AAG GCG 

PfATCase-

K138A-AS 

GGCATCTTCAACAGTTTCTCCCGCATAAAAAGAA

GTTGAATTCATATCAG CTT CGC 

Names and sequence are shown in 5’ to 3’ orientation of used primers including the 

corresponding mutation change of nucleotides.  

 

The respective mutagenic versions were one simple mutant PfATCase-R190C and one 

double mutant PfATCase-R190AK138A (PfATCase-RK). All constructs were confirmed 

by Sanger sequencing. 

3.1.6. Pull down Assay 

The lysate containing soluble recombinant His-tagged PfATC-RK and the lysate 

containing Strep-tagged PfATC-Met3 were mixed in equal parts, incubated at 4°C for 2 

hours and further separated into two fractions (H and S). Fraction S was applied onto a 

gravity-flow column (BioRad) with Strep-tactin resin pre-equilibrated with Lysis buffer, 

incubated for 20 min at 4°C and washed with 100ml of the Lysis buffer. The column was 

further incubated with 8 ml of elution buffer and a sample of the collected elution fraction 

was taken for western blotting. Similarly, the H fraction of the lysate mixture was 

incubated with Ni-NTA agarose and the sample of elution fraction was also analysed. 

After taking all the samples for the western, they were mixed and diluted to change buffer. 

The mix was incubated at 4 °C for 1 hour and then purified with Strep-tactin resin 

column. A sample for western blot was taken.  
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3.1.7. Activity assay of plasmodial aspartate carbamoyltransferase (PfATCase) 

The kinetic properties were investigated according to [44] and [83] with minor 

modification. Briefly, the reaction was carried out at room temperature in a total volume 

of 160 µl using a buffer containing 150 mM Tris-Ac, pH 8, aspartate and carbamoyl 

phosphate (Sigma Aldrich, Germany) at a concentration of 14 mM and 1 mM, 

respectively. The reaction was stopped after 1 min by 80μl of 25mM ammonium 

molybdate in 4.5M H2SO4. After all the reactions were stopped 160μl of 0.5μM malachite 

green in 0.1% (w/v) poly(vinyl alcohol) (PVA) was added, incubated for 30 min at room 

temperature and subsequently, the absorption was detected at a wavelength of 620 nm. 

The statistical analyses were evaluated from at least three independent assays using the 

method 1-way ANOVA. The Tukey's Multiple Comparison Test was applied to compare 

the values of the specific activity of wild type protein and the mutants in GraphPad Prism 

5 (GraphPad Software, USA). 

3.1.8. Activity assay of plasmodial Phosphoribosylpyrophosphate synthetase 

(PfPRSase) 

In this case, the activity assay was performed using a kit from Promega, AMP-Glo Assay. 

Briefly, to a 5µL of the enzyme was added 5µL containing 1mM of ATP and 1mM of 

Ribose-5 phosphate, also serial dilutions of both substrates were screened, maintaining the 

other at 1 mM. Furthermore, a serial dilution of Torin2 was screened, starting from 1 mM. 

This volume is added to a 96 wells plate, with their respective triplicates. After 5 minutes 

incubation at room temperature, the reaction was stopped by addition of 10 µL Solution 1 

of the kit, which removes ATP and converts AMP produced into ADP. After 60 minutes, 

20 µL of Solution 2 was added and luminescence was measured after 60 min in a plate 

reader SpectraMax i3x (Molecular Devices, USA). 

 

3.2. Methods for in vivo characterization 

3.2.1. Culture conditions of P. falciparum 

Before the experiments, cultures were maintained in fresh group O-positive human 

erythrocytes suspended at 4% hematocrit in RPMI 1640 containing 5g of Albumax II, 2 g 
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of glucose, 30mg of hypoxanthine, and 20mg of gentamicin per liter. Flasks were 

incubated at 37°C under a gas mixture of 5% O2, 5% CO2, and 90% N2. Every 2 to 3 

days, infected erythrocytes had their medium changed and the culture was supplemented 

with uninfected erythrocytes. This stock culture was synchronized with 5% sorbitol, and 

then approximately 48 h later, the level of parasitemia was determined by light 

microscopy by counting of a minimum of 500 erythrocytes on a Giemsa-stained thin 

blood smear [84]. 

3.2.2. Maxi preparation  

For transfection, the respective constructs of the cloned plasmid are needed at high 

concentration. Therefore the positively sequenced vector is re-transformed into XL10-

Gold ultracompetent cells and cultivated in a volume of 500 mL LB medium overnight. 

The plasmid was purified with the Plasmid Maxi Kit (Qiagen). The obtained plasmid 

DNA was dissolved in TE buffer, after drying. DNA concentration was determined using 

a NanoDrop 2000c device (Thermo Scientific, USA) and divided into 120 μg aliquots, 

which were then precipitated with 2V ethanol (EtOH) 100 % and 1/10V sodium acetate 

(NaAc) 3 M. The plasmid DNA was stored at -20 ° C until used for transfection [85]. 

3.2.3. Transfection of P. falciparum  

The successfully cloned and precipitated pARL 1a constructs were transfected into the 

malaria parasite P. falciparum 3D7 [43, 85]. Therefore the plasmid DNA was centrifuged 

for 30 min at 10.000 g and 4 °C before the supernatant was removed and the DNA pellet 

could be air-dried. The plasmid DNA was then resuspended in 50 μL of Tris-EDTA (TE) 

buffer (10 mM Tris-HCl; 1 mM EDTA; pH 7.5) and 200 μL cytomix [87]. Parasite 3D7 

culture at a parasitemia with at least 2 % of ring stage parasites was centrifuged for 10 

min at 450 g and 4 °C. The supernatant was removed and 250 μL of iRBC were added to 

the resuspended plasmid DNA and subsequently transferred to an electroporation cuvette 

(BioRad, Germany) and electroporated using the BioRad X-cell total system (BioRad, 

Germany) at 0.31 kV and 900 µF. After electroporation, the cells were transferred into 

pre-warmed RPMI medium and inoculated with 200 μl of fresh RBC. Four hours post 

transfection the culture medium was exchanged. Parasites were grown for 24 hs without 

drug selection before the medium was supplemented with 5 nM of WR99210 or 1ug/ml of 
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Blasticidine, where parasites were maintained in continuous culture for selection. To 

determine the effect of the selection drug a MOCK line was generated, transfected with 

the plasmid pARL 1a- MOCK hDHFR or BSD, as previously described in [87], and used 

as a control. 

The recombinant expression was verified by Western blotting using a monoclonal anti-

GFP or anti-Myc antibody (ThermoFisher) according to [44]. 

3.2.4. Fluorescence microscopy 

Parasites were analysed by Live cell fluorescent microscopy using an Axio Imager M2 

microscope (Zeiss, Germany) equipped with an AxioCam HRC digital camera (Zeiss, 

Germany). Infected RBCs were incubated with 10 μg/ml HOECHST 33342 (Invitrogen, 

USA) during 5 min for nucleus staining, another staining such as MitoTracker and ER-

Tracker was also used according to [88] and [44]. The images were analysed with the 

AxioVision 4.8 software.  

3.2.5. Applying protein interference experiments on the cellular level using 

transgenic parasites  

The long term effect of the respective transgenic cell lines was investigated within 

synchronous parasite cultures in ring stage, with a starting parasitemia of 0.3 – 0.5%, with 

1ml of RPMI normal or deficient media in a 24 well plates. Samples were stained for 15 

min by applying the intercalating dye Ethidium bromide and after three washing steps 

with PBS; samples were applied to a Guava Easycyte mini cytometer. The parasitemia 

was monitored for 10 to 15 days. 

Exchange of culture media and selection drug was performed every 48hs. Parasite cultures 

reaching a parasitemia of 8-10% was diluted and cumulative parasitemia was calculated 

by extrapolation from observed parasitemia and the corresponding dilution factor that was 

employed at each sub-culturing step. All the samples were grown in triplicates and at least 

two independent experiments were performed. 

3.2.5.1. Verification of overexpression P. falciparum, Western Blot  

The protein expression of the transgenic cell lines was verified via western blot analysis. 

Therefore an asynchronous culture of transgenic 3D7 parasites was isolated via saponin 
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lysis [89]. The isolated parasites were resuspended in 5x SDS-PAGE sample buffer [85] 

boiled for 5 min and centrifuged for 5 min at 14.000 g. The supernatant was separated by 

10% SDS-PAGE as described above (3.5.3). With the Trans-Blot SD Semi-Dry Transfer 

Cell (BioRad, Germany) the proteins were transferred to a nitrocellulose membrane 

(BioRad, Germany) the using the protocol described in [85]. The expressed proteins were 

detected via their strep- or GFP-tag by using a monoclonal anti strep- (1:5000 dilution) or 

anti GFP-antibody (IBA, Germany; Pierce, USA; 1:1000) and a secondary anti-mouse 

horseradish peroxidase (HRP)-labelled antibody (1:10.000 dilution, Pierce, USA) and 

visualized on X-ray films using the SuperSignal West Pico detection system (Thermo 

Scientific, USA). 

3.2.5.2. Verification of overexpression P. falciparum, RNA Purification and 

Quantitative Real-Time PCR 

The stock cultures were synchronized with 5% sorbitol and allowed to recover for 72 

hours. When parasites were noted to be trophozoites, they were collected into a falcon 

tube and this suspension was treated with 1% saponin. After centrifugation, the black 

pellet was resuspended in Trizol (Life technologies). Once in Trizol, lysed parasites can 

be frozen at -20 ˚C. For RNA extraction, chloroform is added and after 15 seconds of 

shaking, the samples are centrifuged. The aqueous supernatant is passed to a new tube and 

precipitated with ice-cold isopropanol, after centrifugation a small pellet appears, this is 

washed with ethanol 75%, then resuspended in MiliQ water and stored at -80˚C. The 

extracted RNA was used to perform quantitative Real-Time PCR in a Mastercycler 

realplex
2
 epgradient S (Eppendorf). 

For the qRT-PCR was used 2 set of primers, a housekeeping gene fructose-biphosphate 

aldolase (PF14-0425) and specific primers to amplify a part of the PfATCase and 

PfPRSase. 

*PfAldolase-qRT-S  TGTACCACCAGCCTTACCAG 

*PfAldolase-qRT-AS   TTCCTTGCCATGTGTTCAAT 

*PfATCase-qRT-S   AACAGGCGAACATCCAACTC 

*PfATCase-qRT-AS   TTCAAATCTCCAACGAAAGC 

*PfPRSase-qRT-S   TTCGGACCAAGAGTTCCTGT 

*PfPRSase-qRT-AS   CTCCAGCATCTGGTGAGACA 
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3.2.6. Drug Assay Screening 

The stock culture was synchronized with 5% sorbitol, and then approximately 48 h later, 

the level of parasitemia was determined by light microscopy by counting of a minimum of 

500 erythrocytes on a Giemsa-stained thin blood smear. Parasites were noted to be ring 

and early trophozoites. The stock culture was then diluted with complete medium and 

normal human erythrocytes to a starting 4% haematocrit and 0.5% parasitemia. To 

perform the dose-response trials, the culture was incubated with serial dilutions of the 

drug in a 96 well plate, under standard culturing conditions for 96hs.  

For the fluorescence assay, after 96 h of growth, 100 µl of SYBR Green in lysis buffer 

(0.2 ul of SYBR Green/ml of lysis buffer, 20 mM Tris-HCl, pH 7.5; 5 mM EDTA; 

0.008% Saponin; 0.08% Triton X-100) was added to each well, and the contents were 

mixed until no visible erythrocyte sediment remained, according to [90]. 

After 1 h of incubation in the dark at room temperature, fluorescence was measured with a 

SpectraMax i3x multi-well plate fluorescence reader (Molecular Devices, USA) with 

excitation and emission wavelength bands centered at 485 and 530 nm, respectively, and a 

gain setting equal to 50. Data were analysed via the SoftMax Pro and the GraphPad Prism 

5 software.  
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