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Materials and Methods 

Synthesis of MMV688533  

Step 1. Pd(PPh3)2Cl2 (4.96 g, 7.07 mmol) and cuprous iodide (1.34 g, 7.06 mmol) were added to a 

degassed solution of methyl 3-bromo-5-(trifluoromethyl)benzoate (20.0 g, 70.67 mmol) and 

trimethylsilylacetylene (17.4 g, 176.67 mmol) in 100 ml of acetonitrile in a sealed tube. The tube was 

degassed again and heated at 70°C for 2 hours.  The reaction mixture was cooled and filtered through 

a celite bed. The filtrate was concentrated in vacuum and the residue purified through silica gel (60-

120 mesh) column chromatography using petroleum ether to generate a 3-Trifluoromethyl-5-

trimethylsilanylethynyl-benzoic acid methyl ester (14 g, yield 66 %) as yellow liquid. 

Step 2.  Potassium carbonate (0.58 g 4.2 mmol) was added to a solution of 3-Trifluoromethyl-5-

trimethylsilanylethynyl-benzoic acid 2-methyl ester (14.0 g, 46.60 mmol) in 50 ml methanol and 

stirred at room temperature for 20 minutes. The reaction mixture was concentrated under reduced 

pressure.  The residue was diluted with 100 ml ethyl acetate, washed with water and brine and dried 

over anhydrous sodium sulphate and concentrated to yield 3-Ethynyl-5-trifluoromethyl-benzoic acid 

methyl ester (11 g, yield 61%) as a brown liquid. 

Step 3. Lithium hydroxide (6.0 g, 144.10 mmol) was added to an ice cooled solution of 3-Ethynyl-5-

trifluoromethyl-benzoic acid methyl ester (11.0 g, 48.03 mmol) in 50 ml tetrahydrofuran and 25 ml 

water and stirred at room temperature for 3 hours. The reaction mixture was concentrated and 

acidified with aqueous citric acid solution. The precipitated solid was filtered, washed with water and 

dried to generate 3-Ethynyl-5-trifluoromethyl-benzoic acid (9.2 g, yield 78%) as pale brown solid. 

Step 4. Dicyclohexylcarbodiimide (13.28 g, 64.48 mmol) and pentafluorophenol (11.8 g, 64.48 

mmol) in 50 ml tetrahydrofuran was added to a solution of 3-Ethynyl-5-trifluoromethyl-benzoic acid 

(9.2 g, 42.99 mmol) and stirred at room temperature for 3 hours. Upon the completion of the reaction, 
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the mixture was cooled in an ice bath and the precipitated dicyclohexylurea removed by filtration. 

The filtrate was concentrated and purified using a silica gel (60-120 mesh) column chromatography 

using ethyl acetate in petroleum ether, producing 3-Ethynyl-5-trifluoromethyl-benzoic acid 

pentafluorophenyl ester (13.6 g, yield 83%) as an off-white solid. 

Step 5.  Monobocguanidine (6.82 g, 42.94 mmol) was added to a solution of 3-Ethynyl-5-

trifluoromethyl-benzoic acid pentafluorophenyl ester (13.6 g, 35.78 mmol) in 50 ml tetrahydrofuran 

and stirred at room temperature for 4 hours. After the completion of the reaction, the mixture was 

evaporated and purified through silica gel (60-120 mesh) column chromatography using ethyl acetate 

in petroleum ether to generate tert-butylN-[N-[3-ethynyl-5-(trifluoromethyl)benzoyl] carbami-

midoyl]carbamate (8.2 g, yield 64 %) as an off white solid. 

Step 6:  10 ml of concentrated H2SO4 was added dropwise to a solution of 5-bromo-2-iodobenzoic 

acid (100 g, 305.89 mmol) in 800 ml MeOH. The mixture was refluxed for 16 hours and then 

concentrated. The residue was dissolved in 1 L ethyl acetate. The organic layer was washed with 

saturated NaHCO3 and 3 ´ 200 ml brine, dried over Na2SO4, filtered and concentrated to generate 5-

Bromo-2-iodo-benzoic acid methyl ester (101.4 g, yield 90%) as yellow solid.  

Step 7. Copper (I) bromide (1.21g, 8.45 mmol) was added to a solution of 5-Bromo-2-iodo-benzoic 

acid methyl ester (24 g, 70.4 mmol) and methyl 2,2-difluoro-2-(fluorosulfonyl)acetate (13.5 mL, 

105.6 mmol) in 80 ml N-methyl-2-pyrrolidinone. The reaction mixture was stirred at 100°C for 5 

hours. The reaction was filtered and partitioned between ethyl acetate and brine. The aqueous layer 

was extracted with ethyl acetate, and the organic layers were combined and dried over Na2SO4. After 

filtration, the solvent was removed in vacuo. The residue was purified by silica gel column (0-4% 

Ethyl acetate in Petroleum ether) to give the 5-Bromo-2-trifluoromethyl-benzoic acid methyl ester 

(119.2 g, yield 96%) as yellow oil.  
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Step 8.  Lithium hydroxide (4.4 g, 104.76 mmol) was added to an ice cooled solution of 5-Bromo-2-

trifluoromethyl-benzoic acid methyl ester (9.1 g, 35.68 mmol) in 20 ml tetrahydrofuran and 10 ml 

water and stirred at room temperature for 3 hours.  The reaction mixture was concentrated and 

acidified with aqueous citric acid solution. The precipitated solid was filtered, washed with water and 

dried to produce 5-Bromo-2-trifluoromethyl-benzoic acid (8 g, yield 95%) as pale yellow solid. 

Step 9. 5-Bromo-2-trifluoromethyl-benzoic acid (8.0 g, 29.74 mmol) in 40 ml thionyl chloride 

solution was heated to reflux for 3 hours. The completion of reaction (conversion of acid chloride to 

methyl ester) was observed by thin layer chromatography (TLC). Thionyl chloride was evaporated 

and the residue added to the reaction mixture containing 2-amino pyridine (3.2 g, 32.71 mmol), 

triethyl amine (12.44 mL, 89.21 mmol) in dry 80 ml ethyl acetate at 0ºC.  The reaction mixture was 

stirred at room temperature for 12 hours. Reaction completion was observed by TLC.  The reaction 

mixture was then added to 200 ml water and extracted with 2 ´ 200 ml ethyl acetate. The combined 

organic layer was washed with 2 ´ 100 ml water, brine, dried over sodium sulphate and evaporated. 

The crude material was purified by column chromatography using ethyl acetate in petroleum ether to 

generate 5-Bromo-N-pyridin-2-yl-2-trifluoromethyl-benzamide (5.1 g, yield 49%) as off white solid. 

Step 10. 5-Bromo-N-pyridin-2-yl-2-trifluoromethyl-benzamide intermediate (0.690 kg, 2 mol.), CuI 

(0.019 kg, 0.1 mol.), Pd(PPh3)2Cl2 (0.140 kg, 0.2 mol.) and acetonitrile  were mixed in a 6 L reactor 

under nitrogen. Tert-butyl N-[N-[3-ethynyl-5-(trifluoromethyl)benzoyl]carbamimidoyl]carbamate 

intermediate (0.924 kg, 2.6 mol) was added in 5 minutes on the suspension while stirring at 25°C. 

The mixture was degassed under nitrogen bubbling for an additional 30 minutes while still stirring. 

Triethylamine (0.605 kg, 5.98 mol) was added in 17 minutes at 25°C. An exotherm of  + 6°C was 

observed. The dropping funnel was washed with 0.5 L acetonitrile. The reaction mixture was heated 

at 45°C and maintained for 2 hours until tert-butyl N-[N-[3-ethynyl-5-(trifluoromethyl)benzoyl]-
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carbamimidoyl]carbamate was < 1%. The suspension was then cooled to 10°C at the rate of – 20°C/h 

and maintained for 1 hour. The expected intermediate tert-butyl N-[N-[3-[2-[3-(2-pyridyl-

carbamoyl)-4-(trifluoromethyl)phenyl]ethynyl]-5-(trifluoromethyl)benzoyl]-carba-mimidoyl] carba-

mate was filtered and the cake was washed with 1.4 L acetonitrile followed by 0.7 L water. After 

drying by nitrogen flux overnight at 0.3 bar, we isolated tert-butyl N-[N-[3-[2-[3-(2-

pyridylcarbamoyl)-4-(trifluoro-methyl)phenyl]ethynyl]-5(trifluoromethyl)benzoyl]carbamimidoyl]-

carbamate (0.745 kg, yield 60%). 

Step 11. A suspension of tert-butyl N-[N-[3-[2-[3-(2-pyridylcarbamoyl)-4-(trifluoromethyl) phenyl]-

ethynyl]-5-trifluoromethyl)benzoyl]carbamimidoyl]carbamate (1.5 kg, 2.42 mol)  in 14.5 L  ethyl 

acetate  was heated at 70°C while stirring. Trifluoroacetic acid (2.2 kg, 19.30 mol) was added in 30 

minutes at 70°C. The dropping funnel was washed with 0.75 L ethyl. The reaction mixture was 

maintained for 22 hours at 70°C until tert-butyl N-[N-[3-[2-[3-(2-pyridylcarbamoyl)-4-

(trifluoromethyl)-phenyl]ethynyl]-5-(trifluoromethyl)benzoyl]carbamimidoyl]carbamate was < 1%. 

After cooling at 20°C the mixture was basified by addition of a solution of 28% NH4OH in 1 h until 

pH was between 9-10. After an additional 15 minutes stirring, 11.3 L water were added and the phases 

separated. The organic layer was diluted with 45 L, 30 vol ethyl acetate and washed successively with 

an aqueous solution of sodium metabisulfite (Na2S2O5 0.15 kg in 15 L water) and 15 L water. An 

additional treatment with charcoal (Darco S51) was done. 56.37 kg of ethyl acetate solution was used 

for the next salification step. 

Step 12. A part of the previous acetate solution of 5-((3-(carbamimidoylcarbamoyl)-5-(trifluoro-

methyl)phenyl)ethynyl)-N-(pyridin-2-yl)-2-(trifluoromethyl)benzamide (0.958 kg, 1.844 mol,), 

which was estimated to be pure, was concentrated under a reduced pressure of 100 mbars and at 50°C 

into 10 vol of ethyl acetate. An additional azeotropic drying was realized with 15 vol ethyl acetate. 
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The obtained 10 vol solution was heated at 50°C, and then a seeding with 2% of 5-((3-

(carbamimidoylcarbamoyl)-5-(trifluoromethyl)phenyl)ethynyl)-N-(pyridin-2-yl)-2-(trifluorom-

ethyl)-benzamide malonic acid  was done. A solution of malonic acid (0.192 kg, 1.144 mol.) in 2.8 L 

ethyl acetate was added in 30 minutes at 50°C. The dropping funnel was washed with 0.4 L ethyl 

acetate and crystallization was observed during the addition of the acid. Stirring was maintained for 

1 hour at 50°C and cooled to 10°C at the rate of -20°C/h. 5-((3-(carbamimidoylcarbamoyl)-5-

(trifluoromethyl) phenyl)ethynyl)-N-(pyridin-2-yl)-2-(trifluoromethyl) benzamide malonic acid was 

isolated by a fast filtration and the cake was washed twice with 1 L ethyl acetate. The product was 

dried under nitrogen flux overnight to generate 5-((3-(carbamimidoylcarbamoyl)-5-(trifluoromethyl) 

phenyl)ethynyl)-N-(pyridin-2-yl)-2-(trifluoromethyl)benzamide malonic acid compound (1.096 kg,  

yield of 95.3%). 

 

Nuclear magnetic resonance (NMR) and mass spectrometry (MS) analysis 

1H NMR and 13C NMR data were recorded on a Bruker 400MHz AVANCE series or Bruker300 MHz 

DPX Spectrometer with CDCl3 or DMSO-d6 or CD3OD as solvent. 1H chemical shifts were 

referenced at 7.26 ppm for CDCl3, 2.5 ppm for DMSO-d6 and 3.3 ppm for CD3OD. 13C chemical 

shifts were referenced at 77 ppm for CDCl3, 39 ppm for DMSO-d6 and 44 ppm for CD3OD, and 

obtained with 1H decoupling. Multiplicities are abbreviated as follows: singlet (s), doublet (d), triplet 

(t), quartet (q), doublet-doublet (dd), quintet (quint), sextet (sextet), septet (septet), multiplet (m), and 

broad (br). 

 

MS data were measured on Agilent 1200/1260 Series LC/MSD mass spectrometer with the following 

settings. Column: Zorbax XDB C18 (50 X 4.6) mm, 5µm or Acquity BEH C18 (50 x 2,1 mm; 1.7 
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µm). Mobile phase: Solvent A: 0.1% Formic Acid in Milli-Q water (or) 0.1% Trifluoroacetic acid in 

Milli-Q-water. Solvent B: Acetonitrile. Flow rate: 1.5 ml/min. Injection Volume: 2 µl. Wavelength: 

Maximum chromatogram (210-400nm). Run time: 6.0 minutes.  Ionization source: Multi-mode (ESI 

and APCI). Purity was measured on an Agilent 1200/1260 Series HPLC spectrometer. Column: C18 

(250 X 4.6) mm, 5µm (or) C18 (150 X 4.6) mm, 5µm. Mobile phase: Solvent A: 10 mM ammonium 

acetate in Milli-Q water (or) 0.1% Trifluoroacetic acid in Milli-Q-water; Solvent B: Acetonitrile. 

Flow rate: 1.0ml/min. Injection Volume: 2 µl. Wavelength: Maximum chromatogram (210-400 nm). 

Run time: 30 minutes.    

 

For compound 1c, MS data were measured with UPLC-SQD (Simple Quad, from Waters). Column: 

Acquity BEH C18 (50 x 2.1 mm; 1.7 µm). Mobile phase: Solvent A: H2O+0.05% TFA; Solvent B: 

CH3CN+0.035% TFA. Flow rate; 1 ml/min. UV Detection: l = 220 nm. MS detection (Simple Quad) 

ionization: ESI + Electrospray First / Last Mass (uma) FS: 160 / 1200 uma. Capillary voltage (KV): 

3.5.Cone. (V): 20. Source Temperature: 150°C. Desolvation temperature: 500°C. Desolvation gas 

flow (L/hr): 1200. Cone gas flow (L/hr): 100. LM 1 resolution: 13.00. HM1 resolution: 13.00. Ion 

energy1: 0.20.  

For the intermediate 5-Bromo-2-iodo-benzoic acid methyl ester (step 6), LC-MS was measured as 

follows: Column: XBridge C18,4.6*50mm, 3.5 µm Mobile phase: 10 mM NH4HCO3 (A) / 

acetonitrile (B). Elution program: Gradient from 5 to 95% of B in 1.6 minutes at 1.8 ml/min. 

Temperature: 50ºC. Detection: UV (214, 4 nm). MS: ESI, Positve mode, 110 to 1,000 amu. 

 

Ex vivo potency assays against P. falciparum and P. vivax – compounds, field locations and 

sample collections   
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Compounds. MMV688533 (Sanofi, Toulouse, France) and the reference antimalarial drugs 

chloroquine, piperaquine, mefloquine, and artesunate (provided by the WWARN QA/QC Reference 

Material Programme), were prepared as 1 mg/ml stock solutions in dimethyl sulfoxide (DMSO) or 

H2O according to the manufacturers’ instructions. Drug plates were pre-dosed by diluting the 

compounds in 50% methanol followed by lyophilization and storage at 4°C. 

 

Field location and sample collection. In Papua Indonesia, Plasmodium isolates were collected from 

patients attending malaria clinics in Timika, a region endemic for multidrug-resistant strains of P. 

vivax and P. falciparum (39, 54). Patients with symptomatic malaria were recruited into the study if 

singly infected with P. falciparum or P. vivax, with a parasitemia of between 2,000 and 80,000 

parasites per μl, and a majority (>60%) of parasites present as rings. Venous blood (5 ml) was 

collected by venipuncture and host white blood cells were removed with Plasmodipur filters 

(EuroProxima B.V., The Netherlands). Packed infected RBCs were then used for ex vivo drug 

susceptibility assays. In Uganda, Plasmodium isolates were collected from patients aged 6 months 

or older presenting to the Tororo District Hospital, Tororo District, or Masafu Hospital in the Busia 

District, with a clinical syndrome suggestive of malaria and Plasmodium falciparum parasites 

identified in blood by microscopy. Informed consent was obtained from patients and/or primary care 

givers (depending on age). 

 

Evaluation of genotoxicity 

Salmonella typhimurium test strains including the mixed strains TA7001 and TA7006 for detection 

of base-pair substitutions and TA98 strain for detection of frameshift mutations were used for 

genotoxicity testing (Ames test). MMV688533 was cytotoxic starting at 300 µg/ml in mixed and 
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TA98 strains in the absence of metabolic activation. Cytotoxicity was also noted in the presence of 

metabolic activation starting from 100 µg/ml in TA98 strain and from 1,000 µg/ml in mixed strains. 

Under the conditions of the test, MMV688533 was classified as non-mutagenic. 

 

L5178Y and TK6 cells were used for in vitro micronucleus test to investigate the 

clastogenicity/aneugenicity potential of MMV688533. There was no statistically significant 

increase in the number of micronuclei as compared to the solvent control with or without metabolic 

activation. MMV688533 was therefore deemed non-clastogenic/aneugenic. 

 

Pharmacokinetic studies in mice, rats and dogs 

Pharmacokinetic studies in mice were performed following a single intravenous (3 mg/kg) or oral 

(3.5, 10 and 30 mg/kg) administration of MMV688533 to male Swiss mice (3 dosed intravenous 

(i.v.) and 3 oral (per os, p.o.). Feeding was performed ad libitum. Vehicles / Formulations were at 

0.6 mg/ml in PEG200/Solutol/G5% (20%/5%/75%) for i.v. solution and at 0.3, 1 and 3 mg/ml in 

Methylcellulose /Tween 80 (0.6%/0.5%) for p.o. suspensions in water. Administration modes were 

i.v. 3 mg/kg, 5 ml/kg and p.o. 3.5, 10 and 30 mg/kg,10 ml/kg. Matrix and Sampling times were for 

i.v. plasma and lung / 0.083, 0.5, 1, 2, 4, 6, 8 and 24 hours and for p.o. plasma (only at 10 mg/kg), 

blood, liver and lung / 0.25, 0.5, 1, 2, 4, 6, 8 and 24 hours. The analytical method was LC-MS/MS 

with a lower limit(s) of quantification 2 ng/ml for plasma, 5 ng/ml for blood and 6 ng/g for tissues. 

PK analyses were performed using non-compartmental models (Plasma, IV bolus and Plasma, 

Extravascular) Phoenix (WinNonLin version 6.4). 
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In rats, the PK studies were performed following a single i.v. (3 mg/kg) or p.o. (10 mg/kg) 

administration to male Sprague-Dawley rats. The procedure was as described above but for the 

following exception: The rats were not fasted and the oral volume of administration of 10 mg/kg 

was 10 ml/kg Matrix. The sampling times for i.v. blood were 0.083, 0.25, 0.5, 1, 2, 4, 7, 24 and 48 

hours and for p.o. blood were 0.5, 1, 2, 4, 7, 24 and 48 hours. PK analysis was performed using a 

the 200-202, IV bolus and Extravascular non-compartmental models. 

 

In dogs, the PK of MMV688533 was performed following a single 2 mg/kg intravenous 

administration of the compound to female Beagle dogs that were fasted overnight. The vehicle / 

formulation solution was at 2 mg/ml in PEG400/Ethanol/Solutol HS15/G5 % (20/5/5/70) pH 3. 

For administration, i.v. was the preferred route (2 mg/kg, 1 ml/kg). Matrix and sampling times 

were blood at 0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 24, 30, 48 and 72 hours. The limit of quantification 

was 1 ng/ml. MMV688533 following a single oral dose of 0.5 mg/kg was also administered as 

malonate salt in a capsule or oral solution in a pentagastrin-induced model with male Beagle dogs 

weighing 8.6 to 10.8 kg. 3 males per dose were dosed p.o. and serial sampling was applied. Feeding 

conditions were fasted overnight and fed 4 hours post dosing. Vehicles / Formulations were 

capsule (MMV688533/microcrystalline cellulose/ croscarmellose sodium (5/91.67/3.33) followed 

by 50 ml of water. Solution at 0.25 mg/ml in PEG400/Ethanol/Solutol/G5% (20/5/7.5/67.5). 

Administration mode was p.o. 0.5 mg/kg (active compound), 2 ml/kg for solution. Matrix and 

sampling times were blood at 0.25, 0.5, 1, 2, 4, 6, 24, 48, 72 and 168 hours. Limit of quantification 

was 0.833 ng/ml for MMV688533. 
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Safety pharmacology profiling 

Preliminary non-clinical toxicology studies in rats. Two-week toxicity studies in rats were 

conducted to evaluate the potential toxicity of MMV688533 (malonate form) when administered 

once daily for 15 days to Sprague Dawley rats by the oral route (gavage). Four study groups, each 

composed of 5 male and 5 female Sprague Dawley rats, were given MMV688533 at 12.5, 25 or 50 

mg/kg/day or vehicle alone [0.5% (w/w) Polysorbate 80 and 0.6% (w/w) methylcellulose in water], 

once daily for 15 consecutive days, under a dose-volume of 5 ml/kg. In addition, 3 satellite 

rats/sex/group were included in the study. These rats received the test item in the same conditions as 

principal animals and were used for toxicokinetic studies. Parameters that were evaluated included 

mortality, clinical signs, body weight, and food consumption. Blood samples for hematology, 

coagulation and clinical chemistry were collected from all principal animals on day 3 and at 

necropsy. Blood samples for toxicokinetic determinations were obtained from satellite animals at 1, 

2, 4, 7 and 24 hours after dosing on day 1, as well as 1, 2, 4, 7, 24, 48 and 96 hours after dosing on 

day 14. Control animals were sampled at 4 and 24 hours after dosing on both days. At necropsy, all 

study animals were observed for any macroscopic post-mortem examinations, and weights of 

selected organs were recorded. Representative tissue samples at 50 mg/kg/day and in controls were 

histologically examined. Tissues with suspected compound-related microscopic findings were also 

evaluated microscopically for rats in the lower dose groups. 

 

Preliminary non-clinical toxicology studies in dogs. Two male and two female Beagle dogs were 

given MMV688533 (malonate form) at 10, 30 or 100 mg/kg/day, or vehicle alone [0.5% (w/w) 

Polysorbate 80 and 0.6% (w/w) methylcellulose in water], once a day for 15 consecutive days, under 

a dose-volume of 5 ml/kg. Animals of all groups were treated for 15 days, except for those at 100 
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mg/kg/day that were euthanized prematurely after 11 and 10 administrations, respectively for males 

and females, for ethical reasons. Parameters that were evaluated included mortality, clinical signs, 

body weights and food consumption. Blood samples for hematology, coagulation and clinical 

chemistry analyses were collected once during the pretest period and on Days 3 and 8 (all animals), 

and on Day 14 (groups 1, 2 and 3). Urine samples for chemistry analyses were collected once during 

the pretest period (all animals) and on Day 14 (groups 1, 2 and 3). At necropsy [Day 10 (group 4 

females) or 11 (group 4 males), or Day 16 for group 1, 2 and 3 animals], all study animals were 

observed for any macroscopic post-mortem examinations, and weights of selected organs were 

recorded and representative tissue samples were examined. In addition, the toxicokinetic profiles of 

MMV688533 and its main metabolite MMV893023 were determined from blood samples collected 

on Day 1 (all animals) and on Day 15 (groups 1, 2 and 3) at 1, 2, 4, 7 and 24 hours post-dosing. For 

group 4 animals, blood samples for TK determinations were collected on Day 11 for the males or on 

Day 10 for the females, before dosing, and 1 and 2 hours post-dosing. 

 

Ex vivo rabbit Purkinje fibers cardiovascular study. This study was designed to evaluate the cardiac 

cellular electrophysiological effects of MMV688533 on the action potential parameters in isolated 

rabbit Purkinje fibers. MMV688533 was tested at 0.1, 1.4, 4.9 and 6.4 μmol/L corresponding to 0.05, 

0.7, 2.5 and 3.3 μg/ml of active ingredient, respectively. The effects of the active MMV688533 

metabolite RA11263363A on resting membrane potential and action potential parameters recorded 

from isolated rabbit Purkinje fibers (male, New Zealand rabbits; 1.3 to 1.5 kg; 7-10 weeks of age) 

were evaluated through a microelectrode technique. The following parameters were measured: 

resting potential (RP in mV), amplitude (APA in mV), maximal rate of rise of action potential (Vmax 

in V/s) and the action potential duration at 50 and 90% of repolarization (APD50 and APD90 in ms). 
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The fibers were superfused with an oxygenated physiological solution containing 120 mM NaCl, 4 

mM KCl, 1 mM MgCl2, 1.8 mM NaH2PO4, 25 mM NaHCO3, 11 mM glucose, 1.8 mM CaCl2, pH 

7.4, at 36±1°C. RA11263363A (592.3 g/mol, salt form and 519.4 g/mol, base form, batch 

CLT.CBN1.039.1) was first dissolved into DMSO to obtain a 12 mM stock solution. This solution 

was further diluted with 100% DMSO to obtain solutions at 4, 1.2 and 0.12 mM. These four solutions 

(0.12, 1.2, 4 and 12 mM) were added into the physiological solution to obtain the appropriate nominal 

concentrations of 0.3, 3, 10 and 30 μM, which corresponded to 0.2, 1.6, 5.2 and 15.6 μg/ml of active 

ingredient, respectively. The final concentration of DMSO in the test formulation was kept constant 

at 0.25% (v/v) in the physiological solution. Purkinje fibers (n=3) were first superfused by the 

physiological solution. After a 30-minute control period, test compound was evaluated at increasing 

concentrations sequentially applied, every 30 minutes. For each tested concentration, the fibers were 

stimulated at the basal rate of 1 pulse per second (1 Hz). In addition, stimulation rate was decreased 

from 1 pulse per second (1 Hz) to 1 pulse every 4 seconds (0.25 Hz) for 3 minutes, increased again 

to 1 pulse per second for 1 minute and finally increased to 3 pulses per second (3 Hz) for 2 additional 

minutes (between the 19th and the 25th minute). The low stimulation rate was used to favor the 

occurrence of abnormal electrical events during the repolarization phase of the action potential and 

to facilitate the development of Early After Depolarization’s (EADs). The high stimulation rate was 

used to evaluate the use-dependent sodium channel blockade. After the highest concentration, the 

physiological solution was superfused again to evaluate the reversibility of the drug effect (washout). 

 

In vivo anaesthetized guinea pig cardiovascular study. The purpose of this study was to assess the 

potential effects on cardiovascular parameters of continuous i.v. administration of MMV688533 

chlorhydrate to anesthetized guinea pigs, when tested at cumulative doses of 10, 20 and 30 mg/kg. 
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Each dose was successively administered as a 15-min infusion/dose. Blood concentrations of 

MMV688533 were also assessed. An aqueous solution of ethanol/solutol/NaCl (10% / 5% / 85%, 

v/v/v) was used for the study. Cardiovascular functions were evaluated by measuring hemodynamic 

parameters including arterial blood pressure (BP) and heart rate (HR), as well as electrocardiographic 

(ECG) parameters. 

 

Animals were premedicated with buprenorphine (0.05 mg/kg intramuscular) ~30 minutes prior to 

surgery and anesthesia maintained under isoflurane (2-5%) and constant O2 flux (0.7 – 1.3 ml/min). 

Under deep anesthesia, lidocaine was injected subcutaneously at sites of the tracheotomy and 

insertion of electrocardiogram needles, and a tracheotomy was performed to allow mechanical 

ventilation followed by carotid (arterial measurements) and jugular (infusion of control article or test 

article) catheterizations. Administration of Ringer lactate solution (5 ml/kg intraperitoneal), heated 

to body temperature to compensate for the hydric loss inherent to anesthesia, was performed at the 

discretion of the study director according to major bleeding surgery or signal instability (information 

documented in study records). BP and ECG parameters were recorded in anesthetized guinea pigs 

placed on a heating pad. Systemic BP was recorded using an independent catheter pressure 

transducer (MillarTM equipment) introduced into the carotid artery. The standard ECG (one lead 

derivation among L1 or L2 or L3) was recorded using four subcutaneously-placed needle electrodes 

to provide an optimal separation of T wave from P wave of the next complex. Once satisfactory in 

terms of their quality and stability, the signals were recorded for 15 minutes (corresponding to the 

stability period). Thereafter a set of animals (group T2) received a NaCl infusion (starting at T0 

minutes) followed by RA11263363A at cumulative doses of 10, 20 and 30 mg/kg. Each infusion was 
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delivered every 15 minutes at a rate of 0.3 ml/kg/min, with the last infusion followed by a period of 

recovery. 

 

At the end of the recovery period (T75 minutes) one single arterial blood sample (~0.2 ml) was 

collected from the abdominal artery. A second set of animals (group T1) was infused with the control 

article in the same experimental conditions without the terminal blood sampling. A last set (group 

T3) was dedicated to evaluating pharmacokinetic (PK) parameters in which animals fitted with a 

jugular catheter (for RA11263363A infusion) and a carotid catheter (arterial blood sampling) were 

treated in the same experimental conditions as those described for the group T2. At the end of each 

15-min period of infusion a blood sample (~0.2 ml) was collected. This was also done during the 

recovery period at 5, 10 and 75 minutes. Each volume of blood collected was immediately replaced 

by an equivalent volume of Ringer lactate solution. Of note, in group T3, at the end of the recovery 

period (T75 minutes) arterial blood (~0.2 ml) was sampled and was compared to the corresponding 

sample in group T2. All blood samples (0.2 ml) were collected with sodium heparinate as 

anticoagulant and placed on wet ice immediately after collection. Then all samples were stored at -

20°C until analysis. Thereafter the animals were euthanized by i.v. or intra-cardiac overdose of 

sodium pentobarbital. 

 

Patch Clamp electrophysiological hERG assay 

Cell culture procedure. HEK293 cells were stably transfected with hERG cDNA. Stable 

transfectants were selected by co-expression with the Geneticin (G418)-resistance gene incorporated 

into the expression plasmid. Selection pressure was maintained by including G418 in the culture 

medium. Cells were cultured in Dulbecco’s Modified Eagle Medium / Nutrient Mixture F-12 (D-
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MEM/F-12) supplemented with 10% fetal bovine serum, 100 U/ml penicillin G sodium, 100 μg/ml 

streptomycin sulfate and 500 µg/ml G418.  

 

Electrophysiological Procedures. Cells were transferred to the recording chamber and superfused 

with vehicle control solution. Micropipette solution for whole cell patch clamp recordings was 

composed of: 130 mM potassium aspartate (C4H5K2NO4), 5 mM MgCl2, 5 mM EGTA, 4 mM ATP, 

and 10 mM HEPES. The pH was adjusted to 7.2 with KOH. Micropipette solution was prepared in 

batches, aliquoted, frozen for storage and a fresh aliquot thawed each day. The recording was 

performed at a temperature of 33-35ºC using a combination of in-line solution pre-heater, chamber 

heater and feedback temperature controller. Temperature was measured using a thermistor probe in 

the recording chamber. Micropipettes for patch clamp recording were made from glass capillary 

tubing using a P-97 (Sutter Instruments, Novato, CA) or PC-10 (Narshige, Amityville, NY) 

micropipette puller. A commercial patch clamp amplifier (PC-505B from Warner Instruments, 

Hamden CT) was used for whole cell recordings. Before digitization, current records were low-pass 

filtered at one-fifth of the sampling frequency. 

 

Experimental Procedures. Cells stably expressing hERG were held at -80 mV. Onset and steady 

state inhibition of hERG potassium current due to MMV688533 were measured using a pulse pattern 

with fixed amplitudes (conditioning prepulse +20 mV for 1 second; repolarizing test ramp to -80 mV 

(-0.5 V/s) repeated at 5-second intervals). Each recording ended with a final application of a 

supramaximal concentration of the reference substance (E-4031, 500 nM) to assess the contribution 

of endogenous currents. The remaining uninhibited current was subtracted off-line digitally from the 

data to determine the potency of the test substance for hERG inhibition. MMV688533 was tested at 
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1 μM in three cells (n = 3). Inhibitory effects on hERG potassium current amplitude of 17.9, 11.5 

and 12.4% were observed. Based on these results and the solubility limit of the test article in the 

vehicle, additional nominal concentrations (0.3 and 3 μM; Protocol Amendment No. 1) were selected 

to evaluate the concentration-response relationship. One or more test article concentrations were 

applied sequentially (without washout between test substance concentrations) in ascending order, to 

each cell (n ≥ 3). Peak current was measured during the test ramp. A steady state was maintained for 

at least 20 seconds before applying test article or positive control. Peak current was measured until 

a new steady state was achieved. 
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Supplementary Figures  

 

Fig. S1. Conditional knockdown (cKD) strategy for PfACG1 and PfEHD. (A) Schematic 

representation of the generation of PfACG1 and PfEHD cKD lines. (B) Western blot-based 

assessment of PfACG1 and PfEHD translational regulation via the TetR-DOZI-RNA aptamer 

module. The expected mass of the PfACG1-2´HA and EHD-2×HA proteins is 55.7 kDa and 66.4 

kDa, respectively. Protein expression was maintained in the presence of aTc, contrasting with 

undetectable levels of either protein upon aTC removal. GAPDH was a loading control.  
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Fig. S2. Genetic manipulation strategies for PfACG1 and PfEHD. (A) CRISPR-Cas9 strategy 

to edit SNPs into the endogenous pfacg1 locus. Cas9 was derived from Streptococcus pyogenes 

and codon optimized for P. falciparum; transcription was regulated from a P. falciparum 

calmodulin promoter. The plasmid also contains a hDHFR selectable marker under the PcDT 

promoter and a sequence encoding the guide RNA (gRNA) under a U6 promoter. The pfacg1 

donor has >300bp of homology flanking the mutation of interest (G96V or W286R). (B) attB´attP 

based strategy to integrate pfacg1-eGFP as a transgene into the cg6 locus of NF54attB parasites. 

pfacg1-eGFP and the BSD selectable marker are transcribed from a calmodulin and a PcDT 

promoter, respectively. (C) CRISPR-Cas9 strategy to introduce a 3×HA into the 3’ end of the 

endogenous pfehd locus in NF54attB parasites expressing the pfacg1-eGFP transgene. The 

plasmid also contains a hDHFR selectable marker and a sequence encoding the guide RNA 
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(gRNA), under a PcDT and a U6 promoter, respectively. The donor fragment has two regions of 

pfehd homology flanking the 3×HA tag. attL: attB left junction segment; attR: attB right junction 

segment. BSD: Blasticidin-S deaminase; CAM: Calmodulin; eGFP: enhanced Green Fluorescent 

Protein; gRNA: guide RNA. hDHFR: human dihydrofolate reductase; Hrp2: histidine-rich protein 

2; Int: Mycobacteriophage Bxb1 serine integrase; Neo: Neomycin; pBS: BlueScript plasmid; 

Hsp86: Heat shock protein 86; PcDT: Plasmodium chabaudi dihydrofolate reductase-thymidylate 

synthase; pfacg1: Plasmodium falciparum acylguanidine 1 gene; pfehd: Plasmodium falciparum 

Eps15 homology domain containing gene; SpCoCas9: Streptococcus pyogenes-Plasmodium 

falciparum codon-optimized Cas9; UTR: Untranslated region. 
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Figure S3. Chemical structures of antimalarial compounds tested herein.  
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Fig. S4. Fluorescence microscopy images of fixed and labeled NF543×HA-EHDattB-ACG1-
eGFP parasites. PfACG1 was detected using antibodies specific to eGFP. Costaining used (A) 
anti-PfMDR1 antibodies that label the digestive vacuole membrane (55, 56); (B) anti-plasmepsin 
II antibodies that label the digestive vacuole lumen (57); (C, D) LipidTOX neutral lipid stain that 
stains lipid bodies (58) (E, F) Nile Red that also stains lipid bodies (59); (G, H) anti-ERD2 
antibodies that label the cis-Golgi (19); (I, J) anti-PMT that labels phosphoethanolamine N-
methyltransferase present in trans-Golgi structures (20); (K-M) anti-Rab5A, anti-Rab5B and anti-
Rab7 that labels vesicles (22); (N) anti-K13 that labels the ER, vesicles and cytostomes (22); (O) 
anti-coronin antibodies that stain compartments with F-actin (60); (P) MitoTracker Red that labels 
mitochondria; or (Q) anti-ACP antibodies that label the acyl carrier protein present in the  
apicoplast (61). Nuclei were stained with DAPI (blue). Scale bars: 2 µm. 
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Fig. S5. Fluorescence microscopy images of fixed and labeled NF543×HA-EHDattB-ACG1-

eGFP parasites. PfEHD was detected using antibodies specific to HA (magenta). Costaining used 

(A, B) LipidTOX neutral lipid stain; (C, D) anti-PDI that labels the plasmodial protein disulfide 

isomerase that is localized in the ER (62); (E) anti-ERD2; (F) anti-PMT; (G-J) anti-coronin; (K-

0) anti-Rab5A, anti-Rab5B, anti-Rab5C, anti-Rab7 and anti-Rab11A that label vesicles involved 

in trafficking (63, 64); (P) anti-K13; or (Q) anti-ACP antibodies (cyan). Nuclei were stained with 

DAPI (blue). Scale bars: 2 µm. 
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Fig. S6. Fluorescence microscopy images of fixed and labeled NF54pCRISPRTetR-DOZI-

ACG1-2×HA parasites. PfACG1 was detected using antibodies specific to HA (green). 

Costaining used (A) anti-HA stain; (B-C) anti-PfCRT antibodies that label the digestive vacuole 

membrane (65); (D-G) LipidTOX neutral lipid stain; (H-I) anti-PDI; (J-K) anti-ERD2; (L-0) anti-

Rab5B. Nuclei were stained with DAPI (blue). Scale bars: 2 µm. 
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Fig. S7. Fluorescence microscopy images of fixed and labeled NF54pCRISPRTetR-DOZI-EHD-

2×HA parasites. PfEHD was detected using antibodies specific to HA (magenta). Costaining used 

(A) anti-HA stain; (B-C) anti-PfCRT; (D) LipidTOX neutral lipid stain; (E-G) anti-PDI; (H) Bip 

antibodies that stain the ER (20); (I-J) anti-coronin; (K) anti-Rab5B. Nuclei were stained with 

DAPI (blue). Scale bars: 2 µm. 
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Fig. S8. MMV688533 synthesis. 
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Supplementary Tables  

Table S1A. MMV688533 chemical formula and calculated /experimental properties of malonate salt. 

 
* Technical limit of the Syrius T3 apparatus. tPSA: Topological polar surface area (the sum of the surface 

of all polar atoms, primarily oxygen and nitrogen including hydrogen atoms). Compounds with tPSA >140 

Å suffer from poor cell permeability. pKa: Dissociation constant. LogP: Partition coefficient. LogD: 

Distribution coefficient. LogP is expressed as a log10 of the concentration ratio between non-aqueous 

organic (n-octanol) and aqueous (pH-buffered water). Ideally, compounds should possess a LogP value not 

greater than 5 (otherwise too lipophilic, thereby creating solubility issues). LogD is a distribution 

coefficient related to the lipophilicity of ionizable compounds (pH dependent). 

Chemical name

Molecular weight

Molecular formula

Rings

Hydrogen bond donor

Hydrogen bond acceptor

tPSA (Å)

Number of chiral centers

pKa (measured)

LogP (calculated/measured)

LogD (pH.4) 

Polymorphism

Melting point 

5-[2-[3-(carbamimidoylcarbamoyl)-5-(trifluoromethyl)phenyl]ethynyl]-N-(2-

pyridyl)-2-(trifluoromethyl)benzamide, malonate salt

5

3

C27 H19 F6 N5 O6 (free base: C24 H15 F6 N5 O2)

623.47 g/mol (free base: 519.41 g/mol)

2.4 (base) /5.8 (base)

0

195.03 (free base: 120.43)

7

180°C

All batches synthetized so far are under the same crystalline form 

(anhydrous form)

3.79

3.93 / No value (> 3)*
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Table S1B. MMV688533 (malonate salt) solubilization profile against time. 

 
The equilibrium solubility of MMV688533 malonate salt in buffered solutions (room temperature) and physiologically 

relevant aqueous buffers (37°C) was pH dependent. Good solubility was observed in acidic conditions and poor solubility 

under more neutral conditions. Because the solubility of malonate salt was difficult to assess in some media due to its 

conversion into the free base form 2 (hydrated form of free base), we determined the concentration of solubilized compound 

as a function of time. LOQ: Limit Of Quantification. Low solubility is < 10 µg/ml; moderate solubility is between 10 µg/ml 

and 1,000 µg/ml; high solubility is > 1,000 µg/ml. 

 

 MMV688533

Time (hours) 0.25 0.5 1 2 4 24 Medium
Supernatant 

(24h)

pH 1.0 (0.1N HCl) 1750 2480 2870 2670 3770 4780 1.1 1.1 Malonate form1 ≥ 4.7 mg/ml

pH 3.0  2.8 5.4 6.5 7.6 7.2 14.2 2.8 2.9 Malonate form1 ≥ 14 µg/ml

pH 4.5  1.6 2.1 2.72 3 2.8 0.96 4.3 4.3 Malonate form1 ≤ 3 µg/ml

pH 7.4 <LOQ <LOQ <LOQ <LOQ <LOQ <LOQ 7.4 6.5 Base form 2 ≤ 3 µg/ml

Water 1 2 4.3 7.6 10 14.4 N/A 3.1 Malonate form1

Gastric fasted state 4220 3540 1890 1670 1010 420 1.3 1.5
Salt probably 

monohydrochloride
≥ 4.2 mg/ml

Gastric fed state 11 12 14 15 18 27 3.1 3.1 Malonate form1

∼
 27 µg/ml

Fasted state simulated 
intestinal fluid

107 154 15 11 13 20 6.7 4.7 Base form2 ≥ 150 µg/ml

Fed state simulated 
intestinal fluid

3980 3540 1760 1990 2180 150 5 4.8 Base form2 ≥ 3.9 mg/ml

Predicted solubility 
of malonate saltRoom temperature

37°C

X-Ray diffraction 
results at 24 hr

Solubility µg/mL

pH
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Table S1C. MMV688533 in vitro IC50 (nM) of culture-adapted lab and field P. falciparum isolates. 

 
MMV688533 potency on chloroquine-sensitive (NF54, 3D7) and chloroquine-resistant (K1, Dd2) parasites, as determined 

from dose-response assays and IC50 analyses, was below 10 nM. This compound showed no cross-resistance with other 

known antimalarials as determined using a diverse panel of  lab-adapted field isolates: HB3, 7G8, TM90C2B, D6, V1/S, 

FCB and Cam3.I. No cross resistance was observed with Dd2 mutant parasites selected for resistance to DDD107498, 

fosmidomycin, MMV390048, GNF156, DSM265 or ELQ300 and which acquired resistance via amino acid substitutions or 

copy number variation (CNV) in eEF2, PFDXR, PFPI4K, PFACRL, PFDHODH and PFCYTB respectively. HCl: Hydrochloric 

acid; *SYBR Green assay; PFEF2: P. falciparum translation elongation factor 2; PFDXR: P. falciparum 1-deoxy-D-xylulose-

5-phosphate reductoisomerase; PFPI4K: P. falciparum phosphatidylinositol 4-kinase; PFCARL: P. falciparum cyclic amine 

resistance locus; PFDHODH: P. falciparum dihydroorotate dehydrogenase; PFCYTB: P. falciparum cytochrome b. 

  

Table S1C. MMV688533 in vitro IC50 (nM) of culture-adapted lab and field P. falciparum  isolates.

HCl 9.0 8.6 7.3 7.8 2.5 5.5 4.1 4.4 7.1 8.5 - 7.5 8.7 7.2 7.3 - -

Malonate  16 31* - - - - 15 - - - 16 - - 15 - 21 18

PFCYTB 
I22L

PFDHODH 
G181C

PFCARL 
I1139K

PFPI4K 
S743T

PFDXR 
CNV

PFeEF2 
Y186N

MMV688533 potency on chloroquine-sensitive (NF54, 3D7) and chloroquine-resistant (K1, Dd2) parasites, as determined from dose-response assays and IC50 analyses, was below 10 nM. This compound showed no 
cross-resistance with other known antimalarials as determined using a diverse panel of  lab-adapted field isolates: HB3, 7G8, TM90C2B, D6, V1/S, FCB and Cam3.1. No cross resistance was observed with Dd2 mutant 
parasites selected for resistance to DDD107498, fosmidomycin, MMV390048, GNF156, DSM265 or ELQ300 and which acquired resistance via amino acid substitutions or copy number variation (CNV) in eEF2, PFDXR, 
PFPI4K, PFACRL, PFDHODH and PFCYTB respectively. HCl: Hydrochloric acid; *SYBR Green assay; PFeEF2: P. falciparum translation elongation factor 2; PFDXR: P. falciparum 1-deoxy-D-xylulose-5-phosphate 
reductoisomerase; PFPI4K: P. falciparum phosphatidylinositol 4-kinase; PFCARL: P. falciparum cyclic amine resistance locus; PFDHODH: P. falciparum dihydroorotate dehydrogenase; PFCYTB: P. falciparum 
cytochrome b.   

NF54Salt 7G8HB3Dd2 K1 3D7 Cam3.IFCBV1/SD6TM90C2B
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Table S1D. MMV688533 activity against P. falciparum liver and gamete stages. 

 
aLiver stage assays were conducted by the group of Dr. Koen Dechering at TropIQ Health Sciences, 

Nijmegen, The Netherlands. In this assay, the positive control atovaquone yields a mean ± SD IC50 

value of 7 ± 4 nM (66). bInhibition of male and female gametes was measured by the group of Dr. 

Michael Delves, then at Imperial College in London, using the dual gamete-formation assay (67). 

Assays were performed on three independent occasions with technical duplicates. The positive 

control thiostrepton, incubated at 2 µM for 48 hours, yielded 100% and 63% inhibition of male and 

female gamete formation, respectively. 

 

Table S1E. MMV688533 in vitro cytotoxicity IC50 (µM) on human 
cell lines and rat hepatocytes. 

 
MMV688533 showed a selectivity of >1,000 against the three 

designated cell lines tested. There was also no swelling or 

depolarization on rat liver-isolated mitochondria at 62.5 µM. HCl: 

Hydrochloric acid; HL60: Human leukemia cell line; HepG2: 

Human liver carcinoma cells; w/o: without; BSA: Bovine Serum 

Albumin. 

Compound
Liver stage mean 
IC50

Male gamete inhibition 
at 1 µM (mean ± SEM)

Male gamete inhibition 
at 1 µM (mean ± SEM)

MMV688533 4.0 µMa -9.9 ± 2.2%b 2.0 ± 1.2%b

Salt HL60 HepG2  Rat hepatocytes 

HCl 13.1 > 15.6 15.0 (18.0 w/o BSA)
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Table S1F. Summary of efficacy parameters from the P. falciparum-infected human red 
blood cell NSG mouse model study performed in recrudescence mode. 

 

Effective dose 90% (ED90) and area under the curve 90% (AUCED90) are defined as the 

dose in mg/kg and the estimated average daily exposure, respectively, that reduce 

parasitemia by 90%  on day 7 post-infection as compared to vehicle-treated mice. In this 

assay, this level of reduction implies no net parasite growth in blood. AUCPCC and CmaxPCC 

is defined as the minimum average daily exposure (PCC, parasite clearance concentration) 

and maximal blood concentration (Cmax) necessary to achieve maximum parasite clearance 

from peripheral blood. AUCCURE and CmaxCURE are defined as the minimum drug exposure 

and Cmax in blood associated with cure of P. falciparum-infected NSG mice infused with 

human red blood cells. 

 

Non-standard 1-day ED90 2.0 1.9 - 2.1 mg/kg

Non-standard 1-day AUCED90 3,097 2,335 - 4,484 ng.h/ml

Non-standard 1-day AUCPCC 8,046 3,802 - 12,511 ng.h/ml

Non-standard 1-day CmaxPCC 382 231 - 576 ng/ml

Non-standard 1-day AUCCURE > 193,123 - ng.h/ml

Non-standard 1-day CmaxCURE > 5,506 - ng/ml

Units95% Interval of 
confidenceMeanParameterAssay
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Table S1G. Minimal parasiticidal concentration of MMV688533 in the P. falciparum infected NSG mouse model. 

 

The minimal parasiticidal concentration (MPC) was determined from either the EC50 estimate of the final PK/PD run 

or from the median EC50 of its related bootstrap analysis (from 504 successful runs) that ranged between 14.7 and 20.3 

ng/ml. a[25, 75% quantile] for the MPC was deduced from the [25, 75% quantile] for the EC50. 

 

  

EC50 origin EC50 (ng/mL) MPC (EC90) (ng/mL)

PK/PD final run: Population estimate  1.63 14.7

Bootstrap analysis: median [25, 75% quantile] 2.25 [1.59;3.44]  20.3 [14.3;30.9]a

Table S1G. Minimal parasiticidal concentration of MMV688533 in the P. falciparum  infected NSG 
mouse model.

The minimal parasiticidal concentration (MPC) was determined from the IC90 value of the killing curve, 
which was plotted as a function of the circulating drug concentration and was calculated from the IC50 

and the Hill coefficient. The MPC was determined from either the EC50 estimate of the final PK/PD run 
(#79865) or from the median EC50 of its related bootstrap analysis (504 successful runs) that ranged 
between 14.7 and 20.3 ng/ml. a [25, 75% quantile] for MPC was deduced from [25, 75% quantile] for 
EC50.
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Table S1H. MMV688533 in vitro metabolic clearances in microsomes 
and hepatocytes from different species. 

 

In vitro metabolic stability studies were performed using liver microsomes 

and cryopreserved hepatocytes of mouse, rat, dog, macaque or human 

origin. Results indicate low metabolic clearances in all species. CLint: in 

vivo intrinsic clearance. Low liver microsome CLint values are < 10 

µL/min/mg, moderate values are between 10 and 50 µL/min/mg, and high 

values are > 50 µL/min/mg. Low hepatocyte CLint values are < 4 mL/h/106 

cells; moderate values are between 4 and 20 mL/h/106 cells; and high 

values are > 20 mL/h/106 cells. 

 

 
 
 

Mouse 13 0-9

Rat 6.5 6-9

Dog 0 6

Macaque 0 15

Human 0 2

Species Liver microsomes CLint 

(µL/min/mg)
Hepatocytes CLint 

(µL/h/106cells)
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Table S1I. MMV688533 inhibition of cytochromes P450 (CYP). 

 

Data shown above were generated with purified CYP enzymes. When tested in vitro with 

human liver microsomes, MMV688533 did not inhibit CYP1A2, CYP2C9, CYP2C19, 

CYP2D6, and CYP3A at concentrations up to 10 μM. 

 

  

CYP1A2 Phenacetin no 
inhibition

CYP2B6 Bupropion 56.4 Mixed 12.6

CYP2C8 Amodiaquine 1.6 Mixed 0.8

CYP2C9 Diclofenac 3.3 Mixed 2.4

CYP2C19 S-Mephenytoin 13.7 Mixed 9.0

CYP2D6 Dextromethorphan 10.6 Competitive 4.0

CYP3A4/5 Midazolam 8.2 Mixed 15.3

CYP3A4/5 Testosterone 27.3 Mixed 11.1

Ki (µM)Mode of 
inhibition

IC50 (µM)Selective substrate CYP enzyme
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Table S1J. MMV688533 pharmacokinetic parameters in male Swiss mice and male Sprague Dawley rats after intravenous 
and oral route administration. 

 

MMV688533 was administered by oral gavage (per os, with compound suspended in methylcellulose/Tween 80 0.6%/0.5% 

in water) and by i.v. route as a solution using PEG200/ solutol/ G5% (20/5/75; w/w/v) to male Swiss mice (PKS10191-VA) 

and male Sprague Dawley rats, respectively. Compound concentrations were determined by LC-MS/MS, with a Limit of 

Quantification (LOQ) of 2 ng/ml for plasma and 5 ng/ml for blood. (-) below the LOQ. In both species, the clearance (CL) is 

equivalent to the relatively low value of 0.005 µL/min/mg. In rodents, a T1/2 value (po) > 8 hours is considered as a long half-

life when translated into humans. F (%), percent bioavailability. B/P, blood to plasma ratio. ND, not done. 

 

Intravenous 3 Plasma 6.14 10.3 0.29 1.36 3.2 - - -

Per os 3 Blood 0.86 11.7 - - 4 8 - -

Per os 10 Plasma 2.24 33 - - - 4 96 -

Per os 10 Blood 2.21 30 - - 16 8 - 1.2

Per os 30 Blood 8.13 152 ND ND 26 4 ND ND

Intravenous 3 Blood 5.65 9.5 0.30 2.09 7.5 - -

Per os 10 Blood 1.14 22.8 - - 9.6 4 71

Male Swiss mice

Male Sprague Dawley rats

Route F (%) B/PTmax 

(h)
T1/2 (h)Vss (L/kg)CL 

(L/h/kg)
AUC0-24 

(µg.h/mL)
Cmax 

(µg/mL)
MatrixDose 

(mg/kg)
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Table S1K. MMV688533 pharmacokinetic parameters in male Sprague Dawley rats after oral administration. 

 

MMV688533 malonate salt was administered at 30 and 300 mg/kg by oral gavage (methylcellulose/Tween 80 0.6%/0.5% in 

water) to male Sprague Dawley rats. Concentrations were determined using LC-MS/MS, with a limit of quantification of 25 ng/ml 

for blood and 125 ng/g for tissues. At the 30 mg/kg dose level, the highest concentrations were reached at 6 hours post-dosing 

and the exposures increased roughly proportionally with dose between 30 and 300 mg/kg for AUC exposure while Cmax increased 

sub-proportionally with dose. The quantitative tissue distribution was also evaluated in brain, liver, lung, heart and kidney at the 

30 mg/kg dose level after oral administration. Broad distribution of MMV688533 was observed with tissue/blood concentration 

ratios above 1 in all tissues except the brain. The Tmax ranged mostly between 4 and 24 hours. The highest levels (tissue/blood 

concentration ratio = 55) were observed in lung > liver > kidney > heart > brain. Penetration into brain was significantly lower 

compared to penetration into other tissues. *Tissue:blood AUC ratio. 

 

Malonate Per os 30 Blood 6.0 6 310 310 16 -

Malonate Per os 300 Blood 30 48 2800 2800 38 9.1

Malonate Per os 30 Brain 3.2 4 140 160 24 0.5*

Malonate Per os 30 Liver 246 6 11000 11000 21 35*

Malonate Per os 30 Heart 81 6 3200 3200 19 10*

Malonate Per os 30 Kidney 182 4 7500 7500 16 24*

Malonate Per os 30 Lung 439 24 17000 17000 16 55*

Dose 
(mg/kg)Route AUC 

(µg.h/mL)
AUC ratio 

300/30T1/2 (h)AUC0-168 

(µg.h/mL)
Tmax (h)Cmax 

(µg/mL)
Salt Matrix
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Table S1L. MMV688533 blood toxicokinetic parameters in male and female 
Sprague Dawley rats. 

 

MMV688533 maximal blood concentrations (Cmax) were reached in females at 24 hours post-dosing (last sampling time) and in males 

at 8 hours post-dosing on Day 1 at 100 mg/kg. In females, MMV688533 Day 4 dose proportionality (Cmax and AUC0-24) over the 25-50 

mg/kg/day dose range increased slightly supra-proportionally and were similar to the 50-100 mg/kg/day dose range. A 2-fold increase 

in dose (50 mg/kg/day vs 25 mg/kg/day) led to a 3.1-fold increase in Cmax and a 3.4–fold increase in AUC0-24. A further 2-fold increase 

in dose (100 mg/kg/day vs 50 mg/kg/day) led to a 1.1-fold increase in Cmax and a 1.1–fold increase in AUC0-24. In males, a slightly sub-

proportional increase was observed. MMV688533 exposures increased in proportion over the 50-100 mg/kg/day dose range. A 2-fold 

increase in dose (50 mg/kg/day vs 25 mg/kg/day) led to a 3.0-fold increase in Cmax and a 3.3–fold increase in AUC0-24. A further 2-fold 

increase in dose (100 mg/kg/day vs 50 mg/kg/day) yielded a 2.3-fold increase in Cmax and a 2.2–fold increase in AUC0-24. At 100 

mg/kg/day, MMV688533 mean accumulation ratios (D4/D1) in blood were 1.8 for both AUC0-24 and Cmax in females and 2.5 AUC0-24 

and 2.4 Cmax in males. Based on MMV688533 Cmax and AUC0-24 in blood, no gender effect was observed on Day 1. On Day 4, exposure 

in females was slightly higher with a female to male ratio ranging from 1.7 to 1.8 after dosing with 25 mg/kg/day or 50 mg/kg/day. No 

gender effect was observed at 100 mg/kg/day on Day 4, with a female to male ratio of 0.86 to 0.88. -, not determined. Two rats (one 

male and one female) were used per dose. 

Day 1 Day 4 Day 1 Day 4 Day 1 Day 4

Male 25 Blood - 3.0 - - - 57.6

Male 50 Blood - 8.9 - - - 188

Male 100 Blood 8.6 20.4 8 24 163 413

Female 25 Blood - 5.2 - - - 99.4

Female 50 Blood - 16.0 - - - 335

Female 100 Blood 10.1 17.9 24 24 195 355

Sex
AUC0-24 (µg.h/mL)Tmax (h)Cmax (µg/mL)Dose 

(mg/kg/day)
Matrix
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Table S1M. MMV688533 mean biliary and urinary 
excretion parameters in male Sprague Dawley rats. 

 

Biliary and urinary excretion was evaluated over 24 

hours after intravenous administration of 10 mg/kg 

MMV688533 as a solution of 40% Captisol in water to 

dual cannulated (bile duct and duodenum) male Sprague 

Dawley rats. An exploratory LC-MS/MS method with a 

limit of quantification of 1 ng/ml was used to quantify 

urine and bile samples. Data are shown as mean ± SD 

(CV%), from three rats. Low biliary and urine excretions 

were observed with around 2% of the administered dose 

being recovered after 24 hours. 

 

  

Period 
(h) Bile Urine

0-4 1.36 ± 0.28 (12) -

0-8 1.48 ± 0.28 (19) -

0-24 2.05 ± 0.38 (18) 2.22 ± 1.13 (51)

 Excreted drug cumulated over 24 
hours (% of administered dose)
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Table S1N. MMV688533 mean pharmacokinetic parameters in female Beagle dogs after intravenous 
injection. 

 

MMV688533 was administered to 3 female Beagle dogs via intravenous route as a solution using 

PEG400/Ethanol/Solutol HS15/G5% (20/5/5/75) pH 3.0. Compound concentration was determined using 

LC-MS/MS. The limit of quantification was 5 ng/ml for blood. CL is equivalent to 0.011 µL/min/mg and 

is indicative of low clearance. In humans, compounds with a volume of distribution (Vss) < 4 L are 

expected to be found exclusively in plasma. When Vss is > 40 L, compounds are distributed in all tissues 

of the body and are almost absent in the plasma. 

 

 
 
 
  

Route Dose 
(mg/kg) Matrix C0 

(µg/mL)
AUC0-72 

(µg.h/mL)
AUC 

(µg.h/mL)
CL 

(L/h/kg)
Vss 

(L/kg)
T1/2 (h)

Intravenous 2 Blood 1.8 19.8 > 30% 0.07 4.74 50.7
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Table S1O. Mean blood pharmacokinetic parameters of MMV688533 and its metabolite RA14677213 following a single oral 
administration as capsule or oral solution in a pentagastrin-induced male Beagle dog model. 

 

The pharmacokinetics of MMV688533 and its metabolite RA14677213 were investigated in blood after a single 0.5 mg/kg dose 

that was orally administered to male Beagle dogs using the pentagastrin-induced model. The solution formulation was at 0.25 

mg/ml in PEG400/Ethanol/Solutol/G5% (20/5/7.5/67.5). The capsule formulation [MMV688533 /microcrystalline 

cellulose/croscarmellose sodium (5/91.67/3.33)] was followed by 50 ml water. 30 minutes before oral administration, the dogs 

were treated with pentagastrin (intra-muscular injection, 6 μg/kg, 0.25 ml/kg). The gastric pH was measured before dosing and 

was found to be < 3.0. MMV688533 and RA14677213 were quantified using LC-MS/MS with limits of quantification of 0.83 

ng/ml and 1.0 ng/ml, respectively. Maximal MMV688533 blood concentrations were observed between 2-24 h for the capsule 

and between 2-4 h for the solution. MMV688533 exposure observed after oral administration as capsule was around 25% lower 

compared to exposure observed after oral administration as solution. For RA14677213, the maximal blood concentrations were 

observed between 2-4 h for the capsule and between 4-6 h for the solution. Similar pharmacokinetic profiles were observed 

between MMV688533 and its metabolite. The elimination half-life for both capsule and solution formulations was ~40 h for 

MMV688533 and ~50 h for its metabolite. On average, RA14677213 represented around 22% of parent exposure for both 

formulations. 

 

Compound Formulation Cmax 

(ng/mL)
Tmax (min-
max) (h)

AUC0-24 

(µg.h/mL)
AUC0-168 

(µg.h/mL)
AUC 

(µg.h/mL) Tlast (h) T1/2 (h)

MMV688533 Capsule 89.7 10.7 (2-24) 1.55 4.58 4.85 168 41

MMV688533 Solution 99.6 2.67 (2-4) 1.99 6.09 6.49 168 42.8

RA14677213 Capsule 19.9 3.33 (2-4) 0.36 1.13 1.24 168 51.5

RA14677213 Solution 22 5.33 (4-6) 0.405 1.38 1.54 168 51.6
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Table S1P. MMV688533 predicted human 
parameters. 

 

Mahmood rules and Fixed exponent method of 

allometric scaling of clearance from animal data 

predicted a low to a very low MMV688533 

clearance (3.6 and 1.4 L/hour (< 5%) of hepatic 

blood flow) in humans. This corresponded to a 

predicted half-life of 103 and 277 hours 

respectively. The volume of distribution relying 

on allometry method with an exponent of 1 was 

predicted to be as high as 540L for a 70 kg 

individual. 

 

  

Clearance (L/h) T1/2 (h) Vdss (L)

Low: 3.6 103 540

Very low: 1.4 277 540

Mahmood rules and Fixed exponent method of 
allometric scaling of clearance from animal 
data predicted a low to a very low 
MMV688533 clearance (3.6 and 1.4 L/h (< 
5%) of hepatic blood flow) in humans. This 
corresponded to a predicted half-life of 103 
and 277 h respectively. The volume of 
distribution relying on allometry method with 
an exponent of 1 was predicted to be as high 
as 540 L for a 70 kg individual. 

Table S1P. MMV688533 predicted human 
parameters.
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Table S1Q. MMV688533 in silico prediction of genotoxicity/organ toxicity. 

 

Knowledge-based approach using the software Derek and QSAR based 

(Leadscope) were used to predict in silico genotoxicity, hepatotoxicity, 

nephrotoxicity, cardiotoxicity and phototoxicity. (* moderate in vitro and low in 

vivo). 

 

  

Table S1Q. MMV688533 in silico prediction of genotoxicity/organ toxicity.

Toxicity Derek Leadscope Internal toxicity results

Mutagenicity No alert No alert No alert

Clastogenicity No alert No alert No alert

Hepatotoxicity No alert Not relevant To be monitored

Nephrotoxicity No alert Not applicable To be monitored

Cardiac toxicity No alert Not applicable To be monitored

Phototoxicity No alert moderate/low risks* No alert

Knowledge-based approach using the software Derek and QSAR based 
(Leadscope) were used to predict in silico  genotoxicity, hepatotoxicity, 
nephrotoxicity, cardiotoxicity and phototoxicity. (* moderate in vitro  and low 
in vivo ).
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Table S1R. MMV688533 off-target activities. 

 

Off-target potential pharmacological activities with 1 µM MMV688533 were assessed in a 

full CEREP profile against 19 enzymes (uptake assays), 88 receptors (binding assays), ion 

channels and amine transporters. The criterion for dose-response determination was > 60% 

inhibition of activity or displacement of the labeled ligand. MMV688533 was found to be 

inactive at 1 µM on a panel of 315 kinases. Interactions of MMV688533 with receptors – 

although at very high concentrations – carry an alert for central nervous system and 

cardiovascular effects. These alerts have not been confirmed when assessed through in vivo 

experiments and GLP safety pharmacology testing prior to human clinical trials. 

 

  

Assay IC50 (µM)

BZD (peripheral) (antagonist radioligand) 0.9

Ca2+ channel (L, dihydropyridine site) (antagonist radioligand) 1.1

Cl- channel (GABA-gated) (antagonist radioligand) 4.3

Dopamine transporter (h) (antagonist radioligand) 9.4

Sigma (non-selective (h) (agonist radioligand) 4.8



 18 

Table S1S. MMV688533 in vitro activity 
different cardiac ion channels. 

 

No cardiotoxicity alert was identified with 

MMV688533 from all the evaluated in vitro 

endpoints. 

 

Table S1T. MMV688533 non-compartmental analysis of exposure in male Sprague 
Dawley rats. 

 

The steady-state AUC0-24h and cumulated AUC in 2-week toxicity studies were calculated 

using a non-compartmental analysis. Five animals per dose and sex were used to determine 

the concentration of MMV688533 in whole blood. 

 

  

Channel Conc. (µM)

Potassium channel (hERG) 4.6

Sodium channel (Nav1.5) 14

Calcium channel (Cav1.1) 2.1

Dose (mg/kg)
Mean Male and Female  

AUC0-24h (ng.h/mL) 
Cumulated AUC (ng.h/mL)

12.5 53,400 747,600

25 108,500 1,519,000

The steady-state AUC0-24h and cumulated AUC in 2-week toxicity studies were 
calculated using a non-compartmental analysis. Five animals per dose and sex were 
used to determine the concentration of MMV688533 in whole blood.

Table S1T. MMV688533 non-compartmental analysis of exposure in male Sprague 
Dawley rats.
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Table S1U. MMV688533 cumulated exposure over 14 days of treatment in Beagle dogs.  

 

Cumulated AUC was calculated from 2-week toxicity studies using a population pharmacokinetic model. 

 

Table S1V. Calculation of MMV688533 safety margin based on cumulative AUC over 14 
days at the NOAEL dose in rats and dogs. 

 

The therapeutic index based on the cumulative AUC over 14 days at the NOAEL (No 

Observed Adverse Effect Level) dose of 12.5 mg/kg in rats, as compared with the AUC from 

an estimated single oral dose of 30 mg in humans, was estimated to be > 20. The therapeutic 

index calculated based on the cumulative AUC over 14 days at the NOAEL dose of 1 mg/kg 

in dogs, compared with the AUC from an estimated single oral dose of 30 mg in humans, 

was estimated to be 14. Whole blood exposure in humans was predicted based on compound 

efficacy in the Pf NSG mouse model and the calculated in vitro PRR of 3.0.  

Mean male + female 
(min-max) AUC0-360h

Dose 
(mg/kg)

Regimen
Total dose 

over 15 days 
(mg/kg)

mean mean Male & Female

0.5 once daily 7.5 30,000 27,400 28,700 52,000 32,300 42,200 35,400 (27,400-52,000)

1.0 (QD) 15 76,600 87,700 82,200 67,400 86,000 76,700 79,400 (67,400-87,700)

2.0
once every 2 
days (Q2D) 

14 73,300 76,200 74,800 41,100 69,100 55,100 64,900 (41,100-76,200)

FemaleMale

AUC0-360h individual values from non-parametric 
superposition (ng.h/mL)

Species Dose 
(mg/kg)

Mean 
AUCcum 

(µg.h/mL)

Exposure (AUC0-inf, µg.h/mL) 
of the human single dose 

(30 mg) 

Therapeutic 
Index

Rat 12.5 747 5.7 >20

Dog 1.0 79 5.7 13.8
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Table S2. Protein functional pathway relationships.     

 

GO: Gene Ontology. 

  

Table S2: Protein functional pathway relationships.

Conserved Plasmodium protein (PfACG1) PF3D7_0910300 Q8I349_PLAF7 - - - -

EH domain-containing protein (PfEHD) PF3D7_0304200 Q9NLB8_PLAF7 vesicle transport heterocyclic 
compound binding -

Conserved Plasmodium protein PF3D7_0510100 Q8I403_PLAF7 - - heterocyclic 
compound binding RNA binding

RNA pseudouridylate synthase, putative PF3D7_0511500 Q8I3Z1_PLAF7 - - heterocyclic 
compound binding RNA binding

ATP synthase (C/AC39) subunit, putative PF3D7_1464700 Q8IKJ0_PLAF7 - transport heterocyclic 
compound binding -

GO: Gene Ontology

GO_function2Gene product Gene ID Protein ID GO_component GO_process GO_function1
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Table S3. Asexual blood stage IC50 data in nM of MMV688533-resistant parasite lines against common antimalarials. 

  

SEM: standard error of the mean; N: number of biological repeats (with technical duplicates).  ed., gene edited. sel., selected under 

drug pressure. Mann-Whitney U tests showed no statistical difference between mutant and parental lines.   

 

 
 
 
 
 
 

Mean IC50 SEM N Mean IC50 SEM N Mean IC50 SEM N Mean IC50 SEM N

KAE609 0.7 0.1 3 0.7 0.0 3 0.6 0.02 3 0.7 0.04 3

Dihydroartemisinin 0.8 0.2 3 0.7 0.1 3 0.9 0.1 3 0.7 0.04 3

Lumefantrine 1.5 0.3 3 1.2 0.04 3 1.2 0.02 3 0.9 0.04 3

Chloroquine 5.5 1.0 3 6.2 0.1 3 8.3 1.1 3 9.2 1.5 3

Mefloquine 10.6 0.4 3 9.3 0.1 3 11.0 0.5 3 6.1 0.7 3

Ferroquine 6.5 1.3 3 8.1 0.4 3 11.5 1.9 3 12.1 2.6 3

Piperaquine 14.8 2.6 3 12.6 1.0 3 17.8 1.4 3 15.4 2.1 3

Quinine 24.5 3.7 3 22.2 1.3 3 25.2 2.6 3 15.4 0.8 3

monodesethyl-amodiaquine 24.1 2.4 3 26.5 1.5 3 30.9 2.2 3 31.2 7.4 3

GNF179 45.7 9.1 3 42.4 7.1 3 55.0 11.2 3 35.1 7.4 3

Fosmidomycin 359 22 3 401 38 3 331 37 3 248 9.7 3

SEM: standard error of the mean; N: number of biological repeats (with technical duplicates).  ed., gene edited. sel., selected under drug pressure. 

Table S2. Asexual blood stage IC50 data in nM of MMV688533-resistant parasite lines against common antimalarials.

Compound

3D7-A10 wild type sel. ed. 533-CL1EHD-D218Yed. 3D7 ACG1W286Red. 3D7 ACG1G98V
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