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1. Synthesis of Intermediates
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ethyl 6-bromo-4-[[1-[(2-methylpropan-2-yl)oxycarbonyl]piperidin-4-yl]amino]quinoline-3-
carboxylate (1a)

To a suspension of ethyl 6-bromo-4-chloroquinoline-3-carboxylate (2000 mg, 6.36 mmol) in N,N-
dimethylacetamide (25 mL) was added Triethylamine (2.66 mL, 19.07 mmol) . The reaction mixture 
was stirred at 25 °C for 16 h, precipitating a solid. On completion, the crude reaction mixture was 
transferred to an ice-cold water (100 mL). The precipitate was filtered, washed with cold water, and 
dried to give 1a as a beige solid (2600 mg, 84% yield). LC-MS: tR = 0.896 min (Purity = 98%); m/z = 
478.1 [M+H]+ (anal. calcd. for C22H28BrN3O4: m/z = 477.1). 

N

O

OH

NH

N

O

O

Br

6-bromo-4-((1-(tert-butoxycarbonyl)piperidin-4-yl)amino)quinoline-3-carboxylic acid (2a)

 To a solution of 1a (650 mg, 1.36 mmol) in tetrahydrofuran (8 mL) was added water (2 mL) and stirred 
vigorously. To the mixture was added Lithium hydroxide monohydrate (228 mg, 5.44 mmol). The 
reaction was stirred at 25 °C for 6 h. When completion, the organics was removed in vacuo leaving an 
aqueous residue, which was diluted with ethyl acetate. The mixture was acidified (pH 2-5) with 2M 
aqueous HCl solution, precipitating out a white solid. The precipitate was filtered and washed with 
water severally. The residue was dried to give 2a as a white solid (550 mg, 88% yield). LC-MS: tR = 
0.883 min (Purity = 98%); m/z = 452.1 [M+H]+ (anal. calcd. for C20H24BrN3O4: m/z = 451.1).

N

N

N

O
O

Br NH

O

tert-butyl 4-(8-bromo-2-oxo-2,3-dihydro-1H-imidazo[4,5-c]quinolin-1-yl)piperidine-1-carboxylate 
(3a)
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To a suspension of 2a (2640 mg, 5.86 mmol) in DMF (10 mL) was added Triethylamine (4.9 mL, 35.17 
mmol). The mixture was stirred for 15 minutes after which Diphenylphosphoryl azide (3.79 mL, 17.59 
mmol) was added. The reaction was heated at 60 °C, forming the product in 30 minutes. The solvent 
was removed in vacuo. The residue was taken in water and filtered, washing with more water, followed 
by diethyl ether. The solid was dried to give 3a as a yellow solid (2078 mg, 79% yield).  LC-MS: tR = 
0.939 min (Purity = 98%); m/z = 447.1 [M+H]+ (anal. calcd. for C20H23BrN4O3: m/z = 446.1).

N

N

N

O
O

Br N

O

tert-butyl 4-(8-bromo-3-methyl-2-oxo-2,3-dihydro-1H-imidazo[4,5-c]quinolin-1-yl)piperidine-1-
carboxylate (4a)

To a suspension of 3a (1000.mg, 2.24 mmol) in DMF (15 mL) was added N,N-Dimethylformamide 
dimethyl acetal (0.89 mL, 6.71 mmol). The reaction was heated at 80 °C for 16 h. The solvent was 
removed in vacuo. The residue was taken in ice-cold water, triturated, and filtered. The residue was 
washed with cold water and dried to give 4a as a white solid (898 mg, 87% yield). LC-MS: tR = 1.012 
min (Purity = 98%); m/z = 461.1 [M+H]+ (anal. calcd. for C21H25BrN4O3: m/z = 460.1).

N

O

O

NH
Br

ethyl 6-bromo-4-(phenylamino)quinoline-3-carboxylate (1b)

To a suspension of ethyl 6-bromo-4-chloroquinoline-3-carboxylate (800 mg, 2.54 mmol) in acetic acid 
(7 mL) was added Potassium acetate (349 mg, 3.56 mmol) and Aniline (0.28 mL, 3.05 mmol). The 
reaction mixture was stirred at 25 °C until completion (1 h). The crude reaction mixture was transferred 
to an ice-cold water (100 mL). The precipitate was filtered, washed with cold water, and dried to give 
1b as a white solid (835 mg, 85% yield). LC-MS: tR = 0.961 min (Purity = 96%); m/z = 371.1 [M+H]+ 
(anal. calcd. for C18H15BrN2O2: m/z = 370.1).

N

O

OH

NH
Br

6-bromo-4-(phenylamino)quinoline-3-carboxylic acid (2b)
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Synthesized from 1b (835 mg, 2.16 mmol) as described for 2a above. White solid (650 mg, 88% yield); 
LC-MS: tR = 0.867 min (Purity = 98%); m/z = 343.1 [M+H]+ (anal. calcd. for C16H11BrN2O2: m/z = 
342.1).

N

N
Br NH

O

8-bromo-1-phenyl-1,3-dihydro-2H-imidazo[4,5-c]quinolin-2-one (3b)

Synthesized from 2b (650 mg, 1.89 mmol) as described for 3a above. White solid (593 mg, 90% yield); 
LC-MS: tR = 0.870 min (Purity = 98%); m/z = 340.0 [M+H]+ (anal. calcd. for C16H10BrN3O: m/z = 
339.0).

N

N
Br N

O

8-bromo-3-methyl-1-phenyl-1,3-dihydro-2H-imidazo[4,5-c]quinolin-2-one (4b)

Synthesized from 3b (300 mg, 0.86 mmol) as described for 4a above. Yellow solid (250 mg, 82% yield); 
LC-MS: tR = 0.939 min (Purity = 98%); m/z = 354.0 [M+H]+ (anal. calcd. for C17H12BrN3O: m/z = 
353.0).
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2. Analytical data of 18

HPLC_UV and MS spectra of 18
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1H NMR spectrum of 18

13C NMR spectrum of 18
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3. In vitro asexual blood stage (ABS) antiplasmodial activity

For the in vitro 96 h SYBR Green I-based antiplasmodial assays, the asexual PfNF54 parasite strain 
was obtained from the Malaria Research and Reference Reagent Resource Centre (MR4 BEI resources, 
Manassas, USA) and cultivated under adapted conditions as previously described.1 Parasites were 
maintained daily at 5% haematocrit (A+/O+ human erythrocytes) in complete culture media [RPMI 1640 

supplemented with 25 mM HEPES, 20 mM D-glucose, 200 μM hypoxanthine, 0.2% (w/v) sodium 

bicarbonate (Sigma-Aldrich), 24 μg/mL gentamicin, and 0.5% (w/v) AlbuMAX II, Gibco)] under 

hypoxic conditions (90% N2, 5% O2 and 5% CO2, AFROX, SA) at 37°C with agitation. Cultures were 
synchronised to 95% ring stage using 5% (w/v) D-sorbitol (Sigma-Aldrich). Parasite growth and 
morphology were monitored microscopically using Giemsa-stained thin smears at 100 magnification. 
The SYBR Green I parasite proliferation assay was performed with PfNF54 parasites (1% parasitaemia, 
1% haematocrit) for 96 h under hypoxic conditions, using chloroquine as an internal reference control. 
Following incubation, parasite proliferation was determined after the addition of 1 SYBR Green lysis 
buffer (1 SYBR Green I, 20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.008% saponin (w/v) and 0.08% 
Triton X-100) and incubated for 1 h at room temperature in the dark. Fluorescence was quantified with 
the GloMaxR-Multi+ Detection System (485/538 nm). In vitro IC50 values were determined using 
GraphPad Prism V6 (log(inhibitor) vs. normalised response – variable slope). Data represent three 
independent biological repeats (n=3), each performed in technical triplicates. 

Cross-resistance profiling against lab-raised resistant lines and field isolates was performed at Swiss 
TPH using the [3H]-hypoxanthine incorporation assay, as previously reported.2–4 

4. In vitro gametocytocidal assays

Stage-specific gametocytocidal action of the compounds were determined using against immature 
(>90% stage II–III), late (>90% stage IV–V) and mature (>95% stage V) gametocytes using the P. 
falciparum luciferase reporter line, 3D7elo1-pfs16-CBG99 (kind gift from Pietro Alano, ISS, Italy), as 
previously described.5 Drug assays were set up at 1.5% gametocytaemia and 2% haematocrit for a 48 h 
incubation under drug pressure in a gas chamber (90% N2, 5% O2, and 5% CO2) at 37°C, with methylene 
blue and MMV390048 serving as internal reference controls. The luciferase reporter assay was 
performed using 0.5 mM non-lysing d-luciferin (Regis Technologies) in citrate buffer (50 mM citric 
acid, 50 mM trisodium citrate hydrate) with bioluminescence detection using the GloMax®-Multi 
Detection System with Instinct® software. In vitro IC50 values were determined using GraphPad Prism 
V8 software for three independent biological repeats (n=3) each performed in technical duplicates.

5. Male gamete exflagellation inhibition assay (EIA)

The male gamete exflagellation inhibition assay (EIA)6 was performed on PfNF54 mature (>95% stage 
V) gametocytes treated with 2 µM drug in 50% A+ male serum for 48 hours under hypoxic conditions 
at 37°C (2 µM methylene blue as positive control). Following treatment male gametogenesis was 
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induced with 100 µM xanthurenic acid (Sigma-Aldrich) at room temperature for 16 minutes in a 
Neubauer chamber followed by capturing of temporal movement of exflagellating centres by video 
microscopy (Carl Zeiss NT 6V/10 W Stab microscope, MicroCapture camera, 10 magnification) for 
8 minutes at 30-second intervals for 8–10 seconds. Total exflagellating centres were quantified using 
ICY (open-source imaging software GPLv3) normalised to an untreated control.

6. Dual Gamete Formation Assay (DGFA)

The compounds were evaluated for their ability to inhibit the “functional viability” of mature stage V 
gametocytes as reported by their ability to undergo onward development and form gametes, as 
previously described.7,8

7. Female gametocyte activation assay (FGAA)

The compounds were evaluated for their ability to inhibit female gamete activation, as previously 
described.9 Gametocytes (>95% stage V) were treated with compounds (2 µM) for 48 h before triggering 
gamete formation. Female gamete activation was induced by both a temperature drop and the addition 
of 100 µM xanthurenic acid. Monoclonal anti-Pfs25 antibody (BEI Resources catalogue number MRA-
28; 1:1000 dilution) conjugated to FITC was used to detect female gametes. Image acquisition was 
performed using a Zeiss Axio Lab.A1 epifluorescence microscope with a 100/1.4 numerical aperture 
(NA) oil immersion objective and a Zeiss Axiocam 202 mono digital camera. Using a 100x objective, 
30 images were taken per sample and analysed manually. The size, roundness and intensity of 
fluorescence of activated female gametocytes were evaluated.  

8. Standard membrane feeding assay (SMFA)

Performed as previously described.10 Briefly, the SMFA was carried out using Anopheles coluzzii s.s. 
females (colonised in 2009 from the Democratic Republic of the Congo, G3 colony).11,12 The 
mosquitoes were maintained under BSL2 insectary conditions (80% humidity, 25°C, 12-hour day/12-
hour night cycle with 50-minute dusk/dawn transitions) with ad libitum access to 10% sucrose 
supplemented with 0.05% (v/v) 4-aminobenzoic acid. Mature PfNF54 gametocytes (>98% stage V, 1.5 

to 2.5% gametocytaemia, and 50% haematocrit) were treated with 2 μM of compound with DMSO as 

a vehicle control for 48 hours before mosquito feeding. SMFA was carried out as previously described. 
Two independent biological experiments were carried out (total of 25 mosquitoes in treated control 
groups). The TRA (transmission-reducing activity, reduction in oocyst intensity: %TRA 𝐶𝑖―𝑇𝑖

𝐶𝑖
∗ 100, 

where i: oocyst number (intensity), C: control and T: treated) and the TBA, which measures the 
reduction in prevalence of mosquitoes infected with oocysts(percentage of block of transmission or 
reduction in prevalence, % TBA: 𝐶𝑝―𝑇𝑝

𝐶𝑝
∗ 100, where p: oocyst prevalence (intensity), C: control and 
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T: treated),13 were determined. Data were analysed using GraphPad Prism, and the Mann-Whitney U 
test was used to compare the statistical significance between the treatment and control groups.

9. Activity against liver stage P. falciparum NF54

Primary human hepatocytes are cultured for 2 days and then overlaid with P. falciparum NF54 
sporozoites and compounds.14 Supernatant is refreshed daily with fresh compounds. 4 days post-
infection, hepatocytes are stained for the presence of liver stage parasites. Cryopreserved human 
primary hepatocytes (H1500.H15B+ Lot No. HC0-6, TebuBio or F00995-P Lot No. IRZ, BioIVT) were 
thawed and seeded at 60,000 (HC0-6) or 18,000 (IRZ) cells per well in collagen-coated 96w or 384w 
microtiter plates, respectively. Cells were cultured at 37°C in 5% CO2. Five and 24 hours post plating, 
medium was replaced for donor HC0-6, whereas for donor IRZ medium was refreshed 24 hours post 
plating only. 48 hours post plating, salivary glands from Plasmodium-NF54-infected Anopheles 
stephensi mosquitoes were dissected, and 50,000 or 25,000 sporozoites per well were added to 96w or 
384w plates respectively and allowed to infect for 3 hours. Sporozoites were then aspirated and 
compounds diluted in medium were added to the hepatocytes. Compounds were tested in duplicate. 
Medium containing compounds was refreshed daily for four days. Hepatocytes were fixed with ice-cold 
methanol and monolayers were blocked with 10% hiFBS in PBS. Schizonts were stained with rabbit 
anti-PfHSP70 (heat shock protein 70) in 10% hiFBS for 1-2 hours followed by incubation with a 
mixture of secondary goat anti-rabbit AlexaFluor 594 antibody and 4′,6-Diamidine-2′-phenylindole 
dihydrochloride (DAPI) in 10% hiFBS for 30 min. Samples were washed with PBS containing 0.05% 
Tween 20 between different steps. Cells were imaged on a PicoExpress high content imager (Molecular 
Devices) and images were analyzed automatically using CellReporterXpress software. Data were 
analyzed by logistic regression using a four-parameter (Hill equation) model and a least-squares method 
to find the best fit.

10. In vitro parasite reduction ratio (PRR) assays

The assay uses limiting dilution technique to quantify number of parasites that remain viable after drug 
treatment. P. falciparum strain 3D7 was treated with the selected drug at concentration corresponding 
to 10X IC50. Parasites were treated for 120 hours. Drug was renewed daily over the entire treatment 
period. Samples of parasites were taken from the treated culture every 24 hours (0 - for the control of 
initial number of parasites, followed by 24, 48-, 72-, 96- and 120-hours’ time points), drug was washed 
out and drug-free parasites were cultured in 96 well plates by adding fresh erythrocytes and new culture 
media. To quantify number of viable parasites after treatment, 3-fold serial dilution was used with the 
above-mentioned samples after removing the drug. Parasites were cultured in microtiter plates to allow 
all wells with viable parasites, to render detectable parasitaemia. Four independent serial dilutions were 
done with each sample to correct experimental variations. After 22 days of culturing, samples were 
taken to examine growth. Additional sampling was done after 28 days to confirm growth/no growth. 
The number of viable parasites was determined by counting the number of wells with growth.

https://www.sigmaaldrich.com/NL/en/product/roche/10236276001
https://www.sigmaaldrich.com/NL/en/product/roche/10236276001
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The number of viable parasites was back calculated by using the formula Xn-1 where n is the number of 
wells able to render growth and X the dilution factor (when n=0 number of viable parasites was 
estimated as zero). The experimental number of viable parasites after each treatment was back 
calculated by using formula Xn-1 where n was the number of wells able to render growth and X the 
dilution factor (when n=0 number of viable parasites is estimated as zero). The number of initial 
parasites (no treatment) was calculated in a similar manner and used to calculate a normalization factor 
to correct the deviation of the experimental determination from the theoretical number of initial 
parasites (105, 100µl from a 106 parasites/ml inoculum). Normalization factor was used to correct all 
the experimental data for a starting number of parasites equal to 105 and enables comparison between 
different experiments. Additional parameters were calculated such as lag phase (time needed to observe 
the maximal killing effect of the drug being tested), PRR (parasite reduction ratio; such as the reduction 
in number of parasites by the drug in a parasite life cycle) and PCT99.9% (parasite clearance time; the 
time required to kill 99.9% of the initial population). Chloroquine, pyrimethamine, atovaquone and 
artesunate are used in each assay to validate the assay and allow for comparative classification on the 
killing rate of the tested compound. 

Figure S1: Killing profile of P. falciparum 3D7 after treatment with 10X IC50 concentration of (A) 
compound 17 and (B) compound 18.

11. Cytotoxicity 

The IC50 against mammalian cells was determined using the MTT assay over 48h as described.15 
Samples were prepared to a 10 mmol/L stock solution in 100% DMSO and stored at room temperature 
until testing. Dilutions to the desired starting concentration were freshly prepared in growth media on 
each occasion of the experiment. Cells were plated 24h prior to exposure and allowed to adhere to the 
well surfaces. After 24h, media was aspirated, compounds and fresh media were introduced, and plates 
were returned to the incubator for a further 44h of growth; thereafter 25mL of sterile MTT dye was 

PRR assay_MMV1960574-01: (10X IC50)

0 24 48 72 96 120 144
0

1

2

3

4

5

6

Hours

lo
g

 (
vi

ab
le

 p
ar

as
it

e 
+

1
)

PRR assay_Compound 17 (10X IC
50

) PRR assay_MMV1960573-01: (10X IC50)

0 24 48 72 96 120 144
0

1

2

3

4

5

6

Hours

lo
g

 (
vi

ab
le

 p
ar

as
it

e 
+

1
)

PRR assay_Compound 18 (10X IC
50

)

(A) (B)



S15

added to each well and plates were incubated for the final 4h of the experiment. Plates were centrifuged 
for 10 minutes to concentrate the reduced dye crystals; the supernatant was aspirated and 50mL DMSO 
added to dissolve the dye. Absorbance was measured at 540nM, and the IC50 was determined by 
regression analysis of these values using the Dotmatics software platform.

12. hERG cardiotoxicity assay

The human-ether-a-go-go related gene (hERG) inhibition assay was carried out at B’SYS GmBH, 
Switzerland. The whole-cell patch-clamp technique was used to investigate the effects of the 
compounds and E-4031 (positive control), on hERG potassium channels stably expressed in CHO cells. 

13. PvPI4K enzyme assay

Full-length PvPI4Kβ (PVX_098050) recombinant protein was expressed in a baculovirus-insect cell 

expression system and purified as previously described.16,17 Briefly, N-terminal His-tagged recombinant 

PvPI4Kβ protein was purified using a HisTrap HP column (GE Healthcare), followed by size-exclusion 

chromatography (HiLoad 16/600 Superdex 200 pg column, GE Healthcare). Final buffer composition 

of purified protein was 20 mM HEPES pH 7.5, 500 mM NaCl, 5% (v/v) glycerol, 10 mM β-

mercaptoethanol. 

PvPI4Kβ kinase inhibition assays were performed using the ADP-Glo Kinase Assay kit (Promega) to 

measure ADP formation. l-alpha-phosphatidylinositol (PI; Avanti Polar Lipid, cat. 840042P) dissolved 
in 3% n-octylglucoside to a stock concentration of 20 mg/mL was used as the lipid substrate. Briefly, a 
three-fold serial dilution of each inhibitor was carried out in DMSO and inhibitors were subsequently 
diluted into assay buffer (25 mM HEPES pH 7.4, 100 mM NaCl, 3 mM MgCl2, 1 mM DTT, 0.025 
mg/ml BSA, 0.2% (v/v) Triton X-100) to 1.5 × the final required concentration. 2 µL of each inhibitor 
dilution was transferred into a white 384-shallow well plate (Nunc #264706). A MANTIS® Liquid 

Handler (Formulatrix) was used to dispense the remaining assay components. 0.5 µL PvPI4Kβ protein 

was added and following a five-minute pre-incubation with inhibitor, 0.5 µL substrate buffer (ATP and 

PI) was added to each well. The final 3 µL kinase reaction contains ~6 nM PvPI4Kβ protein, 10 µM 

ATP, 0.1 mg/ml PI, 1% (v/v) DMSO and inhibitor in assay buffer. Reactions were incubated for 40 
minutes at 22°C (resulting in < 10% ATP conversion). ADP formation was measured using the ADP-
Glo Kinase Kit (Promega). Briefly, 2 µL ADP-Glo reagent containing 10 mM MgCl2 was added to each 
well and incubated for 40 minutes at 22°C to deplete the remaining ATP. 2 µL of Kinase Detection 
Reagent was then added and the reaction was incubated for a further 30 minutes at 22°C. The plate was 
sealed with an adhesive foil seal for all incubation steps. Luminescent signal was measured using the 
EnSpire Multimode Plate Reader (PerkinElmer). The data was normalised based on the 100% activity 
controls (1% DMSO only) and the 100% inhibition controls (10 µM sapanisertib9). The mean IC50 value 
was calculated from n ≥ 3 independent experiments, each with technical duplicates (log(inhibitor) vs. 
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normalised response – variable slope). IC50 values within three-fold from independent experiments are 
considered reproducible.

14. Antimalarial resistome barcode sequencing (AReBar) assay

The AReBar assay was conducted as previously described.18 The list of parasite lines in the AReBar 
pool is listed below in Table S1.

Table S1: Parasite lines present in the AReBar screening pool. Table shows the line name (including 
strain background and mutation),  the gene description and gene ID of the mutated gene.

Line name Gene Description Gene ID

3D7 Wild type  NA

3D7 ABCI3 R2180P ABC transporter I family member 1 PF3D7_0319700

3D7 ACS10 M300I Acyl CoA synthase PF3D7_0525100

3D7 ACS11 D648Y Acyl CoA synthase PF3D7_1238800

3D7 ACS11 E668K Acyl CoA synthase PF3D7_1238800

3D7 ATP2 CNV2 Phospholipid-transporting ATP2 PF3D7_1219600

3D7 DHFR-TS G378E Dihydrofolate reductase-thymidylate synthase PF3D7_0417200

3D7 DHFR-TS I403L Dihydrofolate reductase-thymidylate synthase PF3D7_0417200

3D7 FTb A515T Farnesyltransferase subunit beta PF3D7_1147500

3D7 MDR2 K840N Multidrug resistance protein 2 PF3D7_1447900

3D7 NCR1 A1108T Niemann-Pick type C1-related protein PF3D7_0107500

Dd2 Wild type  NA

Dd2 AcAS A597V Acetyl-CoA synthetase PF3D7_0627800

Dd2 AsnRS R487S Asn-tRNA synthetase PF3D7_0509600

Dd2 ATP4 A353E + 
CARL I1139K

ATP4+CARL double mutant PF3D7_1211900

Dd2 ATP4 G358S Non-SERCA-type Ca2+ -transporting P-ATPase (ATP4) PF3D7_1211900

Dd2 ATP4 L927V Non-SERCA-type Ca2+ -transporting P-ATPase (ATP4) PF3D7_1211900

Dd2 CARL I1139K Cyclic amine resistance locus (CARL) PF3D7_0321900

Dd2 CARL L1073Q Cyclic amine resistance locus (CARL) PF3D7_0321900

Dd2 CARL V1103L Cyclic amine resistance locus (CARL) PF3D7_0321900

Dd2 CPSF Y408S E Cleavage and polyadenylation specific factor PF3D7_1438500

Dd2 CPSF Y408S E Cleavage and polyadenylation specific factor PF3D7_1438500

Dd2 CRT M343L Chloroquine resistance transporter PF3D7_0709000
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Dd2 CSC1 L800P CSC1-like protein putative PF3D7_1250200

Dd2 cytBC1 G33V Cytochrome b PF3D7_MIT02300

Dd2 cytBC1 V284L Cytochrome b PF3D7_MIT02300

Dd2 DHFR-TS S216R Dihydrofolate reductase-thymidylate synthase PF3D7_0417200

Dd2 DHODH C276Y Dihydroorotate dehydrogenase PF3D7_0603300

Dd2 DHODH F227I Dihydroorotate dehydrogenase PF3D7_0603300

Dd2 DHODH I263F Dihydroorotate dehydrogenase PF3D7_0603300

Dd2 DHODH L531F Dihydroorotate dehydrogenase PF3D7_0603300

Dd2 eEF2 L755F Elongation factor 2 PF3D7_1451100

Dd2 eEF2 Y186N Elongation factor 2 PF3D7_1451100

Dd2 GGPPS S228T Geranylgeranyl diphosphate synthase PF3D7_1128400

Dd2 IleRS E180D Ile-tRNA synthetase PF3D7_1332900

Dd2 IleRS V500A Ile-tRNA synthetase PF3D7_1332900

Dd2 IleRS L810F Ile-tRNA synthetase PF3D7_1332900

Dd2 kelch13 C580C Kelch protein K13 PF3D7_1343700

Dd2 kelch13 C580Y Kelch protein K13 PF3D7_1343700

Dd2 kelch13 R539T Kelch protein K13 PF3D7_1343700

Dd2 MCP D195N Mitochondrial carrier protein PF3D7_0908800

Dd2 MDR1 F1072L Multidrug resistance protein 1 PF3D7_0523000

Dd2 PI4K CNV Phosphatidylinositol 4-kinase PF3D7_0509800

Dd2 PI4K 
S1320L+L1418F

Phosphatidylinositol 4-kinase PF3D7_0509800

Dd2 PI4K 
S743F+H1484Y

Phosphatidylinositol 4-kinase PF3D7_0509800

Dd2 ProRS L482H Pro-tRNA synthetase PF3D7_1213800

Dd2 PROTB5 A20V Proteasome beta 5 26S (A80V immature) PF3D7_1011400
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(A) Growth of the AReBar pool.

(B) Compound 17 log fold change relative to untreated control

(C) Compound 18 log fold change relative to untreated control
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Figure S2: AReBar screening. (A) Growth (cumulative parasitaemia) of the AReBar pool over the 14-
day assay period. Shown are cumulative parasitaemia of the pool treated with 3IC50 of either compound 
17 or compound 18, or the untreated control. (B,C) Relative change in abundance of parasite lines under 
compound pressure (3IC50). The log2 fold change of each line is shown for (B) Compound 17 and (C) 
Compound 18, with 3D7 (triangle) and Dd2 (diamond) strain backgrounds indicated. For both 
compounds the PI4K S1320L+L1418F mutant showed a >2.5 log fold change signifying cross 
resistance.

15. Biochemical enzyme evaluation against off-target kinases HsATM, HsPI3Kα, HsPI4Kβ, 

HsMINK1, and HsMAP4K4.

The biochemical inhibitory activities (IC50 values) of the compounds against the human kinases 

HsATM, HsPI4Kβ, HsMAP4K4 and HsMINK1 were measured at Reaction Biology Corporation 

(Devault, Pennsylvania, USA) with an ADP-Glo Kinase Assay platform (Promega). The compounds 

were tested in 10-dose IC50 mode with a three-fold serial dilution starting at 10 μM. Control compounds 

PI-103 (for PI3Kα) and PIK-93 (for PI4Kβ) were tested in 10-dose IC50 mode with three-fold serial 

dilution starting at 1 μM while control compound staurosporine (for MINK1 and MAP4K4) was tested 

in 10-dose IC50 mode with four-fold serial dilution starting at 20 μM. AZD0156 was used as control for 

the ATM assay was tested in 10-dose IC50 with 3-fold serial dilution starting at 0.1 µM. Reactions were 

carried out at 10 μM ATP (for ATM also tested at 500 µM). A detailed description of the ADP-Glo 

assay is available online (https://www.promega.co.uk/products/cell-signaling/kinaseassays-and-kinase-
biology/adp-glo-kinase-assay/?catNum=V6930). 
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16. Minimum Inoculation of Resistance (MIR)

16.1 Drug preparation

Drug stocks were made at 10 mM and 1 mM in dimethyl sulfoxide (DMSO). Aliquots in use were 
stored at -20°C and long-term storage was at -80°C. All in vitro studies were done such that the final 
DMSO concentration was <0.5%.

16.2 Parasite culture

P. falciparum asexual blood stage (ABS) parasites were cultured at 2% hematocrit (HCT) in human 
RBCs in RPMI-1640 media, supplemented with 25 mM HEPES, 50 mg/L hypoxanthine, 2mM L-

glutamine, 0.21% sodium bicarbonate, 0.5% (wt/vol) AlbuMAXII (Invitrogen) and 10 μg/mL 

gentamycin, in modular incubator chambers (Billups-Rothenberg) at 5% O2, 5% CO2 and 90% N2 at 
37°C. Dd2 parasites were obtained from T. Wellems (NIAID, NIH). Dd2-B2 is a genetically 
homogenous line that was cloned from Dd2 by limiting dilution in the Fidock lab. 

16.3 Drug susceptibility assays

To define the IC50 of ABS parasites, Dd2-B2 ring-stage cultures at 0.3% parasitemia and 1% hematocrit 
were exposed for 72 hours to a range of ten drug concentrations that were 2-fold serially diluted in 
duplicates along with drug-free controls. Parasite survival was assessed by flow cytometry on an iQue 
flow cytometer (Sartorius) using SYBR Green and MitoTracker Deep Red FM (Life Technologies) as 
nuclear stain and vital dyes respectively.

17. In vitro ADME assays

17.1 Solubility

Solubility was performed using a miniaturized shake flask method. 10 mM stock solutions of each 
compound were used to prepare calibration standards (10-220 µM) in DMSO. The same 10mM stock 
solutions were accurately dispensed in duplicate into 96-well plates and the DMSO dried down (MiVac 

GeneVac, 90 min, 37 ˚C). Thereafter, the samples were reconstituted (200 µM) in aqueous solution and 

shaken (20 hours, 25 °C). The solutions were analysed by means of HPLC-DAD (Agilent 1200 Rapid 
Resolution HPLC with a diode array detector). Solubility was then determined using the peak areas of 
the aqueous samples and the best fit calibration curves constructed using the calibration standards.19
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17.2 LogD

The LogD assay was performed in triplicate using a shake-flask procedure. 10 mM stock solutions of 
each test compound were used to spike (100 µM) a 1:1 mixture of phosphate buffer (pH 7.4) and n-
octanol. The solutions were shaken vigorously (1500 rpm) on an orbital shaker for 3 hours at room 
temperature. Thereafter the samples were centrifuged in order to fully separate the two immiscible 
fluids. The samples were analyzed by HPLC-DAD (Agilent 1200 Rapid Resolution HPLC with a diode 
array detector) and the amount of compound in the buffer and n-octanol were used to determine the 
partition coefficient, LogD7.4.20 

17.3 In vitro Microsomal stability

The in vitro microsomal stability assay was performed in duplicate in a 96-well micro titre plate. The 
test compounds (1 µM) were incubated individually in mouse, rat and pooled human liver microsomes 
(final protein concentration of 0.4 mg/mL; XenoTech, Lenexa, KS), suspended in 0.1M phosphate 
buffer (pH 7.4) for predetermined time points, in the presence and absence of the cofactor NADPH (1 
mM). Reactions were quenched by adding 300 µL of ice-cold acetonitrile containing internal standard 
(carbamazepine, 0.0236 µg/mL). The samples were centrifuged and test in the supernatant were 
analyzed by means of LC-MS/MS (Agilent Rapid Resolution HPLC, AB SCIEX 4500 MS). The 
relative loss of parent compound over time was monitored and plots (concentration vs. time) were 
prepared per compound to determine the first order rate constant for compound depletion. This was in 
turn used to calculate half-life, in vitro intrinsic clearance and in vivo hepatic extraction ratio.21 

17.4 Plasma protein binding (PPB)

Plasma protein binding was determined by ultracentrifugation. In brief, pooled human plasma was 
spiked with test compound (5 µM) from a 10mM DMSO stock. An aliquot was immediately removed 
and quenched using ice cold acetonitrile containing internal standard (carbamazepine, 0.0236 µg/mL), 
and placed in the freezer. This served as the total concentration sample. After pre-incubation (37 °C for 
1 hour) duplicate aliquots of the spiked plasma were transferred to ultra-centrifugation tubes, and 
ultracentrifuged for 4 hours (42000 rpm, 37 °C, Beckman Optima L-80XP). The samples were then 
analysed by LC-MS/MS (Agilent Rapid Resolution HPLC, AB SCIEX 4500 QTRAP MS). Protein 
binding was then calculated by comparing analyte:peak area ratios of the ultracentrifuged sample to 
those of the total concentration sample.

17.5 Parallel artificial membrane permeability assay (PAMPA)

PAMPA method is used as an in vitro model of passive, trans- cellular permeability of drug-like 
compounds to screen for their oral absorption potential. Briefly, the PAMPA membrane filter is pre-
coated with 5% hexadecane in hexane artificial lipid solution using a 96-well plate. Test compounds (1 
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mM) diluted with pre-warmed buffer (at desired pH) were added to the donor compartment of the 
PAMPA membrane filter, at pH's representative of the gastro- intestinal tract. The plates are incubated 
at room temperature for 4 hours with gentle shaking (40-50 rpm). Papp is determined by detecting the 
appearance of the test compound in the acceptor compartment (pH 7.4) of the artificial membrane plate 
following 4 hours of incubation. The samples are analyzed using LC-MS/MS and peak area ratios are 
used to calculate the apparent permeability (Cyprotex, in house method sheet).

18. Mouse pharmacokinetic studies

18.1 Ethics

Animal studies were conducted at the Holistic Drug Discovery and Development (H3D) Centre Animal 
Research Facility, University of Cape Town (UCT). Ethical approval was granted by the UCT Animal 
Ethics Committee prior to study commencement (ethics approval reference number 022/004), and all 
procedures were performed in accordance with UCT’s animal ethics policies. Food and water were 
supplied ad libitum before and during the study.

18.2 Animal studies

Male BalbC mice were part of the Animal Unit located at the Division of Clinical Pharmacology, 
University of Cape Town, South Africa.  The intravenous dose was administered as a bolus injection 
through the penile vein as solutions formulated in Dimethylacetamide/Polyethylene 
glycocl/Polypropylene Glycol (10:30:60). The oral dose was administered to 3 animals as an aqueous 
suspension containing 0.5% (w/v) hydroxypropyl methylcellulose and 0.2% (v/v) Tween 80. Mice were 
not fasted overnight and were permitted access ad libitum to water.

18.3 Sample analysis

Blood samples were collected from mice into heparinised microcentrifugation tubes at 0.17 (IV only), 
0.5, 1, 3, 5, 8, 12, 24 hours after dosing and stored frozen (-80 °C) until analysis.

18.4 Bioanalytical method

The compound concentration was determined by LC-MS/MS.  Samples were thawed and extracted by 
protein precipitation using acetonitrile containing an internal standard.  The supernatant was then 
submitted for LC-MS/MS analysis. Calibration standards and quality controls prepared in drug-free 
whole mice blood were processed similarly. Elution of analytes was confirmed by multiple-reaction 
monitoring and compound concentrations were determined using the analyte response of the analytes 
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relative to the calibration curve. The accuracy, precision, and recovery for each compound were within 
acceptable limits.

18.5 Calculation of pharmacokinetic parameters

Pharmacokinetic parameters were calculated by non-compartmental analysis using PK Solutions 2.0 
(Summit Research Services, Montrose, CO, USA) using a method based on curve stripping.

19. In vivo efficacy and pharmacokinetics in malaria-infected humanized mice

19.1 Ethics

Animal studies were conducted at the Holistic Drug Discovery and Development (H3D) Centre Animal 
Research Facility, University of Cape Town (UCT). Ethical approval was granted by the UCT Animal 
Ethics Committee prior to study commencement (ethics approval reference number 021/015), and all 
procedures were performed in accordance with UCT’s animal ethics policies. Food and water were 
supplied ad libitum before and during the study.

19.2 P. falciparum infection of humanized mice

The antimalarial activity of 18 was determined in the P. falciparum-infected NSG mouse model, in 6- 
to 10-week-old, male NSG mice, weighing between 25 and 30 g, using methods previously 
described.22,23 Briefly, NSG mice were intravenously engrafted daily with prepared human erythrocytes 
for 10 days, then the mice were intravenously injected in the tail vein with 2 x 107 asynchronous 
Pf3D70087/N9-infected human erythrocytes (day 0). Pf3D70087/N9 is a chloroquine-sensitive strain that was 
developed and selected for infection in NSG mice at GlaxoSmithKline, Tres Cantos, Spain. The 
infection was left to establish for 3 days before commencement of treatment on day 3. The percentage 
of human erythrocytes was maintained above 50% with daily engraftments until the experimental 
endpoint on day 7 after infection.

19.3 Administration and blood sampling

Compound 18 was administered as a single dose as either 100, 50, 30, 10 or 3 mg/kg, starting on the 
third day after infection with P. falciparum. Whole-blood PK and efficacy samples were collected via 
tail vein bleeding into lithium heparin-coated tubes. PK blood samples were collected for each dosage 
group at 0.5, 1, 2, 4, 6, 24, 48, 72 and 96 h after administration on day 3. PK samples were stored at -
80°C until bioanalysis. Efficacy blood samples were collected before treatment for all experimental 
groups on days 3, 4, 5, 6, and 7. These samples were processed immediately after collection, and the 
percentage of infected human erythrocytes, or the parasitemia, and the percentage engraftment 
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measurements were determined by fluorescence-activated cell sorting using an Accuri C6 Plus flow 
cytometer and FlowJo 10.8 software (Becton, Dickinson and Company), as previously described.24 The 
relevant pharmacokinetic parameters for the oral groups are presented in Table S2. The efficacy result 
and the whole blood profiles obtained for the oral groups are graphically presented in Fig. 4 in the main 
manuscript.23 To determine the ED90 and AUCED90 values of 18 non-linear fitting to a sigmoid dose-
response curve of log10 of % parasitemia on day 7 following infection versus the dose and AUC(0-96) 
was used, respectively. Compound 18 showed an ED90 value of 4.6 mg/kg. The exposure levels 
responsible for the ED90 was 22.7 µM.h.

19.4 Pharmacokinetic–pharmacodynamic modeling. Nonlinear mixed effects modeling, in Monolix

2021R1 software (Lixoft), was used to develop a sequential PK-PD model for the total whole-blood 
concentration-time data for 18 after the efficacy study in the P. falciparum-infected NSG mouse model. 
Concentration values that were below the lower limit of quantification (LLOQ) of 2 ng/mL were 
censored in the PK analysis. The model parameters were estimated using stochastic approximation 
expectation maximization algorithm.25 A one compartment model with first-order absorption and 
elimination was used to describe the oral PK of 18. The rate of change in parasitemia was described by 
the direct effect pharmacodynamic model, which was sequentially modelled with population 
pharmacokinetic data. The compound EC50 was 7.50 ng/mL with a wide variation in the kill rate (Kkill) 
of parasites and the steepness (H) of the pharmacodynamic curve.

20. HPLC traces and NMR spectra of final compounds

• 1H NMR of Compound 5
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• HPLC trace of Compound 5
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• 1H NMR spectrum of Compound 6

• 13C NMR spectrum of Compound 6
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• HPLC trace of Compound 6
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• 1H NMR spectrum of Compound 7

• HPLC trace of Compound 7
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• 1H NMR spectrum of Compound 8

• HPLC trace of Compound 8
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• 1H NMR spectrum of Compound 9

• 13C NMR spectrum of Compound 9
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• HPLC trace of Compound 9



S36



S37

• 1H NMR spectrum of Compound 10

• 13C NMR spectrum of Compound 10
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• HPLC trace of Compound 10
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• 1H NMR spectrum of Compound 11

• 13C NMR spectrum of Compound 11
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• HPLC trace of Compound 11
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• 1H NMR spectrum of Compound 12

• HPLC trace of Compound 12
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• 1H NMR spectrum of Compound 13

• HPLC trace of Compound 13
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• 1H NMR spectrum of Compound 14

• HPLC trace of Compound 14



S49



S50

• 1H NMR spectrum of Compound 15

• 13C NMR spectrum of Compound 15
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• HPLC trace of Compound 15
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• 1H NMR spectrum of Compound 16

• 13C NMR spectrum of Compound 16
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• HPLC trace of Compound 16
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• 1H NMR spectrum of Compound 17

• 13C NMR spectrum of Compound 17
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• HPLC trace of Compound 17
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• 1H NMR spectrum of Compound 19

• 13C NMR spectrum of Compound 19



S60

• HPLC trace of Compound 19
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• 1H NMR spectrum of Compound 20

• 13C NMR spectrum of Compound 20
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• HPLC trace of Compound 20
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• 1H NMR spectrum of Compound 21

• 13C NMR spectrum of Compound 21
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• HPLC trace of Compound 21



S67



S68

• 1H NMR spectrum of Compound 22

• 13C NMR spectrum of Compound 22
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• HPLC trace of Compound 22
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• 1H NMR spectrum of Compound 23

• 13C NMR spectrum of Compound 23
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• HPLC trace of Compound 23
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• 1H and 13C NMR spectrum of Compound 24

• 13C NMR spectrum of Compound 24
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• HPLC trace of Compound 24
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• 1H NMR spectrum of Compound 25

• 13C NMR spectrum of Compound 25
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• HPLC trace of Compound 25
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• 1H NMR spectrum of Compound 26

• 13C NMR spectrum of Compound 26
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• HPLC trace of Compound 26
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• 1H NMR spectrum of Compound 27

• 13C NMR spectrum of Compound 27
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• HPLC trace of Compound 27
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• 1H NMR spectrum of Compound 28

• 13C NMR spectrum of Compound 28
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• HPLC trace of Compound 28
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• 1H NMR spectrum of Compound 29

• 13C NMR spectrum of Compound 29
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• HPLC trace of Compound 29
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• 1H NMR spectrum of Compound 30

• 13C NMR spectrum of Compound 30
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• HPLC trace of Compound 30
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