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Abstract

ELQ-300 is a preclinical antimalarial drug candidate that is active against liver, blood, and 

transmission stages of Plasmodium falciparum. While ELQ-300 is highly effective when 

administered in a low multi-dose regimen, poor aqueous solubility and high crystallinity have 

hindered its clinical development. To overcome its challenging physiochemical properties, a 

number of bioreversible alkoxycarbonate ester prodrugs of ELQ-300 were synthesized. These 

bioreversible prodrugs are converted to ELQ-300 by host and parasite esterase action in the liver 

and bloodstream of the host. One such alkoxycarbonate prodrug, ELQ-331, is curative against 

Plasmodium yoelii with a single low dose of 3 mg/kg in a murine model of patent malaria 

infection. ELQ-331 is at least as fully protective as ELQ-300 in a murine malaria prophylaxis 

model when delivered 24 hours before sporozoite inoculation at an oral dose of 1 mg/kg. Here, we 

show that ELQ-331 is a promising prodrug of ELQ-300 with improved physiochemical and 

metabolic properties and excellent potential for clinical formulation.
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Introduction

Malaria is a potentially fatal parasitic infection that caused 214 million clinical cases and 

438,000 deaths in 2015.1 Endemic in 106 countries, most malaria infections occur in tropical 

and subtropical regions, and the African continent is home to 88% of the world’s cases. The 

vast majority (99%) of malaria deaths are due to Plasmodium falciparum, the species most 

common in sub-Saharan Africa.2 Most of the currently available antimalarial drugs require 

repeat dosing that can be difficult to achieve in areas with limited medical resources.3,4 

Interruptions in treatment regimens can lead to parasite recrudescence and drug resistance.5,6

A major global health challenge of today is the threat of widespread resistance to clinically 

available antimalarials. Since the discovery of chloroquine resistance in the mid twentieth 

century,7,8 malaria parasites have developed resistance to all antimalarials that have been 

approved for clinical use.5 Most recently in Southeast Asia, malaria parasites have 

developed tolerance to artesunate, the main component in some fast-acting artemisinin 

combination therapeutics (ACTs).9,10 To overcome widespread drug resistance, there is an 

urgent need for new antimalarials that are curative with a single dose, inexpensive to 

manufacture, easy to administer, and are active against all life cycle stages of multidrug-

resistant strains of malaria, particularly falciparum malaria.11,12

Recently, we reported a new class of antimalarial, the 4(1H)-quinolone-3-diarylethers, based 

on the structure of the early twentieth century antimalarial endochin.13 These endochin-like 

quinolones (ELQ) target the cytochrome bc1 complex of Plasmodium parasites.14,15 The 

Plasmodium cytochrome bc1 complex is also the target of atovaquone, one component of the 

FDA-approved antimalarial combination drug known as Malarone® (Fig. 1).16 Atovaquone 

is not feasible for widespread use because it is expensive to manufacture and Malarone® 

must be taken daily.7,17,18

Structural optimization of 4(1H)-quinolone-3-diarylethers led to preclinical drug candidate 

ELQ-300 (Fig. 1). ELQ-300 targets the highly divergent Qi-site of the cytochrome bc1 

complex and it has a low resistance propensity compared to atovaquone, which targets the 

widely conserved QO-site.19 ELQ-300 and atovaquone together provide strong dual-site 

inhibition of the P. falciparum cytochrome bc1 complex, and the combination is highly 

effective against patent malaria in mice.20

ELQ-300 is active against liver and blood stages of P. falciparum, as well as sexual and 

vector stage parasites.21 Oral absorption of ELQ-300 is limited by its high crystallinity and 

poor water solubility, preventing the achievement of bloodstream concentrations necessary 

to deliver single-dose cures, despite being extremely effective when administered in multiple 

low doses. To mitigate the poor physiochemical properties of ELQ-300, we have employed a 

prodrug approach.
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Prodrugs are chemically modified derivatives of drugs that are inactive until some biological 

process releases the pharmacologically active drug molecule in vivo. The prodrug approach 

is used extensively in drug design and development to improve pharmacokinetic, 

biopharmaceutical, and/or physiochemical qualities of an active drug molecule.22–25 Most 

recently we reported an ethyl carbonate prodrug of ELQ-300, ELQ-337 (Fig. 2), that shows 

reduced crystallinity compared to ELQ-300. ELQ-337 increases oral bioavailability of the 

parent molecule, as indicated by increased bloodstream concentrations of ELQ-300 when 

administered in prodrug form compared to administration of ELQ-300 alone.26

Here we present a new class of ELQ-300 prodrugs, the alkoxycarbonate esters (Fig. 2). 

These prodrugs are synthesized in one step and ELQ-300 is liberated as the active drug once 

host or parasite esterases cleave the promoiety (Fig. 3). Some alkoxycarbonate ester 

promoieties appear in FDA-approved prodrugs; ELQ-330 utilizes the same promoiety as 

Tenofovir disoproxil (Viread®), and ELQ-387 uses the same promoiety as Bacampacillin 

(Spectrobid®, Penglobe®).27, 28

Results and Discussion

Rationale for an alkoxycarbonate ester prodrug

We previously reported the synthesis and antiplasmodial profile of ELQ-337, a carbonate 

ester prodrug of ELQ-300 (Fig. 2).26 Melting point data suggest that attaching a promoiety 

to the 4-oxo position of ELQ-300 disrupts the drug’s tendency to form microcrystals with 

high lattice energy. We hypothesized that alkoxycarbonate ester promoieties would also 

reduce crystallinity and increase solubility of ELQ-300, facilitating higher bloodstream 

concentrations necessary to cure patent malaria infection at a single dose.

Chemical synthesis of alkoxycarbonate ester prodrugs

ELQ-330, ELQ-331, and ELQ-387 are synthesized in one step from ELQ-300 using 

potassium carbonate, tetrabutylammonium iodide (TBAI), and the respective chloromethyl 

alkoxycarbonate ester in dimethyl formamide (DMF) at 60°C. The conversion is complete 

overnight in high yield. The alkoxycarbonate ester prodrugs have significantly lower melting 

points than ELQ-300, indicating a reduction in crystallinity compared to ELQ-300, i.e., 

ELQ-300 decomposes at ~314°C, while ELQ-330, ELQ-331, and ELQ-387 melt at 99.7°C, 

103.5°C, and 135°C, respectively.

In vitro activity of alkoxycarbonate ester prodrugs of ELQ-300

ELQ-331 is equally as effective as ELQ-300 against P. falciparum-infected red blood cells 

while ELQ-330 and ELQ-387 are less potent than ELQ-300 (Table 1). Since ELQ-300 

prodrugs are themselves poor inhibitors of the P. falciparum cytochrome bc1 complex (Table 

2),26 the equipotency of ELQ-331 compared to ELQ-300 in vitro indicates that ELQ-331 is 

likely converted to ELQ-300 via esterase activity in parasite-infected red blood cells. 

ELQ-330 and ELQ-387 both show diminished antiplasmodial activity in vitro compared to 

ELQ-300, suggesting that these specific alkoxycarbonate ester promoieties are not as readily 

cleaved by parasite esterases as in the case of ELQ-331.
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In vivo efficacy of alkoxycarbonate ester prodrugs of ELQ-300 against murine malaria

In vivo experiments used a 4-day suppression test protocol in mice against P. yoelii, i.e., 

inoculation (day 0) followed by oral dosing on four sequential days, followed by 

microscopic inspection of Giemsa-stained blood smears on day 5 (Table 1). Like ELQ-300, 

four sequential low doses of ELQ-331 clear parasitemia; i.e., ED50= 0.02 mg/kg/day, ED90= 

0.05 mg/kg/day, and both ELQ-300 and ELQ-331 prevent parasite recrudescence at an oral 

dose of 1 mg/kg/day.

While ELQ-331 performs similarly to its parent drug ELQ-300 in a low multi-dose regimen, 

it far outperforms ELQ-300 as a single-dose cure. All three alkoxycarbonate ester prodrugs 

of ELQ-300 deliver single-dose cures at or below 5 mg/kg, and ELQ-331 cured all four 

animals at a low dose of 3 mg/kg. ELQ-300 itself has not provided a single-dose cure 

without parasite recrudescence, even with a 20 mg/kg dose, which is the solubility limit of 

ELQ-300 in the vehicle PEG-400.

In vivo 24 hour prophylaxis of ELQ-300 and ELQ-331 against murine malaria

Single doses of ELQ-300 and ELQ-331 in PEG400 were administered orally to mice one 

day prior to infection with 10,000 sporozoites via intravenous inoculation, at doses of 3, 1, 

or 0.1 mg/kg. At 24, 48, and 72 hours after sporozoite inoculation, in vivo imaging of all 

infected mice treated with ELQ derivatives or control preparations was conducted with an 

IVIS Spectrum (Perkin Elmer, Hanover, MD) to assess parasite burden in the liver (Fig. 4). 

To assess blood stage parasitemia, parasite counts were measured by flow cytometry for 30 

days. Atovaquone (2.5 mg/kg) and 4-methyl primaquine (5 mg/kg), which has 3-fold greater 

prophylactic efficacy compared to primaquine, were used as positive controls and a vehicle 

(PEG400) control group was also included as a negative control. All dosing solutions were 

prepared based on the body weight of mice. The minimum curative dose (ED100) is defined 

as the lowest dose that prevents the appearance of bloodstream parasites over the course of 

the 31-day study.

Previously published results demonstrated that ELQ-300 is fully protective against liver 

stage infection at doses as low as 0.03 mg/kg when dosed 1 hour prior to sporozoite 

inoculation.14 Dosing 24 hours prior to sporozoite inoculation, animals in the ELQ-300 

group had no detectable parasite burden in the liver at 3 and 1 mg/kg and no parasitemia in 

5/5 mice at 3 mg/kg and 4/5 mice at 1 mg/kg. One mouse in the 1mg/kg group had positive 

parasitemia at day 10. At 0.1 mg/kg 2/5 mice had a positive IVIS signal at 24 hours while 

5/5 had a positive IVIS signal at 48 hours. ELQ-331 demonstrated increased efficacy with an 

ED100 at 1 mg/kg, and at 0.1 mg/kg 0/5 mice had positive IVIS signal at 24 hours and 5/5 

had a positive IVIS signal at 48 hours. Taken together, these data demonstrate the superior 

efficacy of ELQ-331 relative to the parent molecule, ELQ-300, and highlight the potential of 

prodrug ELQ-331 for single-dose prophylaxis and cure of malaria.

In vitro inhibition of Plasmodium falciparum cytochrome bc1 complex

ELQ-300 is a potent inhibitor of the P. falciparum cytochrome bc1 complex, more potent and 

more target-selective than atovaquone.14 Prodrugs of ELQ-300 are themselves poor 

inhibitors of the P. falciparum cytochrome bc1 complex; ELQ-331 has an EC50 that is 
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10,000 times higher than that of ELQ-300 against isolated P. falciparum mitochondria (Table 

2). Because ELQ-331 shows nearly identical antiplasmodial activity to ELQ-300 in whole-

parasite and mouse models (Table 1), these data together indicate that ELQ-331 is 

enzymatically converted to ELQ-300, which is the active inhibitor.

In vitro metabolism of ELQ-331 to ELQ-300

ELQ-331 was incubated briefly with pooled human microsomes at 37°C in the presence or 

absence of NADPH to test for P450-independent metabolism. At various times over the 

course of one hour, samples were analyzed by LC-MS-MS to quantitate the amount of 

prodrug present as ELQ-300 was liberated. Midazolam was used as a control with low 

metabolic stability. In both NADPH +/− tests, ELQ-331 converted to ELQ-300 at the same 

rate, consistent with the notion that host esterases are responsible for the cleavage of the 

alkoxycarbonate ester promoiety to liberate ELQ-300 (Table 3). That the conversion of 

ELQ-331 to ELQ-300 is comparably slow in plasma (Table 4) suggests that hepatic esterases 

are primarily responsible for cleavage of the promoiety in vivo.

Mitochondrial toxicity of ELQ-300 and ELQ-331

HepG2 cells were grown in galactose containing medium (as opposed to glucose), 

circumventing the Crabtree Effect and forcing cell mitochondria to operate at full capacity, 

thus imposing a higher sensitivity to mitochondrial inhibitors. Neither ELQ-300 or ELQ-331 

inhibit or alter ATP production in HepG2 cells over a 72 hour incubation period at 

concentrations as high as 25 μM, more than 4000 times their IC50.

Conclusion

ELQ-300 is a promising preclinical drug candidate that is active against all life cycle stages 

of Plasmodium falciparum, but limitations in the physiochemical properties of ELQ-300 

(limited aqueous solubility and high crystallinity) prevent the achievement of bloodstream 

concentrations of ELQ-300 necessary to provide a single-dose cure. Here we synthesized 

three new bioreversible alkoxycarbonate ester prodrugs of ELQ-300 to facilitate greater oral 

bioavailability of ELQ-300. Of the three alkoxycarbonate ester prodrugs of ELQ-300, we 

proceeded with ELQ-331 based on its excellent anti-plasmodial activity in vitro and its 

favorably low melting point. In a murine model of patent malaria infection, ELQ-331 

delivered single-dose cures at a low dose of 3 mg/kg without any parasite recrudescence. 

Administered one day prior to inoculation with infectious sporozoites a single dose of 1 

mg/kg ELQ-331 fully protected animals from liver and bloodstream infection in a murine 

model of causal prophylaxis against malaria. In vitro metabolism data confirm that the 

promoiety of ELQ-331 is cleaved to return ELQ-300 as the active drug compound.

Looking ahead, we are evaluating the feasibility of formulating ELQ-331 in tablet form, 

perhaps coformulated with atovaquone.20 Because ELQ-331 exhibits a lower degree of 

crystallinity relative to ELQ-337 we feel that it can be readily formulated for clinical use 

with the aid of established formulation technology including spray dried dispersion (SDD) 

and self-emulsifying drug delivery systems (SEDDS).29, 30 Thus ELQ-331 is a prodrug that 

appears to be readily absorbed following oral administration and is converted to ELQ-300 by 

host esterases to achieve superior bloodstream exposure and prophylactic as well as curative 
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efficacy. Together, these findings indicate that ELQ-331 represents a promising new 

development toward a single-dose cure and protection against falciparum malaria.

Methods

Chemical Synthesis of ELQ-330

ELQ-300 (1.3 g, 2.7 mmol), tetrabutylammonium iodide (2.0 g, 5.5 mmol), and potassium 

carbonate (0.75 g, 5.5 mmol) were dissolved in anhydrous dimethylformamide (11 mL) in a 

flame-dried round bottom flask at 60°C under inert atmosphere. Chloromethyl isopropyl 

carbonate (0.7 mL, 5.5 mmol) was added dropwise and the reaction stirred under inert 

atmosphere at 60°C for two hours, until complete by thin layer chromatography. The 

reaction was cooled to room temperature and the reaction solvent evaporated under reduced 

pressure. The mixture was taken up in water (15 mL) and extracted with dichloromethane (3 

× 25 mL). Combined organic layers were washed with brine (15 mL) and concentrated. 

Purification by silica column chromatography (EtOAc/DCM) followed by recrystallization 

in boiling hexanes yielded the title compound, ELQ-330, as white fluffy crystals (1.61 g, 

72%). 1H NMR (400 MHz, CDCl3): δ 8.06 (s, 1H), 7.43 (s, 1H), 7.36 (m, 2H), 7.24 (s, 2H), 

7.11 (m, 4H), 5.27 (s, 2H), 4.04 (s, 3H), 2.52 (s, 3H), 1.22 (s, 3H), 1.20 (s, 3H); M.P. (°C): 

99.7-99.9; HRMS (ESI-TOF) m/z [M + H+]: Calculated for C29H26O7NClF3 592.13444; 

Found 529.13426 (0.30 ppm difference).

Chemical Synthesis of ELQ-331

ELQ-300 (0.85 g, 1.8 mmol), tetrabutylammonium iodide (1.33 g, 3.6 mmol) and potassium 

carbonate (0.50 g, 3.6 mmol) were dissolved anhydrous dimethylformamide (8 mL) in a 

flame-dried round bottom flask at 60 °C under inert atmosphere. Chloromethyl ethyl 

carbonate (0.5 g, 3.6 mmol) was added dropwise and the reaction stirred under inert 

atmosphere at 60 °C for two hours, at which point reaction completion was confirmed by 

thin layer chromatography. After cooling to room temperature, the reaction solvent was 

removed under reduced pressure and the mixture taken up in water (10 mL) and extracted 

with dichloromethane (3 × 20 mL). Combined organic layers were washed with brine (10 

mL), dried over MgSO4, and the dichloromethane evaporated under reduced pressure. The 

resulting crude product was purified by flash chromatography (EtOAc/Hex) to yield the title 

compound, ELQ-331, as a white crystalline solid (560 mg, 54 %). 1H NMR (400 MHz, 

DMSO-d6): δ = 7.98 (s, 1H), 7.57 (s, 1H), 7.44 (m, 4H), 7.21 (m, 4H), 5.76 (s, 2H), 5.35 (s, 

2H), 4.03 (s, 3H), 2.44 (s, 3H), 1.11 (t, 3H, J = 7.1 Hz); M.P. (°C): 103.5-103.7; HRMS 

(ESI-TOF) m/z [M + H+]: Calculated for C28H24O7NClF3 578.11879; Found 578.11872 

(0.12 ppm difference).

Chemical Synthesis of ELQ-387

Tetrabutylammonium iodide (0.15 g, 0.42 mmol), potassium carbonate (0.06 g, 0.42 mmol), 

and 1-chloroethyl ethyl carbonate (0.06 mL, 0.42 mmol) were dissolved in anhydrous 

dimethylformamide (5 mL) in a flame-dried round bottom flask at 70°C under inert 

atmosphere. ELQ-300 (0.10 g, 0.21 mmol) was added and the reaction stirred under inert 

atmosphere at 70°C for four hours, until complete by thin layer chromatography. The 

reaction was cooled to room temperature and the reaction solvent evaporated under reduced 
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pressure. The mixture was taken up in water (10 mL) and extracted with dichloromethane (3 

× 15 mL). Combined organic layers were washed with brine (15 mL) and concentrated. 

Purification by silica column chromatography (EtOAc/DCM) yielded the title compound, 

ELQ-387, as a white crystalline solid (39 mg, 32%). 1H NMR (400 MHz, DMSO-d6): δ = 

8.03 (s, 1H), 7.54 (s, 1H), 7.44 (m, 3H), 7.25 (m, 2H), 7.20 (m, 2H), 5.83 (q, 1H, J = 5.4 

Hz), 4.02 (s, 3H), 3.79 (m, 2H), 2.44 (s, 3H), 1.19 (d, 3H, J = 5.3 Hz), 0.88 (t, 3H, J = 7.1 

Hz); M.P. (°C): 135.0-135.7; HRMS (ESI-TOF) m/z [M + H+]: Calculated for 

C29H26O7NClF3 592.13444; Found 529.13458 (0.24 ppm difference).

In vitro metabolic stability assay

Controls and ELQ-331 were incubated at 37°C in a reaction mixture containing microsomal 

protein in 100 mM potassium phosphate, 3 mM MgCl2 and with or without 2mM NADPH at 

pH 7.4. At various times after beginning incubations, aliquots were removed and mixed with 

ice-cold stop solution of methanol and an internal standard to prevent further metabolism. To 

quantify the amount of unmetabolized parent drug at each time point, samples were 

centrifuged and the supernatants were analyzed using liquid chromatography/mass 

spectrometry (LC-MS-MS). Half-life (T1/2) was determined by fitting the data to a first-

order decay model, and intrinsic clearance (CLint) is dependent on half-life and 

concentration of protein, calculated as: CLint= ln2/(T1/2[microsomal protein]).

Plasmodium falciparum isolation and culture

Laboratory strains of P. falciparum were cultured in human erythrocytes by standard 

methods.31 The parasites were grown in culture medium with fresh human erythrocytes 

maintained at 2% hematocrit at 37°C in low-oxygen conditions (5% O2, 5% CO2, 90% N2).
32 The culture medium used was RPMI-1640 with 25 mg/L gentamicin sulfate, 45 mg/L 

Albumax II, 10 mM glucose, and 25 mM HEPES buffer. Cultures were maintained at less 

than 10% parasitemia by transfer of infected cells to fresh erythrocytes and culture medium 

every 3 or 4 days.

In vitro drug sensitivity

In vitro antimalarial activity was measured using the SYBR Green I fluorescence-based 

assay.32,33 ELQ-330, ELQ-331, and ELQ-387 were evaluated for antiplasmodial activity 

with chloroquine and ELQ-300 as controls. Experiments were set up in triplicate in 96-well 

plates with a total 100 μL total volume per well with 2% hematocrit, 0.2% parasitemia, and 

drug dilutions between 0.25 and 250 nM in complete culture medium described above. The 

plates were incubated at 37°C in low-oxygen conditions described previously for 72 hours, 

at which point 100 μL of fluorescent dye-detergent mixture (0.2 μL SYBR Green I : 1 mL 

lysing buffer) was added and the plates incubated in the dark at room temperature for one 

hour. After incubation with the fluorescent dye, a 96-well plate reader with excitation 

wavelength set at 497 nm, and emission at 520 nm was used to measure fluorescence of each 

well. Fluorescence readings were plotted as a function of drug concentration, and curve 

fitting by nonlinear regression analysis (Graphpad Prism software package) gave calculated 

drug concentration that gave 50% reduction in fluorescence compared to drug-free controls 

(50% inhibitory concentration, IC50).
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In vivo efficacy against murine malaria

The in vivo efficacy of ELQ-331 was determined against blood-stage Plasmodium yoelii 
using a modified 4-day test.34 Female mice (Charles River Laboratories) were infected 

intravenously with 50,000 P. yoelii parasitized erythrocytes from a donor animal (Kenya 

MR4 MRA-428). One day after inoculation, drugs (dissolved in PEG-400, chloroquine as 

positive control) were administered by oral gavage once daily for 4 successive days. Five 

days after inoculation, percent parasitemia was calculated by examination of Giemsa-stained 

blood smears.

In vivo single dose efficacy against murine malaria

Female mice (Charles River Laboratories) were infected intravenously with 50,000 P. yoelii 
parasitized erythrocytes from a donor animal (Kenya MR4 MRA-428). One day after 

inoculation, drugs (dissolved in PEG-400, chloroquine as positive control) were 

administered by oral gavage. Five days after inoculation, blood smears were prepared for 

study animals (4 per group) and stained with Giemsa to assess percent parasitemia. Animals 

that remained parasite-free for 30 days following inoculation were considered cured of 

infection.

In vivo prophylaxis against murine malaria

Female 6-week-old C57BL/6 albino mice were obtained from Charles River Laboratories 

(Charles River Lab, MA). On arrival, the animals were acclimated in quarantine for 7 days. 

Mice were thus at 7 weeks of age at the initiation of these experiments. The animals were 

housed singly in a cage maintained in a room with a temperature range of 18-26 °C, 34-68% 

relative humidity and a 12-h light/dark cycles. Standard rodent maintenance food was 

provided ad libitum during quarantine and throughout the study. All animal research was 

conducted in compliance with federal statutes, Army regulations, and the Animal Welfare 

Act principles stated in the Guide for the Care and Use of Laboratory Animals, NRC 

Publication, 2011 edition.

In vivo imaging system (IVIS) studies—In vivo imaging studies of rodents infected 

with luciferase expressing P. berghei mice were conducted, as described previously, using a 

Perkin Elmer IVIS Spectrum. Bioluminescence assessments were conducted on all animals 

at 24, 48, and 72 hours after 10,000 of sporozoites injection. To conduct in vivo imaging 

studies, mice were injected intraperitoneally with 150 μL of luciferin at a concentration of 

150 mg/kg body weight (Gold Biotechnology, St. Louis, MO). Three minutes after luciferin 

IP injection, the mice were anesthetized using inhaled isoflurane and positioned ventral side 

upon a heated platform inside the IVIS instrument. The mice were administered isoflurane 

through nose cones throughout the IVIS imaging study. The IVIS camera exposure times 

utilized were 1 and 5 minutes for the 24, 48, and 72 hour time points with a large binning 

setting and an f-stop = 1. The IVIS Living Image software (version 4.0) was used to 

quantitate the bioluminescence in photons per second observed from the whole animal or the 

liver region. 3-D bioluminescent imaging tomography was performed using sequential 

images taken with filters ranging from 580 to 660 nm.35
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Drug dosing and formulations—All drug solutions were prepared fresh before drug 

administration by dissolving the needed quantity of drug in cold (4°C) 0.5% (w/v) 

hydroxyethyl cellulose and 0.2% (v/v) Tween-80 (0.5% HECT) or PEG400. If needed, drugs 

were ground using a ProScientific 300D homogenizer and the particle size was measured 

using a Horiba LA-950V2 particle size analyzer. Formulations of ELQ-300 and ELQ-331 

were prepared in PEG400 and administered orally (PO) at 3, 1, and 0.1 mg/kg one day prior 

to animal infections. Atovaquone was dissolved in 0.5% HECT and was administered PO at 

2.5 and 5 mg/kg on day-1 before infections or at 2.5 mg/kg on days -1, 0, and 1 post 

infections. A vehicle control (PEG400) or HECT group was included as a negative control in 

both studies. Positive control consisted on three doses of 4-methyl primaquine which was 

dissolved in 0.5% HECT and was given at 5 mg/kg on days -1, 0, and 1 post infections. All 

dosing solutions were given based on mice body weight measured on the day before 

infections took place.

Flow cytometry (FCM)—Starting at 6 days after infection, all mice were assessed for 

blood stage parasitemia which was quantitated using flow cytometry conducted with an 

FC500 MPL flow cytometer (Beckman Coulter, Fullerton, CA). The green photomultiplier 

tube and filter setting were used for these studies (520-555 nm filter settings for the green 

PMT and greater than 580 nm settings for the red PMT). Infected erythrocytes, uninfected 

erythrocytes, and leukocytes were gated on logarithmic forward/side dot plots. The method 

of FCM sample preparation has been previously described previously.36, 37 In brief, a small 

3 μl sample of blood was obtained from the tails of all mice. The blood was transferred into 

0.3 ml of 1% heparinized isotonic buffer (PBS saline). 1 ml of 0.04% of glutaraldehyde was 

added to fix each sample, and samples were incubated for 60 minutes at 4°C followed by 

centrifugation at 450 g for 5 minutes. The supernatant was removed by aspiration, and the 

cells were re-suspended in 0.5 ml PBS buffer supplemented with 0.25% (v/v) Triton X-100 

for 10-minute incubation at room temperature. After centrifugation, the permeabilized cells 

were re-suspended in 0.5 ml of RNAase at 1 mg/ml concentrations and incubated for at least 

2 hours at 37°C to ensure complete digestion of reticulocytes which are at high 

concentrations due to anemia associated with P. berghei infection. 20 μL of YOYO-1 dye at 

a concentration of 2500 ng/ml was added to the 0.5 ml sample volume to create a final dye 

concentration of 100 ng/mL of YOYO-1. Parasitemia was monitored for up to 31-days post 

infections. Blood samples for parasitemia determination were taken every week or prior to 

euthanizing the animals sick with malaria that were being removed from the study. Mice that 

tested negative for parasitemia on day 31 post infection were considered cured. The 

minimum curative dose (ED100) in 100% of animals dosed was defined as the lowest dose 

which cured all animals for the entire 31-days follow-up period.

Isolation of P. falciparum mitochondria and ubiquinol cytochrome c oxidoreductase assay

Plasmodium falciparum mitochondria were isolated using the protocol developed by Mather, 

et. al.38 To measure ubiquinol-cytochrome c oxidoreductase activity, mitochondria were 

diluted and dispersed in 2 mg/mL n-dodecyl β-D-maltoside. After 45 minute incubation at 

0°C, the mixture was centrifuged for 5 minutes at 10000 g. Enzymatic activity was measured 

using a UV/visible (Agilent 8453 diode array) spectrophotometer measuring absorbance at 

550 nm with single reference wavelength 542 nm over 80 seconds at 30°C. The reaction 

Frueh et al. Page 9

ACS Infect Dis. Author manuscript; available in PMC 2018 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



buffer (pH = 8.0) used was 50 mM Tricine, 100 mM KCl, 4 mM NaN3, 50 μM cytochrome 

c, 0.1 mg/mL n-dodecyl β-D-maltoside. Background cytochrome c reductase measurements 

were recorded after addition of decylubiquinol (prepared by reduction of decylubiquinone 

with sodium borohydride followed by neutralization with HCl) to the reaction buffer for 

5-10 seconds. After this short time, 4 μL mitochondria were added to the cuvette and the 

reaction was left to proceed for the remaining 80 seconds of data collection. Activity was 

calculated as the fractional activity of enzyme under inhibitory conditions relative to 

uninhibited enzyme.

Mitochondrial toxicity of ELQ-300 and ELQ-331

The mitochondrial toxicity of ELQ-331 and relevant controls were tested in triplicate against 

human HepG2 cells using the Promega CellTiter-Glo Kit as described by Swiss and Will in 

2011.39 HepG2 cells (ATCC) were plated at 10,000 cells per well in 96-well plates. In a 

standard 96-well plate, compound and standard dilutions were made in DMSO. 4 μL of 

compound or standard dilutions were added to 396 μL of glucose or galactose medium in 

standard 96-well plates. After removing media from the cell plates, 100 μL of the medium/

compound mixture was added per well and the plates were incubated for 72 hours at 37°C at 

5% CO2. After incubation, Promega CellTiter-Glo Kit reagents were prepared according to 

manufacturer instructions, and 50 μL was added to each well. After incubating for 30 

minutes at room temperature, the luminescent signal was measured using a plate reader.
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Figure 1. 
Structures of ELQ-300 and the components of Malarone®, atovaquone and proguanil.
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Figure 2. 
Structures of ELQ-300 prodrugs, including carbonate ester prodrug ELQ-337 and novel 

alkoxycarbonate ester prodrugs ELQ-330, ELQ-331, and ELQ-387.
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Figure 3. 
Chemical synthesis and biological cleavage of alkoxycarbonate ester prodrugs of ELQ-300. 

ELQ-330: R1=H, R2=CH3; ELQ-331: R1=H, R2=H; ELQ-387: R1=CH3, R2=H.
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Figure 4. 
Whole animal bioluminescence imaging of C57BL/6 albino mice infected with 10,000 

luciferase-transfected P. berghei sporozoites. Mice (n = 5 per group) were treated with 

different doses of ELQ-300, prodrug ELQ-331, or atovaquone according to different dosing 

regimens: Panel A) ELQ-300 and ELQ-331 were administered respectively at 0.1, 1, and 3 

mg/kg one day before sporozoite inoculation, and Panel B) Atovaquone was administered at 

2.5 mg/kg on days -1, 0, and 1 post infections and at 2.5 and 5 mg/kg on the day before 

sporozoite inoculation. The bioluminescent signal represents the parasite burden over the 

body surface area where the red/bright yellow regions represent the most intense signal, 

followed by green and then blue which represents the weakest signal. A value reflecting the 

percentage suppression of parasite burden relative to controls at the same time point and 

based on overall bioluminescence signal appears below in vivo images of each group of 

animals. √ = Days in which drugs were administered.
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Table 2

Inhibition of isolated P. falciparum cytochrome bc1.

Compound
P. falciparum cytochrome bc1

EC50 (nM)
Human cytochrome bc1

EC50 (nM)

Atovaquone 2.0a 460a

ELQ-300 0.56a >10,000a

ELQ-337 10,000b >10,000

ELQ-331 5,300 >10,000

a
Data for atovaquone and ELQ-300 from Nilsen, et al.14

b
Data for ELQ-337 from Miley, et al.26
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Table 4

In vitro plasma metabolism assays for ELQ-331

Compound Test Conc
(μM) Test Species

T1/2
(min)

Comment

ELQ-331 1.0 Human >120 slow conversion to ELQ-300 followed by LC-MS/MS

Propantheline bromide 1.0 Human 37.5 Esterase substrate
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