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Introduction

With an estimated 229 million cases and 409 000 related deaths in 2019, [START_REF]Years of Global Progress and Challenges[END_REF] malaria is still one of the most severe public health problems worldwide. In the two recent decades, malaria prevention and control strategies in endemic areas have allowed a net decrease in morbidity and mortality. However, many challenges, including drug and insecticide resistance, threaten the malaria control efforts. Indeed, decreased efficacy of artemisinin derivatives and new resistance to partner drugs in artemisinin combination therapies (ACTs), the frontline treatments for uncomplicated falciparum malaria, have led to the rising of treatment failures or delayed parasite clearance. [START_REF]Years of Global Progress and Challenges[END_REF][START_REF]Artemisinin Resistance and Artemisinin-Based Combination Therapy Efficacy[END_REF][START_REF] Who | Malaria Threat Map[END_REF] The discovery of novel Plasmodium molecular targets or original antimalarial agents with new mode of action are thus urgently needed to combat malaria. According to WHO's recommendation, useful antimalarial drugs must possess activity against multiple stages of the parasite's life cycle, be rapidly acting and highly efficacious. Highly desirable drugs should target in priority dormant malaria parasites from the liver and block the transmission of Plasmodium. [START_REF] Wells | Targeting the hypnozoite reservoir of Plasmodium vivax: the hidden obstacle to malaria elimination[END_REF][START_REF] Mazier | A pre-emptive strike against malaria's stealthy hepatic forms[END_REF][START_REF] Prudêncio | The silent path to thousands of merozoites: the Plasmodium liver stage[END_REF] We focused our attention on the Medicine for Malaria Venture "Malaria Box", a collection of 400 drug-like or probe-like compounds with activity against P. falciparum blood stage and having no significant toxicity to humans, which was made available to the international community to foster the antimalarial drug discovery. [START_REF] Spangenberg | The Open Access Malaria Box: A Drug Discovery Catalyst for Neglected Diseases[END_REF] We were interested in identifying compounds displaying activity against the erythrocytic and hepatic stages of Plasmodium. We also took into consideration their synthetic tractability. Indeed, synthetic ease and cost-of-goods should be relatively low to provide a medicine affordable for everyone. After data mining and visual inspection of the "Malaria Box", we have identified the quinazolinedione-based scaffolds, MMV665916 and MMV019066, that demonstrated interesting biological properties against multiple life cycle stages of the malaria parasite. They displayed potent parasite growth inhibitory activities (< 1 µM against different P. falciparum strains, including parasite lines with resistance to known antimalarials). They were active on liver stage (P. berghei-Luc IC50 < 0.1 µM) [START_REF] Swann | High-Throughput Luciferase-Based Assay for the Discovery of Therapeutics That Prevent Malaria[END_REF][START_REF] Voorhis | Open Source Drug Discovery with the Malaria Box Compound Collection for Neglected Diseases and Beyond[END_REF] by inhibiting parasite replication during exoerythrocytic-parasite stages development. [START_REF] Swann | High-Throughput Luciferase-Based Assay for the Discovery of Therapeutics That Prevent Malaria[END_REF] These quinazolinedione-based compounds showed a remarkable selectivity window with a low toxicity for human cells (MRC5 fibroblasts EC50 > 32 µM) and no cardiotoxicity risk (hERG inhibition). [START_REF] Voorhis | Open Source Drug Discovery with the Malaria Box Compound Collection for Neglected Diseases and Beyond[END_REF] However, pharmacokinetic issues were encountered for both quinazolinedione derivatives, and included poor overall exposure (AUC) and/or low to modest plasma Cmax. Key in vitro ADME properties might require improvements, such as protein binding and aqueous solubility, that could be a limiting factor for oral absorption, whereas a high liver metabolism might account for the poor exposure upon oral administration. 3.01 -Table 1. PK data were kindly given, personal communication with MMV.

We then carried out a structural optimization of the MMV665916 compound to improve its potency and address some of its in vitro and in vivo ADME liabilities, with a focus on improving metabolic stability. The structural modifications were focused on three regions: the Nbenzylamide part (region A), the linker (region B) and the quinazolinedione core (region C).

Rapid exploration of structure-activity relationships (SAR) was made possible due to the expedient synthesis and readily preparation of a variety of analogues. A total of twentyseven compounds were synthesized and the structure-activity relationship against erythrocytic stages of the P. falciparum FcB1 strain in culture was further explored. 

Results and Discussion

Chemistry

The different 3-substituted quinazoline-2,4-diones 5 and 6 were obtained by two different routes. An amino acid methyl ester hydrochloride salt 2, derived from -alanine or aminobutyric acid, readably synthesized from the corresponding amino acid 1 with thionyl chloride in MeOH, was coupled with anthranilic acid 3 in presence of HBTU in DMF. A second route involved the reaction of compound 2 with isatoic anhydride electrophile 4 in THF in the presence of DIPEA at 70°C. When the isatoic anhydride was not commercially available, it was readily accessible by cyclocondensation between the corresponding anthranilic acid and solid triphosgene in a mixture of MeCN/DCM. Next, the resulting N-alkyl-o-aminobenzamide intermediates were converted into the required N-alkylated quinazolinedione derivatives 5 and 6 by a sequential intermolecular aniline coupling with ethylchloroformate, followed by cyclization of the resulting carbamate upon treatment with NaOH at 70°C. Concomitantly, the ester function was saponified upon alkaline treatment. The resulting carboxylic acids were coupled with various aliphatic or aromatic amines to give the title compounds 7a-v and 8a-e. Among various peptide coupling agents screened, the system HBTU/DIPEA in DMF was the best condition for non-challenging amide bond formation. However, as soon as the amine counterpart was sterically hindered or poorly nucleophile, the COMU/DIPEA in DMF condition was the most efficient reagent combination to perform peptide coupling reaction. Finally, replacement of DMF by dioxane allowed the precipitation of the desired products which were easily purified by a simple filtration and wash procedure. Peptide bond isosteres. Next, we turned our attention to the synthesis of peptide bond isosteres, like sulfonamide and triazole motifs. [START_REF] Meanwell | Synopsis of Some Recent Tactical Application of Bioisosteres in Drug Design[END_REF][START_REF] Bachl | Amide-triazole isosteric substitution for tuning self-assembly and incorporating new functions into soft supramolecular materials[END_REF] The sulfonamide analogue 18 and the triazole derivatives 19 and 20 were readily prepared according to scheme 2. Their synthesis commenced with the preparation of azido precursors 12 and with the -aminosulfonamide derivative 15, obtained in 4 steps from taurine. [START_REF] Gennari | Hydrogen-Bonding Donor/Acceptor Scales in β-Sulfonamidopeptides[END_REF] The key reaction involved the formation of the quinazolinedione core, which was performed via a Lossen rearrangement and subsequent ring closure of N-tosyloxyphthalimide 10 in presence of various amine nucleophile, [START_REF] Sati | Facile Synthesis of 3-N -Alkyl Pyrimidin-2,4-diones from N -Sulfonyloxy Maleimides and Amines[END_REF] 

Biological activity and SAR studies

In vitro parasite growth inhibition assays were performed on the P. falciparum chloroquineresistant FcB1 (Columbia) strain. Single point (20 µM) percentage inhibition studies were first carried out for all compounds, followed by the determination of EC50 values using a 10-point dose-response assay, for the most interesting compounds (a cut-off value of > 60 % was chosen). Both experiments were run in duplicate.

Initial evaluation.

In general, increasing chain length of the linker in zone B led to a loss in potency (Table 2). For instance, compound 8a showed a 42-fold loss in inhibitory activity compared to the referent compound 7a. Switching from the pendant 2-methoxybenzylamine 7a to either the methoxyphenethylamine 7b or the o-anisidine 7c was not tolerated and led to a significant drop in potency. The replacement of the aromatic group with an aliphatic moiety such as isopentyl 7d or cyclopentyl 7e resulted in substantially inactive compounds. It is noteworthy that analogues with n = 0 are part of another cluster (MMV665878 series), which will not be discussed in this manuscript since this series might exhibit a different mode of action. Modification of the N-benzylamide moiety. The major metabolic pathway of compound 7a is predicted to be the O-demethylation of the 2-methoxybenzylamide moiety (Figure 1a, major site of metabolism highlighted in red). The O-demethylated putative metabolite, compound 7f, was synthesized and was found to be inactive (Table 3). This potential metabolic instability and poor activity of its probable metabolite encouraged us to carry on further efforts to replace this methoxy moiety with metabolically stable derivatives or bioisosteres. [START_REF] Meanwell | Synopsis of Some Recent Tactical Application of Bioisosteres in Drug Design[END_REF][START_REF] Meanwell | Fluorine and Fluorinated Motifs in the Design and Application of Bioisosteres for Drug Design[END_REF] Extending the chain length from methyl to ethyl 7g was not tolerated with a 14-fold loss in potency. Replacement of this point of metabolic vulnerability with alternative groups such as -OCHF2 7h, -OCF3 7i or by a chlorine substituent 7j was not tolerated and led to a significant drop in potency, suggesting that the OMe substituent is primordial for inhibitory activity. To minimize the oxidative metabolism of the aromatic anisole core, modulation of its electron density was also investigated. Fluorination on the aromatic ring, such as fluoroanisole 7k or difluoroanisole 7l was detrimental to activity (12-fold and 28-fold loss in potency, respectively). Moreover, the 3,5-dimethoxy arrangement 7m was inactive.

In addition, the benzylic proton is also predicted to be vulnerable to metabolic hydroxylation, whereas the amide bond should be susceptible to hydrolytic enzymes. To mitigate these metabolic hot spots, the steric bulk around both positions was increased by either capping the free NH with the N-methyl amide 7n or restricting the conformation of 7o. These modifications resulted in a significant drop in potency and suggested NH is important for binding. Replacing the anisole core with benzimidazole 7p or methylpyrazole 7q were also examined, but this scaffold hopping approach was inefficient. The substrate scope of the N-benzylamide part seems to be restricted to the 2methoxybenzylamide moiety. Modification of the quinazolinedione core. To overcome metabolic liabilities predicted at the C6 and C7 position of the quinazolinedione core (Figure 1a), electron-withdrawing substituents like bromine or fluorine atom were introduced in 7r-t compounds to block these metabolic soft spots and to reduce the electron density of the aromatic core. The addition of fluoro substituent to the 6-position 7r or 6 and 7-positions 7s on the aromatic portion of the quinazolinedione core gave disappointing results, with the inhibitory data showing EC50 values in the medium micromolar range (Table 4). The 6-bromo analogue 7t followed a similar trend with a loss in potency, suggesting a rather shallow binding pocket around the aromatic quinazolinedione core. Alternatively, as a way to mitigate oxidative metabolism, [START_REF] Lazzara | Scaffold-hopping as a strategy to address metabolic liabilities of aromatic compounds[END_REF] nitrogen heteroatom was incorporated into the phenyl ring giving the azaquinazolinedione derivative 7v, which led to a drop in inhibitory activity. Substituents in the aromatic portion were not pursued further. Pharmacomodulation of the different parts of the MMV665916 compound resulted in a marked decrease of the inhibitory activity. This rather disappointing SAR studies might highlight some lack of cellular penetration or poor aqueous solubility. It also questions the potential mode of action of this series.

Possible mode of action and molecular docking.

Towards the end of this project, by analyzing the P. falciparum resistome and druggable genome, Cowell et al. [START_REF] Cowell | Mapping the malaria parasite druggable genome by using in vitro evolution and chemogenomics[END_REF] has suggested a potential mode of action for MMV019066 (and by analogy for MMV665916) through the inhibition of the zinc-dependent farnesyltransferase PfFT enzyme (PF3D7_1147500). The protein farnesyltransferase catalyzes the transfer of a farnesyl group from a farnesyl pyrophosphate donor (FPP) to a cysteine residue within the tetrapeptide recognition sequence Ca1a2X (a = two small aliphatic amino acids, X is often Ser, Met, Ala, or Gln) located at the carboxyl terminus of a substrate protein, [START_REF] Sinensky | Recent advances in the study of prenylated proteins[END_REF] especially small GTP-binding proteins part of the Ras superfamily (Ras, Rac, Rho and Rab). These proteins regulate many cellular processes such as cell signal transduction, vesicle trafficking and cell cycle progression. [START_REF] Tamanoi | Farnesylated proteins and cell cycle progression[END_REF] However, their activation and function are dependent on farnesylation. Moreover, Ras mutations in human have been described in malignant transformation, invasion, and spread of cancer and are associated with 25-30% of all human cancers. 30 For these reason, inhibitors of protein farnesyltransferase have been developed as anticancer chemotherapeutic agents since the early 1990s and have been the focus of intense research in numerous pharmaceutical compagnies. [START_REF] Cox | Oncogene-Directed Therapies. Cancer Drug Discovery and Development[END_REF][START_REF] Haluska | Farnesyl transferase inhibitors as anticancer agents[END_REF][START_REF] Sebti | Farnesyltransferase and geranylgeranyltransferase I inhibitors and cancer therapy: Lessons from mechanism and bench-to-bedside translational studies[END_REF][START_REF] Appels | Development of Farnesyl Transferase Inhibitors: A Review[END_REF][START_REF] Moorthy | Farnesyltransferase Inhibitors: A Comprehensive Review Based on Quantitative Structural Analysis[END_REF] Later on, these farnesyltransferase inhibitors were found to be highly efficacious in the treatment of pathogenic protozoa such as Trypanosoma brucei and Plasmodium falciparum and the protein farnesyltransferase has emerged as a significant target for the development of novel generation of antimalarial agents. [START_REF] Eastman | Thematic review series: Lipid Posttranslational Modifications. Fighting parasitic disease by blocking protein farnesylation[END_REF][START_REF] Glenn | Structurally Simple Farnesyltransferase Inhibitors Arrest the Growth of Malaria Parasites[END_REF][START_REF] Glenn | Structurally Simple, Potent, Plasmodium Selective Farnesyltransferase Inhibitors That Arrest the Growth of Malaria Parasites[END_REF][START_REF] Nallan | Protein Farnesyltransferase Inhibitors Exhibit Potent Antimalarial Activity[END_REF][START_REF] Fletcher | Potent, Plasmodium-Selective Farnesyltransferase Inhibitors That Arrest the Growth of Malaria Parasites: Structure-Activity Relationships of Ethylenediamine-Analogue Scaffolds and Homology Model Validation[END_REF] In the absence of a crystal structure of P. falciparum farnesyltransferase (PfFT), only a homology model can be used through comparison with its mammalian orthologs. Indeed, numerous mammalian FTinhibitor co-crytsal structures are reported in the literature and almost all inhibitors bind to the Ca1a2X portion of the active site that is normally occupied by the protein substrate. As a result, FT and the inhibitor form a quaternary complex with FPP and the zinc ion. Only one ethylenediamine-scaffold-based inhibitor leads to a ternary complex by occupying both the FPP pocket and the Ca1a2X subsite and thereby preventing the binding of both substrates. [START_REF] Hast | Structural Basis for Binding and Selectivity of Antimalarial and Anticancer Ethylenediamine Inhibitors to Protein Farnesyltransferase[END_REF] In their mode of action study, Cowell et al. [START_REF] Cowell | Mapping the malaria parasite druggable genome by using in vitro evolution and chemogenomics[END_REF] proposed a potential binding mode for MMV019006 when docked to a homology model of the metalloenzyme PfFT. Surprisingly, the ligand would compete with the substrate FPP for the same hydrophobic space according to this model. Neither FPP nor the zinc (II) ion were present in the docking process. It has been shown, however, that FPP is required for the efficient binding of the ligand. [START_REF] Reid | Crystal Structures of the Anticancer Clinical Candidates R115777 (Tipifarnib) and BMS-214662 Complexed with Protein Farnesyltransferase Suggest a Mechanism of FTI Selectivity[END_REF] Instead of a competing binding mode, we propose here a cooperative binding mode that is achieved by docking MMV019006 or MMV665916 to a homology model of PfFT in the presence of FPP and the metal ion (Figure 2a). The most favorable binding mode for both ligands is very similar. One of the carbonyl groups of the heterocycle is complexed to the metal ion. In the case of MMV019006 the sulfur of the thienopyrimidine core is complexed to the metal ion, too. For both ligands, the hydrophobic parts of the aromatic moieties interact with the hydrophobic tail of FPP providing a potential explanation for the observed cooperativity. The methoxysubstituted aromatic ring performs a parallel-displaced Pi-Pi stacking with Trp452 (4.3 Å) of the enzyme. This interaction seems to be crucial since its disruption is likely to cause emergence of resistant clones to this pyrimidinedione series. Indeed, the A515V or A515T mutations led to a 57 to 80-fold loss in potency. [START_REF] Cowell | Mapping the malaria parasite druggable genome by using in vitro evolution and chemogenomics[END_REF] Molecular dynamic simulations (Figure 2b) show that the mutation A515V displaces Trp452 inward the CaaX binding site inducing a contraction of the active site and most likely perturbing the Pi stacking with the anisole moiety of both MMV compounds.

When three analogs of MMV665916 with the lowest EC50 values (7g, 7i, 7k) are docked to the ternary complex PfFT:Zn(II):FPP we observe similar binding modes as for MMV665916 (Figure 2c). All compounds display very similar ADVina docking scores (between -7.7 and -8.4 kcal/mol).The scores do not correlate with the EC50 values which is not a priori surprising. First, EC50 reflects only partially the energetics of binding. Second, given the complex metallo-environment of the binding site, more advanced free-energy calculations[doi.org/10.1038/s41598-020-80769-1] (with explicit water treatment and proper zinc parameters[DOI: 10.1002/prot.340230104]) would be necessary to obtain a better description of the energetics of binding.

Human farnesyltransferase has emerged as a potential therapeutic target against cancer in recent years[doi.org/10.1016/j.semcancer.2017.10.010]. When overlaying our model of PfFT with the crystal structure of human FT (PDB entry 1JCQ) we see that the active sites almost perfectly overlap (Figure 2d) and almost all residues in this site are conserved. The exception is Tyr361 (hFT) which overlays with Cys393 (PfFT). Cys393 forms the cavity for MMV665916 whereas Tyr361 interacts with Trp303 and thereby completely blocks this cavity. As a result the docking poses for MMV665916 and its analogs are very different when probed for interaction with hFT (data not shown). This indicates a different binding mode for hFT and PfFT and could potentially give rise to selectivity. Again, more experiments & sophisticated calculations would be required to address selectivity issues. 

Conclusion

We report herein the readily preparation of twenty-seven pyrimidinedione derivatives of MMV665916. These compounds were found to display antiplasmodial activity against the erythrocytic stages of the chloroquine resistant FcB1 Plasmodium falciparum strain in the low to medium micromolar concentration. Our best analogues, the ethoxy derivative 7g, the tifluoromethoxy 7i and the fluoro analogue 7k demonstrated the highest inhibitory activity with EC50 values around 5 µM. However, we did not manage to optimize this MMV665916 series and the SAR study led to a marked decrease of the inhibitory activity compared to the reference EC50 value of 0.4 µM. We also investigated the molecular docking of this pyrimidinedione series with its potential protein target, the farnesyltransferase PfFT enzyme and suggested a novel cooperative binding mode including FPP and the zinc ion. To improve the SAR study, it might be beneficial to base future modifications of MMV665916 on this new structural model of the docked ligand (that became available only towards the end of this project).
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Scheme 1 .

 1 Scheme 1. Synthesis of. Reagents and conditions: a) SOCl2, MeOH, 0°C to 70°C, 5h. b) Triphosgene, pyridine, MeCN : CH2Cl2 (4/1), 55°C, 24h. c) 2, HBTU, DIPEA, DMF, RT, 72h. d) 2, DIPEA, THF, 70°C, 18h. e) Ethylchloroformate, K2CO3, CH2Cl2, RT, 24h. f) NaOH, EtOH, 70°C, 20-48h. g) R-NH2, DIPEA, HBTU or COMU, DMF or dioxane, RT or 50°C, 48-72h.

Figure 2

 2 Figure 2. a) Binding mode of ligands MMV019006 (magenta) and MMV665916 (green) when docked to a model of PfFT (shown as white surface) in complex with a zinc (II) ion and FPP. Protein residues involved in the binding of the diphosphate of FPP and the metal ion are shown as thin sticks, as well as Trp452 that forms a pi-stacking interaction with the ligand. Hydrogen atoms are omitted; only polar hydrogens of the ligands are shown. b) Displacement of Trp452 due to the mutation A515V. The figure shows a time-averaged structure of the protein (cartoon model), metal ion (sphere), FPP (thin sticks) and residues 452 and 515 (thick sticks) in cyan (WT) or magenta (A515V). The time average was formed with 50 snapshots sampled during the last 50 ns of a 100 nslong molecular dynamics simulation. c) The top-ranked pose for 7g (white, score: -7.7 kcal/mol), 7i (yellow, -8.4) and 7k (orange, -8.0) when docked to the ternary complex PfFT:Zn(II):FPP. In addition the two top-ranked poses of MMV665916 (green, both with a score of -7.8) are shown. The analogs align with the best pose of MMV665916 (7i) or with the second-best pose (7g, 7k). d) Overlay of hFT (white) and the model of PfFT (silver). Residues in the active site are shown as thin sticks. Residue Tyr361 (hFT) and Cys393 (PfFT) and FPP are shown as colored, thick sticks.

  [START_REF] Obach | The Prediction of Human Pharmacokinetic Parameters from Preclinical and In Vitro Metabolism Data[END_REF] 

Table 2 .

 2 Initial hit expansion. a % inhibition @ 20 µM (in duplicate)

	Cmpd		
		n	R	EC50 FcB1 µM (%inh) a
	MMV665916, 7a	1		0.4 ± 0.1
	8a	2		16.9 ± 5.8
	7b	1		10.1 ± 7.2
	8b	2		7.7 ± 2.6
	7c	1		(53.1 ± 1.0)
	7d	1		> 25
	8d	2		>25
	7e	1		(32.9 ± 3.4)
	8e	2		(21.3 ± 3.2)

Table 3 .

 3 SAR exploration of the N-benzylamide part.

	Cmpd	
	NR 1 R 2	EC50 FcB1 µM (%inh) a
		0.4 ± 0.1
	MMV665916, 7a	
		(17.1 ± 6.6)
	7f	
		5.5 ± 0.7
	7g	(84.7 ± 4.6)
		32.0 ± 22.6
	7h	(63.8 ± 3.6)
		6.8 ± 2.5
	7i	(72.5 ± 4.1)
		37.5 ± 4.9
	7j	(56.0 ± 1.8)
		5.0 ± 1.41
	7k	(74.8 ± 2.7)
		11.3 ± 3.9
	7l	(68.3 ± 1.5)
		(28.0 ± 2.4)
	7m	
		(41.8 ± 6.8)
	7n	
	7o	(30.6 ± 2.8)
		(38.1 ± 0.3)
	7p	
	7q	(19.9 ± 1.8)

a % inhibition @ 20 µM

Table 4 .

 4 SAR exploration of the quinazolinedione core. The quinazolinedione skeleton is numebered in red. a % inhibition @ 20 µM Peptide bond isosters. The replacement of the scissile peptide bond of MMV665916 with nonhydrolyzable isosteric sulfonamide 18 and triazole 19 did not yield an effective surrogate of the parent amide system (Table5). However, the 1,4-disubstituted triazole surrogate 20 seemed to be the best isostere. Substitution at position-1 of the triazole should be more extensively studied, but the project was halted due to a rather flat SAR study.

	Cmpd				
		R 6	R 7	Y	EC50 FcB1 µM (% inh) a
	7a	H	H	CH	0.4 ± 0.1
	7r	F	H	CH	20 ± 18.4
					(65.4 ± 6.3)
	7s	F	F	CH	(40.5 ± 1.2)
	7t	Br	H	CH	(59.8 ± 0.7)
	7u	H	H	N	(52.4 ± 1.8)
	Cmpd				
			L		Inhibition % @ 20 µM
	18				21.7±5.5
	19				30.5±2.3
	20				68.85±4.05

Table 5 .

 5 SAR exploration of amide bioisosteres. Mean values from a minimum of two experiments

Tyr361 (hFT)Cys393 (PfFT)
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