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Introduction

Despite encouraging wide-scale reduction in malaria incidence and mortality rates, malaria is still one of the most severe public health problems worldwide. It is a leading cause of death and disease in many developing countries particularly in young children. According to the WHO world malaria report 2018, there were an estimated 219 million cases of malaria and 435 000 related deaths in 2017. [1] The regular emergence of antimalarial drugs resistance threatens the global malaria control and elimination effort, especially since artemisinin-resistant strains of Plasmodium falciparum were observed in the Greater Mekong region. [START_REF] Dondorp | Artemisinin Resistance in Plasmodium falciparum Malaria[END_REF] There is an urgent need for the discovery of novel Plasmodium molecular targets and original antimalarial agents with new modes of action to combat malaria.

P. falciparum proteases have appeared as promising targets for the development of new classes of therapeutic agents against malaria. They are involved in a number of vital pathways which are essential for parasite survival: red blood cell (RBC) invasion, hemoglobin (Hb) degradation, egress. [START_REF] Mishra | Structural Insights Into Key Plasmodium Proteases as Therapeutic Drug Targets[END_REF] Among these pathways, Hb degradation provides amino acids necessary to the metabolism and survival of the parasites inside erythrocytes [START_REF] Liu | Plasmodium falciparum ensures its amino acid supply with multiple acquisition pathways and redundant proteolytic enzyme systems[END_REF][START_REF] Elliott | Four distinct pathways of hemoglobin uptake in the malaria parasite Plasmodium falciparum[END_REF][START_REF] Krugliak | Intraerythrocytic Plasmodium falciparum utilizes only a fraction of the amino acids derived from the digestion of host cell cytosol for the biosynthesis of its proteins[END_REF][START_REF] Goldberg | Malaria: Drugs, Disease and Post-Genomic Biology[END_REF], and also reduces the colloidosmotic pressure within the host RBCs and thus preventing their premature lysis. [START_REF] Lew | Excess hemoglobin digestion and the osmotic stability ofPlasmodium falciparum-infected red blood cells[END_REF][START_REF] Lew | Excess haemoglobin digestion by malaria parasites: a strategy to prevent premature host cell lysis[END_REF] One of these attractive protease targets is the Plasmodium falciparum M1 aminopeptidase, PfA-M1. This zinc-dependent metallo-aminopeptidase, belonging to the M1 family of aminopeptidases, catalyzes the cleavage of amino-acids at the N-terminus of peptides and plays a major role in the Plasmodium life cycle. [START_REF] Harbut | Bestatin-based chemical biology strategy reveals distinct roles for malaria M1-and M17-family aminopeptidases[END_REF][START_REF] Azimzadeh | Plasmodium falciparum PfA-M1 aminopeptidase is trafficked via the parasitophorous vacuole and marginally delivered to the food vacuole[END_REF][START_REF] Allary | Properties, stage-dependent expression and localization of Plasmodium falciparum M1 family zinc-aminopeptidase[END_REF][START_REF] Ragheb | Distribution and Biochemical Properties of an M1-family Aminopeptidase in Plasmodium falciparum Indicate a Role in Vacuolar Hemoglobin Catabolism[END_REF][START_REF] Kitjaroentham | Effect of metalloprotease inhibitors on invasion of red blood cell by Plasmodium falciparum[END_REF][START_REF] Florent | A Plasmodium falciparum aminopeptidase gene belonging to the M1 family of zinc-metallopeptidases is expressed in erythrocytic stages[END_REF][START_REF] Nankya-Kitaka | Plasmodium chabaudi chabaudi and P. falciparum : inhibition of aminopeptidase and parasite growth by bestatin and nitrobestatin[END_REF][START_REF] Gavigan | The role of aminopeptidases in haemoglobin degradation in Plasmodium falciparum-infected erythrocytes[END_REF][START_REF] Dalal | Roles for Two Aminopeptidases in Vacuolar Hemoglobin Catabolism in Plasmodium falciparum[END_REF] It has been mainly involved during asexual blood stage development in the last step of hemoglobin breakdown by hydrolyzing dipeptides into essential amino-acids. Contrary to other endopeptidases also involved in this Hb digestion, PfA-M1 is encoded by a single copy gene (MAL13P1.56 or PF3D7_1311800) [START_REF] Trenholme | Aminopeptidases of Malaria Parasites: New Targets for Chemotherapy[END_REF][START_REF] Gardner | Genome sequence of the human malaria parasite Plasmodium falciparum[END_REF][START_REF] Aurrecoechea | PlasmoDB: a functional genomic database for malaria parasites[END_REF] and possesses non-redundant function with no overlapping substrate specificity with other hemoglobinases [START_REF] Goldberg | Malaria: Drugs, Disease and Post-Genomic Biology[END_REF][START_REF] Banerjee | Four plasmepsins are active in the Plasmodium falciparum food vacuole, including a protease with an active-site histidine[END_REF][START_REF] Grellier | Discovery of new targets for antimalarial chemotherapy[END_REF]. The disruption of PfA-M1 gene has been unsuccessful until now, suggesting that this protease is important for parasite growth/multiplication. [START_REF] Dalal | Roles for Two Aminopeptidases in Vacuolar Hemoglobin Catabolism in Plasmodium falciparum[END_REF][START_REF] Trenholme | Aminopeptidases of Malaria Parasites: New Targets for Chemotherapy[END_REF][START_REF] Skinner-Adams | Identification of Phosphinate Dipeptide Analog Inhibitors Directed against the Plasmodium falciparum M17 Leucine Aminopeptidase as Lead Antimalarial Compounds[END_REF][START_REF] Klemba | A Plasmodium falciparum Dipeptidyl Aminopeptidase I Participates in Vacuolar Hemoglobin Degradation[END_REF] Moreover, in P. berghei most proteases involved in the Hb degradation pathway could be deleted except the orthologues of P. falciparum falcilysin and PfA-M1. [START_REF] Lin | Replication of Plasmodium in reticulocytes can occur without hemozoin formation, resulting in chloroquine resistance[END_REF] According to omics data (Table S1), PfA-M1 has been reported in other developmental different stages of the parasite's life cycle, as it is expressed in merozoite, gametocyte and insect stages. [START_REF] Florent | A Plasmodium falciparum aminopeptidase gene belonging to the M1 family of zinc-metallopeptidases is expressed in erythrocytic stages[END_REF][START_REF] Weißbach | Transcript and protein expression analysis of proteases in the blood stages of Plasmodium falciparum[END_REF][START_REF] Florens | A proteomic view of the Plasmodium falciparum life cycle[END_REF][START_REF] Lasonder | Proteomic Profiling of Plasmodium Sporozoite Maturation Identifies New Proteins Essential for Parasite Development and Infectivity[END_REF][START_REF] Silvestrini | Protein Export Marks the Early Phase of Gametocytogenesis of the Human Malaria Parasite Plasmodium falciparum[END_REF][START_REF] Florens | Proteomics approach reveals novel proteins on the surface of malaria-infected erythrocytes[END_REF][START_REF] Hall | A Comprehensive Survey of the Plasmodium Life Cycle by Genomic, Transcriptomic, and Proteomic Analyses[END_REF][START_REF] Lasonder | Analysis of the Plasmodium falciparum proteome by high-accuracy mass spectrometry[END_REF][START_REF] Lindner | Total and Putative Surface Proteomics of Malaria Parasite Salivary Gland Sporozoites[END_REF][START_REF] Lamarque | Food vacuole proteome of the malarial parasite Plasmodium falciparum[END_REF] Besides its involvement in Hb digestion, PfA-M1 might thus also play alternative roles in RBC invasion, egress or during gametogenesis. [START_REF] Harbut | Bestatin-based chemical biology strategy reveals distinct roles for malaria M1-and M17-family aminopeptidases[END_REF][START_REF] Allary | Properties, stage-dependent expression and localization of Plasmodium falciparum M1 family zinc-aminopeptidase[END_REF][START_REF] Ragheb | Distribution and Biochemical Properties of an M1-family Aminopeptidase in Plasmodium falciparum Indicate a Role in Vacuolar Hemoglobin Catabolism[END_REF][START_REF] Dalal | Roles for Two Aminopeptidases in Vacuolar Hemoglobin Catabolism in Plasmodium falciparum[END_REF] Given these results, PfA-M1 seems to be an essential protein and hence, a very attractive validated target for the development of novel antiplasmodial drugs. [START_REF] Mishra | Structural Insights Into Key Plasmodium Proteases as Therapeutic Drug Targets[END_REF][START_REF] Trenholme | Aminopeptidases of Malaria Parasites: New Targets for Chemotherapy[END_REF][START_REF] Gonzalez-Bacerio | Plasmodium falciparum M1-Aminopeptidase: A Promising Target for the Development of Antimalarials[END_REF][START_REF] Skinner-Adams | Plasmodium falciparum neutral aminopeptidases: new targets for anti-malarials[END_REF] In addition, blocking PfA-M1 catalytic activity with low molecular weight inhibitors is fatal for the parasite without major toxicities for the host. [START_REF] Nankya-Kitaka | Plasmodium chabaudi chabaudi and P. falciparum : inhibition of aminopeptidase and parasite growth by bestatin and nitrobestatin[END_REF][START_REF] Mcgowan | Structural basis for the inhibition of the essential Plasmodium falciparum M1 neutral aminopeptidase[END_REF] Most of the PfA-M1 inhibitors (Table 1) consist of tetrahedral intermediate mimics, such as the well-known aminopeptidase inhibitor bestatin 1, or as phosphinic acid 2, or zinc-chelating group inserted in a peptide-like scaffold, such as hydroxamic acids 3-5. Despite demonstrating nanomolar to submicromolar activities in vitro on the enzyme, these compounds were usually 100 to 1000 fold less potent on in cellulo parasite growth inhibition assay (table 1). Only, a handful of PfA-M1 inhibitors (1, 2 and 4) have been evaluated in vivo and demonstrated a reduction or suppression of the parasitaemia in murine models. [START_REF] Skinner-Adams | Identification of Phosphinate Dipeptide Analog Inhibitors Directed against the Plasmodium falciparum M17 Leucine Aminopeptidase as Lead Antimalarial Compounds[END_REF][START_REF] Skinner-Adams | The Aminopeptidase Inhibitor CHR-2863 Is an Orally Bioavailable Inhibitor of Murine Malaria[END_REF] However, their frequent lack of selectivity regarding other metallo-aminopeptidase families remains problematic. Indeed, most inhibit more potently PfA-M17, a bimetallic aminopeptidase, which is also considered as a promising antimalarial target. [START_REF] Skinner-Adams | Plasmodium falciparum neutral aminopeptidases: new targets for anti-malarials[END_REF][START_REF] Mcgowan | Structural basis for the inhibition of the essential Plasmodium falciparum M1 neutral aminopeptidase[END_REF][START_REF] Zervoudi | Probing the S1 specificity pocket of the aminopeptidases that generate antigenic peptides[END_REF][START_REF] Stack | Characterization of the Plasmodium falciparum M17 Leucyl Aminopeptidase a protease involved in amino acid regulation with potential for antimalarial drug development[END_REF] This dual activity is a valuable asset in today's malaria eradication context, but it questions the relative involvement and importance of each enzyme in the parasite biology.

In this context, our research group has previously described the development of potent and selective aminobenzosuberone-based inhibitors of APN/CD13 [START_REF] Albrecht | Amino-benzosuberone: A novel warhead for selective inhibition of human aminopeptidase-N/CD13[END_REF][START_REF] Maiereanu | A novel aminobenzosuberone derivative is a picomolar inhibitor of mammalian aminopeptidase N/CD13[END_REF][START_REF] Schmitt | Selective aminopeptidase-N (CD13) inhibitors with relevance to cancer chemotherapy[END_REF], a human M1 aminopeptidase involved in angiogenesis and tumor metastasis. [START_REF] Pasqualini | Aminopeptidase N is a Receptor for Tumor-homing Peptides and a Target for Inhibiting Angiogenesis[END_REF][START_REF] Mina-Osorio | The moonlighting enzyme CD13: old and new functions to target[END_REF] Recently, we reported that our scaffold 7c demonstrated potent in vitro inhibitory activity and was selective for rPfA-M1 over rPfA-M17. [START_REF] Salomon | Aminobenzosuberone Scaffold as a Modular Chemical Tool for the Inhibition of Therapeutically Relevant M1 Aminopeptidases[END_REF] This compound was progressed to a 4-day suppressive test of Peters using a non-lethal parasite model P.c.chabaudi and was able to reduce the parasitaemia by 44% with a daily dose of 12 mg/kg, in four daily intraperitoneal injections, further strengthening the potential of PfA-M1 as a target for antimalarial research. [START_REF] Bounaadja | Selective inhibition of PfA-M1, over PfA-M17, by an amino-benzosuberone derivative blocks malaria parasites development in vitro and in vivo[END_REF] 

Compound

Ki (µM) rPfA-M1 We report herein our initial research effort towards the identification and selection of the 4phenyl aminobenzosuberone derivative 7c for in vivo efficacy assay. We also describe the crystal structure of rPfA-M1 in complex with aminobenzosoberone derivatives 7c and 7h.

Results and discussion

Chemistry

Racemic substituted aminobenzosuberone hydrochloride derivatives 7a-j were synthesized according to literature procedure.[43]

In vitro Plasmodium growth inhibition and toxicity

The encouraging results, regarding PfA-M1 inhibition, [START_REF] Salomon | Aminobenzosuberone Scaffold as a Modular Chemical Tool for the Inhibition of Therapeutically Relevant M1 Aminopeptidases[END_REF] prompted us to pursue the evaluation of this series of aminobenzosuberone scaffold as novel antimalarial agent using in vitro parasite growth inhibition assays. The antiplasmodial evaluation was carried out on 3D7 and FcB1 P. falciparum strains. The cytotoxicity of our derivatives was assessed on Vero cells (Table 2). with IC50 values ~3900-5900 times higher than those for rPfA-M1 inhibition. This significant discrepancy might be related to its poor aqueous solubility in the in cellulo assay media.

Despite their relatively limited inhibitory activities on rPfA-M1, compounds 7d and even markedly 7f were relatively potent inhibitors of Plasmodium growth. These unexpected results may be explained either by off-target effects for 7f or, in the case of 7d, by additional antimalarial activity induced by the redox-active ferrocenyl moiety leading to the formation of reactive oxygen species generated in a Fenton like reaction involving Fe 3+ /Fe 2+ . [START_REF] Osella | On the mechanism of the antitumor activity of ferrocenium derivatives[END_REF][START_REF] Chavain | Investigation of the Redox Behavior of Ferroquine, a New Antimalarial[END_REF][START_REF] Bartošík | Electrochemical analysis of a novel ferrocene derivative as a potential antitumor drug[END_REF] Interferences in MTT assays: The methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay is often used to assess the cell viability of potential medicinal agents. The assay is based on the reduction of the membrane-permeable yellow tetrazolium dye by viable cells to its insoluble purple MTT-formazan product. Spectrophotometric measurement of MTT-formazan at 540 or cytotoxicity of chemical compounds. However, interferences such as spontaneous reduction of MTT by the tested chemical compounds may occur, resulting in false-positive viability results, and hence giving rise to underestimated cytotoxicity values. [START_REF] Neufeld | Small Molecule Interferences in Resazurin and MTT-Based Metabolic Assays in the Absence of Cells[END_REF] Figure S1 indicates that compound 7c reduces directly the MTT dye in the absence of cells.

This interaction with the MTT dye should be caused by the amino-ketone functionalities. In consequence, during the MTT cytotoxicity assay with compound 7c and potentially with the whole series of aminobenzosuberone derivatives, we should observe an increased cell viability.

However, in our experiment this direct influence of the compound with the MTT reagent should be abrogated or at least mitigated by the removal of the cell growth medium and washing of the microplate wells before MTT addition.

Structural study

To gain further insight into the binding mode of this series of aminobenzosuberone inhibitors, we obtained the X-ray crystal structure of rPfA-M1 in complex with compound 7c (Ki 50 nM) and 7h (Ki 5 nM) (Table 3). Both crystals diffracted X-rays to about 1.5Å resolution and enabled the determination of the corresponding 3D-structures (Figure 1). 3 Crystallization, X-ray diffraction and refinement statistics. Statistics for the highest-resolution shell are shown in parentheses. ‡ Rmeas is the redundancy-independent merging, † see [START_REF] Karplus | Assessing and maximizing data quality in macromolecular crystallography[END_REF] for definitions.

The binding mode is very similar to our previously reported 7c / E.coli PepN complex (PDB 5MFS). [START_REF] Peng | Insight into the remarkable affinity and selectivity of the aminobenzosuberone scaffold for the M1 aminopeptidases family based on structure analysis[END_REF] The seven-membered ring of the aminobenzosuberone core adopts a chair-like conformation and is stacked between Tyr580 and the GAMEN motif residues Val459, Gly460, Ala461 and Met462. In both complexes, the primary amine (N1) of the aminobenzosuberone core participates in a salt bridge interaction with electrostatic interactions and three hydrogen bonds with the side-chain oxygen atom of Glu319, Glu463 (of the GAMEN domain) and Glu519. The aminobenzoberone ketone function is present in its hydrated form, with both oxygen atoms being coordinated to the zinc ion. In addition, one hydroxyl group (O1) interacts with the side-chain oxygen atom of catalytic Glu497, and the other hydroxyl of the hydrated ketone (O2) forms a hydrogen bond with the phenol moiety of Tyr580. The latter is involved in a Pi-stacking with the fused aromatic ring of the aminobenzosuberone core. Moreover, numerous hydrophobic interactions are also observed as a result of high shape complementarity between the chair-like conformation of the benzocycloheptane core and rPfA-M1 active site. S3. The final model and structure factors were deposited in PDB with accession code 6SBQ and 6SBR.

Images generated with the PyMOL Molecular Graphics System, Version 2.0 (Schrödinger, LLC.).

An additional substituent in position 4 occupies the S1' pocket, which is lined by Thr492, Val493 and the lateral face of the guanidyl group of Arg489. The fused aromatic ring of derivative 7c is slightly shifted towards the S1 subsite (1.2 Å compared to the aromatic core of 7h) to accommodate its bulkier phenyl ring substituent in S1' pocket (Figure 1A). The gain in inhibitory activity of 7c/7h versus 7a (300 to 3000-fold) could be related to close hydrophobic interaction for the bromine substituent or Pi-Pi interaction between the additional phenyl ring and the imidazole side chain of His496. In addition of its lipophilic properties, the bromine substituent in position 1 could also form a halogen bond with the backbone carbonyl oxygen atom of Glu572 via a bridged water molecule (W1883) in the S1 pocket (Figure 1B). Moreover, the Pi-Pi interaction between Tyr580 and the fused aromatic ring should be significantly strengthened by the presence of an electron-withdrawing bromine substituent in position 1 and/or 4.

Analysis of these structures suggests that further binding affinity improvement might be achieved by interacting with the bridged water molecule W1635, located at 3.9-4.2 Å of the 4phenyl substituent of compound 7c, and involved in a hydrogen bonding networks with Glu526 and the nitrogen atom of imidazole side-chain of His496 (Figure 1A). Direct interaction with the carboxylic side-chain of Glu526 might also be sought. Indeed, in some reported cases, [START_REF] Mcgowan | Structural basis for the inhibition of the essential Plasmodium falciparum M1 neutral aminopeptidase[END_REF] the side-chain of Glu526 points further inside the active site and interacts directly with His496, with its side-chain oxygen atom occupying the position of W49 which is expelled into the bulk solvent.

ADME in vitro and in vivo

The 4-phenyl substituted aminobenzosuberone derivative 7c was the most promising compound, displaying a balanced inhibitory activity (rPfA-M1 Ki = 50 nM, IC50 6-10 µM on the two investigated parasite strains) and in vitro ADME-tox properties (Table 4). Although 7c demonstrated a good kinetic solubility value, it displayed poor thermodynamic solubility at pH 7.4, suggesting that solubility could be a limiting factor for oral absorption.

Significant improvement in solubility was achieved by addition of an excipient, but particularly with the formulation in which 7c is complexed with hydroxypropyl--cyclodextrin (Table 4).

To deliver an early in vivo proof of concept for this series, despite being moderately optimized, the pharmacokinetics of compound 7c were determined in mice. Indeed, it is crucial to evaluate the pharmacokinetic properties of drug-candidate during the early phase of drug development in order to identify PK parameters requiring further improvement and optimal compound design. When dosed intravenously to female CD-1 mice at 3 mg/kg in PBS with 10% hydroxypropyl--cyclodextrin, the elimination half-life was short (2.2 h) with a high body clearance (43 ml/min/kg) and relatively large volume of distribution (7.4 L/kg), indicating the compound was rapidly eliminated from mouse (Table 5).

Following oral or intraperitoneal administration (3 mg/kg), compound 7c was rapidly absorbed attaining a maximum plasma concentration of 0. Despite encouraging bioavailability (41-49%), it is noticeable, however, that Cmax was below IC50 at this dose. To achieve concentrations that are likely to be effective in PK/PD model, it is necessary to achieve a higher drug exposure (i.e., use higher doses, more frequent doses or both). For instance, assuming 7c shows a linear pharmacokinetics, it would require at least 5 to 9-fold higher dose to reach IC50. Since any dose escalation was inefficient in reducing parasitemia during our 4-day suppressive test of Peters, [START_REF] Bounaadja | Selective inhibition of PfA-M1, over PfA-M17, by an amino-benzosuberone derivative blocks malaria parasites development in vitro and in vivo[END_REF] it suggested non-linear PK behavior within the IP dose range of 12-24 mg/kg with saturation of drug absorption likely due to the poor aqueous solubility of compound 7c.

Conclusion

A series of aminobenzosuberones has been investigated as novel antiplasmodial agents targeting the Plasmodium falciparum M1 aminopeptidase. This series was found to be highly 

Materials and methods

Biological assays

Cloning, expression and purification of recombinant PfA-M1

As described in literature [START_REF] Bounaadja | Selective inhibition of PfA-M1, over PfA-M17, by an amino-benzosuberone derivative blocks malaria parasites development in vitro and in vivo[END_REF], a gene encoding the cleavage site for the tobacco etch virus 

Enzymatic Assays and Kinetic Analysis on rPfA-M1

Tests were carried out on an HP/Agilent UV-Visible diode array spectrophotometer 8453 (HP/Agilent, Santa Clara, CA, USA), at 30 °C in Tris HCl 50 mM pH 7.4, with a final DMSO concentration of 1%. Enzyme activity of rPfAM1 (10 nM) was determined by continuously measuring the release of para-nitroaniline at 405 nm with alanine para-nitroanilide as a substrate for rPfA-M1 (Km = 1.5 mM). After 10 min of incubation, IC50 measurements were conducted during 30 min. Initial velocities were measured with increasing concentrations of inhibitors and Ki values were determined by Dixon plots in triplicate.

Assays on 3D7 and FcB1 strains

In vitro antiplasmodial assays were performed on two distinct Plasmodium falciparum strains, FcB1 (Columbia) and 3D7 (Tanzania), that differ in their sensitivity to chloroquine, as previously described. [START_REF] Trager | Human malaria parasites in continuous culture[END_REF] Parasites were maintained continuously in cultures on human erythrocytes, in RPMI 1640 medium (Gibco-BRL) supplemented by 8% (v/v) heat-inactivated human serum at 37°C under and atmosphere of 3% CO2, 6% O2, and 91% N2. i In vitro antiplasmodial activity was determined using a modification of the semi-automated microdilution technique of Desjardins et al. [START_REF] Desjardins | Quantitative assessment of antimalarial activity in vitro by a semiautomated microdilution technique[END_REF] Stock solutions of aminobenzosuberone derivative compounds (20 mM) and bestatin (Sigma-Aldrich, 30 mM) were prepared in DMSO; chloroquine (Sigma-Aldrich, 10 mM) was prepared in sterile distilled water. These were serially diluted with culture medium and introduced to asynchronous parasite cultures (1% parasitemia and 1% final hematocrite) on 96-well plates for 24 hours at 37 °C in a candle jar system (200 µl total volume per well). After 24 h, 0.5 µCi of 3 H-hypoxanthin (11.1 mCi/mmol; Perkin-Elmer, France) per well were added and plates were returned to incubation at 37 °C in the candle jar system. After a further incubation of 24 h, plates were frozen / thawed and cell lysates were collected onto glass-fiber filters to be counted in a liquid scintillation spectrometer. The growth inhibition for each drug concentration was determined by comparing the radioactivity incorporated into treated cultures with the radioactivity incorporated into control cultures (without drug, but with DMSO at the same concentration) maintained on the same plates. IC50s, corresponding to drug concentrations causing 50% parasite growth inhibition, were calculated from the drug concentrationresponse curves and the results were expressed as the mean values + standard deviations determined from independent experiments. The DMSO concentration in the assays never exceeded 0.5%, which is the limit above which the parasite growth is affected by this solvent. Bestatin and chloroquine were used as positive controls in the assays.

Cytotoxicity assays on Vero and L6 cells

The cytotoxicity of aminobenzosuberone derivative compounds was estimated using the MTT method based on the ability of succinate dehydrogenase enzymes (from mitochondria) to reduce was used as a positive control. After 72 h, the cell growth medium was removed and replaced by 100 μL of culture medium containing 10% of MTT solution (5 mg/ml), after which the plates were incubated for the next 4 h at 37 °C. Finally, 100 μL per well of SDS/DMF solution was added and the absorbance was read after an overnight incubation. Absorbance was measured at a wavelength of 540 nm for excitation and 620 nm for emission using a microplate reader (BioTek Instruments, Inc., USA). CC50, corresponding to drug concentrations causing 50%

Vero cell proliferation inhibition, were calculated from the drug concentrationresponse curves.

Cellular cytotoxicity was also evaluated using Rat skeletal muscle cell line L6, maintained at 37°C in RPMI 1640 medium supplemented with 10% (v/v) foetal calf serum. Cells were seeded in 96-well-plates (20,000 cells/ml) and incubated for 24 hours, then, L6 cells were treated with the drug for 72 hours. After incubation, the cell growth medium was replaced by 100 μL RPMI 1640 containing 20% (v/v) Alamar Blue (Thermofisher, France). Fluorescent viable cells were monitored after 5 hours incubation at 37°C, at a wavelength of 530 nm for excitation and 590 nm for emission, in a FL600 luminescence spectrometer (Biotek, France). CC50, corresponding to drug concentrations causing 50% L6 cell proliferation inhibition, were calculated from the drug concentrationresponse curves. 

Interference in MTT assays in the absence of cells

X-ray diffractometry

Crystals of rPfAM1 in complex with compound 7c were transferred to 35 % PEG 3350, 0.2 M sodium malonate before being mounted and flash cooled in liquid nitrogen. Crystals of rPfAM1 in complex with compound 7h were transferred to 25 % PEG3350, 0.1 M BIS-TRIS propane pH 6.5, 0.2 M di-sodium malonate, 10 % glycerol before being mounted and flash cooled in liquid nitrogen.

For the rPfA-M1 / 7c complex, data were collected at 0.9778 Å on a Pilatus 6M Hybrid Pixel Detector (Dectris) at the Proxima 1 beamline of Synchrotron SOLEIL using 0.2° oscillation range and 0.2 s exposure per image (25 % transmission). For the rPfA-M1 / 7h complex, data were collected at 0.9762 Å on a Pilatus 6M Hybrid Pixel Detector on the ID30B beamline of the ESRF using the MxCuBE software [START_REF] Gabadinho | MxCuBE: a synchrotron beamline control environment customized for macromolecular crystallography experiments[END_REF] and using 0.05° oscillation range and 0.037 s exposure per image (8.9 % transmission). All data were indexed, integrated, and scaled using XDS [65] and merged using AIMLESS [START_REF] Evans | Scaling and assessment of data quality[END_REF][START_REF] Evans | An introduction to data reduction: space-group determination, scaling and intensity statistics[END_REF] from the CCP4 suite [START_REF] Winn | Overview of the CCP4 suite and current developments[END_REF], with data being processed to 1.33 Å for the 7c complex and to 1.53Å for the 7h complex. Both crystals belonged to the primitive orthorhombic space group P212121, with unit cell dimensions a = 75.08 Å, b = 109.24 Å, c = 113.05 Å for the 7c complex, and a = 77.16 Å, b = 109.66 Å, c = 113.52 Å for the 7h complex.

Structure solution, refinement, validation deposition and illustration

The structure of the 7c complex was solved by molecular replacement using PHASER [START_REF] Mccoy | Phaser crystallographic software[END_REF] in the PHENIX suite [START_REF] Adams | PHENIX: a comprehensive Pythonbased system for macromolecular structure solution[END_REF]. The structure of PfAM1 in complex with Tosedostat (PDB ID:

4X2U) [START_REF] Drinkwater | X-ray crystal structures of an orally available aminopeptidase inhibitor, Tosedostat, bound to anti-malarial drug targets P f A-M1 and P f A-M17: Structures of Pf A-M1/M17 Bound to Tosedostat[END_REF] was edited to remove the ligand and water molecules and used as a search model.

A single solution was found with a TFZ score of 132.3 and an LLG of 28420 (unrefined: TFZ = 12.2, LLG = 21024). The asymmetric unit contains one copy of the complex, with a corresponding Matthews' coefficient [START_REF] Matthews | Solvent content of protein crystals[END_REF] of 2.15 Å 3 Da -1 and a solvent content of 42.75 %.

Refinement was performed using PHENIX [START_REF] Afonine | Towards automated crystallographic structure refinement with phenix.refine[END_REF] followed by iterative model building in COOT [START_REF] Emsley | Features and development of Coot[END_REF]. The structure of the 7h complex was solved by rigid body refinement in PHENIX using the structure of the 7c complex. The asymmetric unit contains one copy of the complex, with a corresponding Matthews' coefficient of 2.23 Å 3 Da -1 and a solvent content of 44.91 %.

The quality of the final refined models were assessed using MOLPROBITY [START_REF] Williams | MolProbity: More and better reference data for improved all-atom structure validation[END_REF]. Data collection and refinement statistics are given in Table 1. Structural figures were prepared with the PyMOL Molecular Graphics System, Version 2.0 (Schrödinger, LLC.) (www.pymol.org). The coordinates and structure factors have been deposited in the Protein Data Bank under the accession codes 6SBQ (7c complex) and 6SBR (7h complex).

Pharmacological properties

Determination of pharmacological properties of aminobenzosuberone derivatives 7c was performed by TechMed ILL , ESBS, Illkirch, France. Compounds are stored as 10 mM solution in DMSO at 4°C. 

Solubility assays

Intrinsic Clearance (Clint) Determination

A 100 µM solution was firstly prepared by diluting 10 µL of 10 mM DMSO stock solution in 990 µL of a water/acetonitrile mixture (1:1 v/v). This solution was then diluted 1/100 in a 100 mM phosphate buffer (pH 7.4) containing human liver microsomes (0.5 mg/mL), 3 mM MgCl2 and 1 mM NADPH. 400 µL of this solution was incubated at 37°C (initial compound concentration 1 µM). At time zero and then at 15, 30, 45 and 60 min, two aliquots (70 µL) of the incubation mixture were removed and diluted with acetonitrile (70 µL) to stop the reaction.

Samples were stirred for 3 min, sonicated for 3 min and centrifuged at 15000g for 5 min at 4°C.

The percentage of remaining compound was determined by LC-MS/MS by measuring the area under the peak of the compound on the chromatogram using an UHPLC on a kinetex 2.6µm C18 100A 50x2.1 mm column coupled with a Shimadzu LCMS-8030 triple quadrupole.

1 µL was injected. The mobile phase flow rate was 0.5 mL/min and the following program was applied for the elution: 0 min, 5% B; 0-1. The effective permeability value (Pe) was calculated using following equation,

𝑃𝑒 = -𝐶 𝐿𝑛 [1 - 𝐴𝑈𝐶 𝐴 𝐴𝑈𝐶 𝑒𝑞 ] 𝐶 = 𝑉 𝐷 × 𝑉 𝐴 (𝑉 𝐷 + 𝑉 𝐴 ) × 𝑎𝑟𝑒𝑎 × 𝑡𝑖𝑚𝑒
Similar experiments were performed in parallel with chloramphenicol and testosterone used as negative (experimental log Pe = -6.4, literature value -7.0) and positive (experimental log Pe = -4.6, literature value -4.4) permeability markers, respectively.

Plasma protein binding protocol-Rapid Equilibrium Dialysis (RED) Assay Conditions

Single use RED device inserts were positioned in the PTFE RED base plate. Each insert consisted of 2 chambers separated by a vertically aligned semipermeable cellulose membrane with a molecular weight cut off (MWCO) of 12 kDa. Spiking solutions of compound and warfarin were diluted in DMSO to 100 µM (10 µL of stock solution + 990 µL of DMSO).

Human plasma was spiked with compound or verapamil, which served as binding positive control, to achieve final concentrations of 1 μM. The final percentage of DMSO in the plasma incubation samples was 1%. Spiked plasma (200 μL) was added to the red chamber of the RED device insert and PBS (350 μL) was added to the white chamber. The samples were allowed to dialyze for 4 hours at 37°C in an orbitaler while agitating at a rate of 250 rpm. Each sample was incubated in duplicate. At the end of the incubation, 70 μL aliquots were removed from each chamber and matrix-matched, i.e., an equal volume of PBS was added to the plasma test incubation sample and an equal volume of plasma was added to the PBS test incubation sample.

Samples where protein precipitated with 350 µL acetonitrile were frozen before analysis. After thawing, the samples were vortex-mixed for 3 min and sonicated for 3 min. The samples were then centrifuged at 15 000g for 5 min at 4°C to precipitate any proteins. The supernatants were analysed by UHPLC on a kinetex 2.6µm C18 100A 50x2.1 mm column coupled with a Shimadzu LCMS-8030 triple quadrupole using a calibration line established for the compound by diluting a 10 mM DMSO stock solution to adapted concentrations (0.05-2 µM). 1 μL of each sample was injected. The mobile phase flow rate was 0.5 mL/min and the following program was applied for the elution: 0 min, 5% B; 0-1.2 min, 5-95% B; 1.2-1.4 min, 95% B; 1.4-1.42 min, 95-5% B and 1.42-2.8 min, 5% B. Solvent A was a mixture of 0.05% formic acid in water and solvent B was acetonitrile. The detection wavelength was 254 nm. The unbound fraction was determined as the ratio of the peak area in buffer to that in plasma. Positive control was performed using verapamil (experimental Fu 10%, literature value 8%).

CYP inhibition

The compound (0.1-10 μM) was incubated with human liver microsomes (BD Biosciences, Switzerland) (0.05, 0.16 and 0.2 mg/mL, for 3A4, 2D6 and 2C9 inhibition assays, respectively) and NADPH (1 mM) in a 100 mM potassium phosphate buffer pH 7.4 in the presence of a cytochrome P450 isoform-specific probe substrate (diclofenac for CYP2C9, bufuralol hydrochloride for CYP2D6, and midazolam maleate for CYP3A4) in a 37 °C water bath for the appropriate incubation time (10, 30 and 15 min for 3A4, 2D6 and 2C9, respectively). The reactions were terminated by adding ice-cold acetonitrile containing an internal standard followed by vortex mixing. The samples were then centrifuged at 15 000g for 10 min at 4 °C to precipitate the microsomal proteins. After centrifugation, the supernatants were analyzed by an UHPLC on a kinetex 2.6µm C18 100A 50x2.1 mm column coupled with a Shimadzu LCMS-8030 triple quadrupole. For each isoform, a selective inhibitor (sulfaphenazole for CYP2C9, quinidine for CYP2D6, and ketoconazole for CYP3A4) was used as a positive control. The IC50 values were calculated by nonlinear regression analysis from the plotted remaining metabolic activity at each test compound concentration.

Animals

All animal experiments were carried out in accordance with the EU directive 2010/63/UE and the relevant national legislation, namely the French "décret no.2013-118, 1er février 2013, Ministère de l'Agriculture, de l'Agroalimentaire et de la forêt". For the pharmacokinetics studies performed by TechMedILL service (ESBS, Illkirch, France), mice were housed in polycarbonate cages (PCT2L12SHT, Allentown) enriched with play tunnels throughout the experimental phase. The mice were housed in groups of nine animals during the study, under controlled environment (22 ± 1 °C) with a relative humidity (50 ± 10%) and a normal 12 h light cycle (at 8:00 pm lights off). A standard chow diet (A04, SAFE, France) and tap water were provided ad libitum. All animal protocols done by TechMedILL service were reviewed and approved by the agriculture ministry regulating animal research in France (Ethics regional committee for animal experimentation Strasbourg, APAFIS 1341#2015080309399690).

In vivo Pharmacokinetics

Female CD-1 mice were intravenously administered a 2 mL/kg solution of 7c (3mg/kg dose; 1.5mg/mL of 7c dissolved in PBS solution containing 10% w/v hydroxypropyl--cyclodextrin).

In additional studies, mice were intraperitoneally administered a 10 mL/kg solution of 7c (3mg/kg dose; IV solution diluted 1:5 with PBS solution) or orally administered a 10 mL/kg solution of 7c (3mg/kg dose; IV solution diluted 1:5 with distilled water). The animals were sacrificed at 5, 15 and 30 minutes, 1, 2, 4, 6, and 8 hours after administration (n=3 per time), and blood samples were collected by cardiac puncture. The plasma was separated by centrifugation and stored frozen at -80°C. 400 µL of each plasma sample were mixed with 1 mL of acetonitrile, followed by vortex mixing for 3 min and sonication for 3 min. The samples were then centrifuged at 15 000g for 5 min at 4°C to precipitate any proteins. After centrifugation, the concentration in the supernatants were analyzed by UHPLC on a kinetex 2.6µm C18 100A 50x2.1 mm column coupled with a Shimadzu LCMS-8030 triple quadrupole using a calibration line established for the compound by diluting a 10 mM DMSO stock solution to adapted concentrations (0.05-2 µM). 1 µL was injected. The mobile phase flow rate was 0.5 mL/min and the following program was applied for the elution: 0 min, 5% B; 0-1.2 min, 5-95% B; 1.2-1.4 min, 95% B; 1.4-1.42 min, 95-5% B and 1.42-2.8 min, 5% B. Solvent A was a mixture of 0.05% formic acid in water and solvent B was acetonitrile. The detection wavelength was 254 nm. Pharmacokinetic parameters were derived from the blood concentration time curve using the non-compartmental analysis of PK Solver 2.0. [START_REF] Zhang | PKSolver: An add-in program for pharmacokinetic and pharmacodynamic data analysis in Microsoft Excel[END_REF] 

Figure 1

 1 Figure 1 Crystal structure of rPfA-M1 complexed with (A) compound 7c (PDB code: 6SBQ) (B) compound 7h (PDB code: 6SBR). Compounds 7c and 7h are shown in orange or light green stick model, respectively. The zinc ion is shown as a black sphere, water molecule is shown as a red sphere. Pi-Pi interactions between aromatic centroids are shown as blue dashes. Hydrogen bondings are shown as yellow dashes. Interactions between the zinc ion and ligand or protein are shown as dashed red lines or dashed grey lines, respectively. The distance and angle values of these interactions are reported in Table

  potent and selective of rPfA-M1 with low micromolar parasite growth inhibitory activities. The co-crystal structures of 7c and 7h were obtained and resolved allowing us to determine the binding mode of aminobenzosuberones within the rPfA-M1 active site, paving the way for further optimization through structure-based drug design. In vitro and in vivo ADME-Tox properties for the most promising compound 7c were determined. Despite encouraging bioavailability, solubility and clearance issues must be overcome to improve PK and efficacy of this series of aminobenzosuberone derivatives. Besides these pharmacokinetic issues, compound 7c exhibits good membrane permeability, high potency and selectivity for PfA-M1 over other proteases and can be considered as an exquisitely selective chemical tool to decipher the precise biological functions and involvement of this multifunctional protein at different stages of Plasmodium life cycle.

(

  TEV) protease fused to residues 192-1085 of native Plasmodium falciparum alanyl aminopeptidase PfA-M1 (PlasmoDB PF3D7_1311800) was synthetized by Genecust (Luxembourg), with the help of algorithms developed for optimizing, DNA sequences to improve protein expression in Escherichia coli. This synthetic gene was cloned into the T7 expression pET45b(+) vector (Novagen), which appended an N-terminal hexahistidine tag (KpnI and SalI sites). Escherichia coli Rosetta 2 (DE3) bacteria (Novagen) were transformed with this recombinant plasmid, after its validation by Sanger sequencing (Beckman Coulter Genomics). Bacterial cultures were grown in auto-induced LB medium (Merck) supplemented with carbenicillin (50 µg/mL) and chloramphenicol (34 µg/mL), during 24 h at 25 °C, prior to bacterial extract preparation with BugBusterTM (Novagen, Darmstadt, Germany). The clarified lysate was loaded onto Ni2-charged HisTrap column (GE Healthcare) equilibrated in 20 mM imidazole phosphate buffer and washed in the same buffer. Bound recombinant PfA-M1 protein was then eluted in 80 mM imidazole in phosphate buffer. Eluted fractions were finally purified by size exclusion chromatography on a Superdex 200 10 300 (equilibrated with Tris HCl 50 mM, NaCl 200 mM, ZnCl2 10 µM, pH 7.4) using an Äkta purifier chromatography system (GE Healthcare Life Science, Little Chalfont, England). The SDS page gel of the different purification steps is presented in Figure S2.

the soluble substrate 3 -( 4 , 5 -

 345 dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma) into the formazan insoluble product. The assays were performed on the Vero cell line (from Monkey kidney epithelial cells) that were grown at 37 °C in the Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% (v/v) foetal calf serum. Briefly, 100 µL of cells were seeded in 96-well-plates (10 000 cells/well) and incubated overnight. Cells were treated with inhibitors dissolved in DMSO as described above, at a maximum 1% DMSO final concentration. Control wells received an equal volume of DMSO and 5-Fluorouracil (Sigma)

  MTT assay interference experiments with compound 7c and a positive control (L-Glutathione) were undertaken according to Neufeld et al.[START_REF] Neufeld | Small Molecule Interferences in Resazurin and MTT-Based Metabolic Assays in the Absence of Cells[END_REF] Stock solutions (20 mM) of compound 7c and L-Glutathione were made in DMSO or PBS solution (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, pH 7.4), respectively and were subsequently diluted to obtain four different concentrations (11 mM, 5.5 mM, 1.1 mM and 0.11 mM). Assays were performed in duplicate. All sample solutions were made of 5 µL of compound 7c and 495 µL of PBS solution or 5µL of Glutathione, 5µL of DMSO and 490 µL of PBS solution. Negative control sample received 5 µL of DMSO and 495 µL of PBS solution. To each sample solution were added 50 µL of 12 mM MTT solution in PBS. Each sample solutions contained 0.9% DMSO final concentration. These sample solutions were incubated at 37°C for 4 h under orbital shaking at 300 rpm. Then, 425 µL of the solution were removed, followed by the addition of 250 µL of DMSO. The samples were further incubated at 37°C for 10 min at 300 rpm. 100 µL of aliquots were transferred to a 96-well plate and the absorbance value was measured at 540 nm using a microplate reader (SpectraMax ID3, Molecular Devices). The data are presented as the average percent deviation from the negative control. This was calculated by the difference between the sample and control average value, divided by the control average value, and multiplied to obtain a percent value. The values are reported in FigureS1in Supporting Information.

4. 2

 2 Crystallization4.2.1 PfA-M1 protein for crystallizationrPfA-M1 in 20 mM Tris HCl pH 7.4, 200 mM NaCl, 10 µM ZnCl2 was concentrated to 5.1 mg mL -1 and mixed with a 5-fold molar excess of either 7c or 7h (20 mM stock in DMSO) resulting in a final DMSO concentration of 1.2 %. The crystallisation experiments were carried out by the sitting-drop vapour diffusion method at 293 K using a Mosquito Crystal nanolitre dispensing robot (TTP Labtech), by mixing equal volumes (200 nL for 7c and 400 nL for 7h) of the complex and the reservoir solution, and equilibrating against 50 µL of reservoir solution in 96-well 2-drop MRC crystallisation plates (Molecular Dimensions). Crystallisation conditions were screened using commercially available screens (Qiagen, Molecular dimensions, and Hampton Research), with crystals appearing in multiple conditions. The best crystal of the 7c complex appeared in condition 60 of the PACT premier screen (Qiagen: 20 % PEG3350, 0.2 M di-sodium malonate), and the best crystal of the 7h complex appeared in condition 72 of the PACT premier screen (Qiagen: 25 % PEG3350, 0.1 M BIS-TRIS propane pH 6.5, 0.2 M di-sodium malonate).

4 ( 3 :

 43 Kinetic solubility was measured by diluting 20 µL of 10mM DMSO stock solution of compound in a 980 µL pH 7.4 phosphate-buffered saline (PBS) with the following composition: 137.5 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4. Samples were shaken during 16 hours at 20-22°C. After ultracentrifugation at 15000g for 10 min at 20°C, the concentration in the supernatant was measured by a HPLC procedure on a kinetex 2.6µm C18 100A 50x2.1 mm column using a calibration line established for the compound by diluting the 10 mM DMSO stock solution to adapted concentrations. The injection volume was 20 µL, the mobile phase flow rate was 2 mL/min and the following program was applied for the elution: 0-0.1 min, 5% B; 0.1-2.6 min, 5-95% B; 2.6-3.1 min, 95% B; 3.1-3.3 min, 95-5% B and 3.3-6 min, 5% B. Solvent A was a mixture of 0.05% trifluoroacetic acid in water and solvent B was acetonitrile. The detection wavelength was 254 nm and the retention time was 1.64 min.Thermodynamic solubility was measured by dissolving 1mg of compound in a 500 µL pH 7.4 phosphate-buffered saline (PBS) with the following composition: 137.5 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, and 1.4 mM KH2PO4 supplemented or not with 10% Kolliphor EL, 15% Kolliphor HS15, 10% polysorbate 80, 50% PEG 400 or 10% hydroxypropyl-βcyclodextrin. Samples were shaken during 24 hours at 20-22°C. Saturation was confirmed by the presence of undissolved powder. After ultracentrifugation at 15000g for 10 min, the concentration in the was measured by a HPLC procedure on a kinetex 2.6µm C18 100A 50x4.6 mm column using a calibration line established for the compound by diluting the 10 mM DMSO stock solution to adapted concentrations. The injection volume was 20 µL, the mobile phase flow rate was 2 mL/min and the following program was applied for the elution: 0-0.1 min, 5% B; 0.1-2.6 min, 5-95% B; 2.6-3.1 min, 95% B; 3.1-3.3 min, 95-5% B and 3.3-6 min, 5% B. Solvent A was a mixture of 0.05% trifluoroacetic acid in water and solvent B was acetonitrile. The detection wavelength was 254 nm and the retention time was 1.64 min.4.3.2 CHI -logD determinationChromatographic Hydrophobicity Indices (CHI) were determined according to an original procedure, based on a reverse phase fast HPLC gradient on a Luna C18(2) 5µ 100A 50 x 4.6mm column. First, a solution with 10 reference compounds with known CHI values was injected onto the HPLC to generate a calibration line from their retention time (CHI = 59.049*tR -56.021, R 2 = 0.9932). The concentration of the mixture was 0.1 mg/mL for each compound and the injected volume was 5 µL. The compound was analysed on the same system. The 10 mM DMSO stock solution was diluted to 200 µM in CH3CN / 50 mM ammonium acetate pH 7.7 v/v) and 5 µL were injected. The mobile phase flow rate was 2 mL/min and the following program was applied for the elution: 0-0.1 min, 0% B; 0.1-2.6 min, 0-100% B; 2.6-3.1 min, 100% B; 3.1-3.3 min, 100-0% B and 3.3-6 min, 0% B. Solvent A was 50 mM aqueous ammonium acetate pH 7.4 and solvent B was acetonitrile. The detection wavelength was 254 nm. The calibration line equation was used to determine the CHI values. As CHI correlates closely with LogD7.4 octanol/water partition coefficients, we estimated LogD7.4 values for the compound. Estimation of logD is calculated using the correlation equation obtained from 14 known drugs by TechMedILL (LogD7.4 = 0.0515*CHI -1.2464, R 2 = 0.86).

Table 1

 1 Summary of in vitro and in vivo PfA-M1 inhibitor properties.

* IC50. ND no data

Table 2

 2 In

	Aminobenzosuberone derivatives inhibited Plasmodium parasite growth with IC50 values
	generally ranging between 10 and 70 µM for both FcB1 and 3D7 strains. Two compounds 7c
	and 7f displayed efficacies against parasite growth in vitro with low micromolar IC50 values,
	6.5/11.2 and 3.1/3.5 µM, respectively. As a positive control, bestatin 1 displayed efficacy with
	IC50 values of 9.0 and 8.2 µM on FcB1 and 3D7 strains respectively, which is close to
	previously reported values.[24,49,51] Additionally, none of the tested compounds was
	cytotoxic for Vero cells (IC50 > 21 µM). However, they showed little selectivity of action
	against parasite versus mammalian cells, exemplified by a moderate selectivity index SI (ratio
	CC50 for Vero cells / IC50 for Plasmodium strains).
	These inhibition values were similar to those previously reported for other selective PfA-M1
	inhibitors, such as 3

cellulo evaluation of racemic aminobenzosuberone hydrochloride derivatives 7a-j on 3D7 (chloroquine susceptible) and FcB1 (chloroquine resistant) strains of P. falciparum, and cytotoxic evaluation on Vero cells (African green monkey kidney normal cell) using the MTT assay; * cytotoxicity and the selectivity index SI were evaluated on L6 cells; Fc = ferrocenyl; n = number of replicates.

LogD7.4 values for all compounds are reported in Table

S2

.

[50,51] or 6[55], or

  dual PfA-M1/PfA-M17 inhibitors, such as bestatin

1[24,38,49] or phosphinic acid 2[24]. Noticeable

  

	exceptions were the mixed PfA-M1/PfA-M17
	hydroxamic acid-based inhibitors 4

[39] and 5[52-54], which displayed nanomolar in vitro

  

	growth inhibition (< 400 nM).
	Despite a large activity gap between rPfA-M1 inhibition and Plasmodium growth inhibition, a
	clear trend emerged in our results. The aminobenzosuberone derivatives showing highest Ki
	values on rPfA-M1 (in the micromolar range, i.e. 7a, 7g and 7j) presented the least efficient
	growth inhibition activities against the tested parasite strains. On the other hand, compounds
	with good inhibition properties on the recombinant enzyme (i.e. 7b-c and 7h-i) showed
	interesting in cellulo results (below 30 µM). However, several exceptions must be noticed in
	each case. Compound 7h was the most effective compound in inhibiting PfA-M1 catalytic
	activity (Ki 0.005 µM). However, it displayed poor efficacy against parasite growth in vitro,

Table 4

 4 In vitro ADME properties of the racemic compound 7c. IC50 = 5.7 µM). CYP inhibition may constitute a potential drug-drug interaction liability for further in vivo development and should be taken into consideration in optimizing this

	aminobenzosuberone series.	
	Excipient	Solubility (mM)
	-	0.011± 0.003
	10% Kolliphor EL	0.046 ± 0.004
	15% Kolliphor HS15	0.017± 0.002
	10% polysorbate 80	0.325 ± 0.012
	50% PEG 400	2.8 ± 0.1
	10% hydroxypropyl--cyclodextrin	5.5 ±0.2

a calculated from CHI. b measured from a DMSO stock solution Compound 7c displayed favorable profiles, with a good human microsomal stability (18 µL/min/mg protein), moderate plasma protein binding (fraction unbound = 0.17) and favorable apparent permeability (Papp 7.78 x10 -6 cm/s). This rather low in vitro intrinsic clearance value should be taken with caution as it may be an artifact related to moderate CYP3A4 inhibition (

Table 5

 5 Thermodynamic solubility of compound 7c in PBS buffer at pH 7.4.

Table 6

 6 In vivo ADME properties of compound 7c following administration of 3 mg/kg dose to female CD-1 mice (n=3 replicates). Vdss, volume of distribution at steady state. MRT, mean residence time, defined as the time for 63.2% of the administered drug molecules to be eliminated from the body; Cmax, maximum plasma concentration; Tmax, time to maximum concentration; AUC, area under the plasma concentration vs time curve.

  To determine the compound concentration at equilibrium, 150 µL of donor solution (50 µM compound in 5% v/v DMSO/PBS, 1% Lucifer yellow) were diluted with 300 µL PBS (pH 7.4). The prepared samples were analysed by LC-MS/MS by measuring the area under the peak (AUC) of the compound on the chromatogram

	using an UHPLC on a kinetex 2.6µm C18 100A 50x2.1 mm column coupled with a Shimadzu
	LCMS-8030 triple quadrupole. 1 µL was injected. The mobile phase flow rate was 0.5 mL/min
	and the following program was applied for the elution: 0 min, 5% B; 0-1.2 min, 5-95% B; 1.2-
	1.4 min, 95% B; 1.4-1.42 min, 95-5% B and 1.42-2.8 min, 5% B. Solvent A was a mixture of
	0.05% formic acid in water and solvent B was acetonitrile. The detection wavelength was 254
	nm.
	2 min, 5-95% B; 1.2-1.4 min, 95% B; 1.4-1.42 min,
	95-5% B and 1.42-2.8 min, 5% B. Solvent A was a mixture of 0.05% formic acid in water and
	solvent B was acetonitrile. The detection wavelength was 254 nm. The concentration of parent
	compound versus time was subsequently modelled to an exponential decay function to
	determine the first order rate constant for parent compound depletion (k), which was ultimately
	used in the estimation of microsomal clearance. Negative control was performed by replacing
	NADPH by a similar volume of buffer. Positive control was performed using testosterone
	(experimental T1/2 27 min, literature value 32 min).
	4.3.4 PAMPA assay
	A 1 mM working solution was prepared by diluting 50 µL of 10 mM DMSO stock solution in
	450 µL of DMSO. Donor solution (50 µM compound in 5% v/v DMSO/PBS, 1% Lucifer
	yellow) was prepared by diluting 1/20 the working solution in 1% v/v Lucifer yellow/PBS. An
	aliquot (150 µL) of the donor solution was added to the donor plate well which contained a
	PVDF filter membrane (area 0.24 cm 2 ) precoated with 5 µL of 2% phosphatidylcholin in
	dodecane. The PTFE acceptor plate well was filled with 300 µL of PBS, and the donor plate
	and acceptor plate were combined and incubated for 16 h at 20°C. The plates were removed
	from the shaker, and the acceptor sample was prepared by mixing 270 µL of solution from the

acceptor well with 130 µL of acetonitrile. The donor sample was prepared by diluting an aliquot of solution from the donor well (20 µL) with PBS (250 µL) and acetonitrile (130 µL). The T0 sample was prepared by diluting an aliquot of donor solution (20 µL) with PBS (250 µL) and acetonitrile containing internal standard (130 µL).
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