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Abstract.

It is urgent to develop less toxic and more efficient treatments for leishmaniases and trypanosomiases. We explore the possibility to target the parasite mitochondrial HslVU protease, which is essential for growth and has no analogue in the human host. For this, we develop compounds potentially inhibiting the complex assembly by mimicking the C-terminal (C-ter) segment of the ATPase HslU. We previously showed that a dodecapeptide derived from Leishmania major HslU C-ter segment (LmC12-U2, Cpd 1) was able to bind to and activate the digestion of a fluorogenic substrate by LmHslV. Here, we present the study of its structure-activity relationships. By replacing each essential residue with related nonproteinogenic residues, we obtained more potent analogues. In particular, a cyclohexylglycine residue at position 11 (cpd 24) allowed a more than three-fold gain in potency while reducing the size of compound 24 from twelve to six residues (cpd 50) without significant loss of potency, opening the way toward short HslU C-ter peptidomimetics as potential inhibitors of HslV proteolytic function. Finally, conjugates constituted of LmC6-U2 analogues and a mitochondrial penetrating peptide were found to penetrate into the promastigote form of L. infantum and to inhibit the parasite growth without showing toxicity toward human THP-1 cells at the same concentration (i.e. 30 µM).

Introduction.

Leishmaniases and trypanosomiases are worldwide spreading diseases caused by the parasitic protozoa Leishmania and Trypanosoma, respectively. These Trypanosomatid parasites mainly affect sub-tropical and tropical zones and significantly contribute to human misery in these regions. About 350 million people are at risk for leishmaniases. With 1.5-2 million new cases per year and annual mortality of about 60,000 mainly due to visceral leishmaniasis, the rise in the number of cases is alarming [START_REF] Maxfield | Leishmaniasis. In: StatPearls, Treasure Island (FL)[END_REF]. A recent concern is the sharp increase in the overlapping of HIV infection and visceral leishmaniasis. Particularly worrying in Africa, this co-infection also caused an increased incidence of this disease in southern Europe (Spain, France, Italy, Portugal) [START_REF] Lindoso | Visceral leishmaniasis and HIV coinfection: current perspectives[END_REF]. About 70 million persons are at risk for African (sleeping sickness, T. brucei) and 25 million for American (Chagas' disease, T. cruzi) trypanosomiases [3,4]. The African disease has largely regressed during the last decade due to control programs but the risk of major epidemic remains. T. cruzi infects 6-7 million people and kills 10,000 persons every year [4][5][6].

There is as yet no effective treatment against any form of these human diseases. Current drugs generally suffer of several drawbacks, including toxicity, administration complexity, resistance, inability to treat all forms of the diseases, and cost [7]. New safe and effective drugs are thus urgently needed. Whereas the interest of pharmaceutical companies to develop new drugs has been traditionally scarce as these diseases are mainly prevalent in the poorest areas of the world, important actions have been implemented since the beginning of the century to fight these neglected diseases. For instance, leishmaniases and trypanosomiases are the main targets of the not-for-profit organization "Drugs for Neglected Diseases initiative" (DNDi, dndi.org), which enables research and development networks between academic and private partners.

Ideally these new drugs should be effective against both types of parasites and in both stages of the parasite life cycle (i.e. promastigote and amastigote for Leishmania, trypomastigote and amastigote for Trypanosoma).

The biology of trypanosomatids has been intensively studied and their genomes fully sequenced [8][START_REF] El-Sayed | The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease[END_REF][10]. These organisms use many unique and atypical molecular and biochemical pathways, which may be exploited as potential drug targets [11].

The ATP-dependent HslVU protease complex is one of these interesting targets. First characterized in eubacteria [12][13][START_REF] Yoo | Purification and characterization of the heat shock proteins HslV and HslU that form a new ATP-dependent protease in Escherichia coli[END_REF], absent in higher eukaryotes, HslVU was found in ancestral eukaryotes like Plasmodium [START_REF] Mordmüller | Plasmodia express two threoninepeptidase complexes during asexual development[END_REF][START_REF] Jain | The prokaryotic ClpQ protease plays a key role in growth and development of mitochondria in Plasmodium falciparum[END_REF] and Trypanosomatids [17] with a mitochondrial localization [START_REF] Li | Identification of a bacterial-like HslVU protease in the mitochondria of Trypanosoma brucei and its role in mitochondrial DNA replication[END_REF][START_REF] Tschan | Mitochondrial localization of the threonine peptidase PfHslV, a ClpQ ortholog in Plasmodium falciparum[END_REF][START_REF] Mbang | The bacterial-like HslVU protease complex subunits are involved in the control of different cell cycle events in trypanosomatids[END_REF]. Studies by us [START_REF] Mbang | The bacterial-like HslVU protease complex subunits are involved in the control of different cell cycle events in trypanosomatids[END_REF] and others [START_REF] Li | Identification of a bacterial-like HslVU protease in the mitochondria of Trypanosoma brucei and its role in mitochondrial DNA replication[END_REF] have shown that HslVU plays an essential role for cell growth and survival in Leishmania and Trypanosoma. Thus, inhibiting HslVU may be a promising approach to cure these diseases. Because HslV and the human proteasome have the same catalytic mechanism and binding sites with wide specificity, targeting their active sites appears a risky approach to identify selective inhibitors. An alternative consists in the inhibition of HslV/HslU association, which is essential for activity of the protease [12].

HslVU is the assembly of two stacked hexameric rings of the threonine protease HslV, which are capped on both side by an hexameric ring of the ATPase HslU. HslU recognizes and unfolds protein substrates and translocates them into the internal proteolytic chamber of the HslV dodecamer. X-ray structures of bacterial HslVU complexes [START_REF] Sousa | Crystal and solution structures of an HslUV protease-chaperone complex[END_REF][START_REF] Wang | Crystal structures of the HslVU peptidase-ATPase complex reveal an ATP-dependent proteolysis mechanism[END_REF] and functional studies [23][24][START_REF] Sousa | Crystal structure of HslUV complexed with a vinyl sulfone inhibitor: corroboration of a proposed mechanism of allosteric activation of HslV by HslU[END_REF] have evidenced the role of the C-terminal segment (C-ter) of HslU in protease activation. By inserting into the HslV complex, HslU C-ters induce a conformational rearrangement of HslV that propagates to the active sites [START_REF] Shi | Tracing an allosteric pathway regulating the activity of the HslV protease[END_REF]. This allosteric activation mechanism differs from that of the eukaryotic proteasome, for which binding of activators opens a gated channel that controls access of substrates to the proteolytic chamber. These functional studies also showed the importance of HslU C-ter in the stability of HslVU and hexameric HslU complexes. A synthetic octapeptide derived from Haemophilus HslU Cterminus was shown to bind HslV and to potently activate the digestion of a small fluorogenic substrate but not proteins, which necessitate prior unfolding by HslU [23]. A similar result was obtained with Leishmania, for which the activation of HslV is accompanied by large conformational rearrangements of the complex [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF]. This interaction is specific as substitution of the strictly conserved C-terminal leucine residue by an alanine abolishes HslV activation.

HslU C-ter from eubacteria and protozoan parasites is highly conserved, strongly supporting that an identical mechanism operates. It is noteworthy that HslU and HslV have only a moderate affinity (Kd = 1 µM) for each other in the absence of substrate [28] probably because the HslU C-ter is buried in the HslU complex in these conditions [START_REF] Bochtler | The structures of HsIU and the ATP-dependent protease HsIU-HsIV[END_REF]. This low affinity is an advantage for developing competing molecules based on the C-terminal segment of HslU. In support, a synthetic dodecapeptide derived from P. falciparum HslU C-ter was shown to compete with PfHslU for binding to PfHslV [START_REF] Rathore | Disruption of a mitochondrial protease machinery in Plasmodium falciparum is an intrinsic signal for parasite cell death[END_REF].

Intriguingly, in Trypanosomatids only, two HslU proteins, termed U1 and U2 co-exist. U1 and U2 are highly homologous in sequence except in the so-called I-domain thought to be involved in substrate recognition. The respective roles of U1 and U2 are not known. We previously found that inhibition of the expression of HslU1 and HslU2 from Trypanosoma brucei yielded different phenotypes and that only HslU1 was indispensable to parasite survival [START_REF] Mbang | The bacterial-like HslVU protease complex subunits are involved in the control of different cell cycle events in trypanosomatids[END_REF]. In this context, Sung et al. reported that only a C-terminal octapeptide derived from HslU2 of T. brucei (TbHslU2) and not from TbHslU1 was able to activate the peptidolytic activity of TbHslV [START_REF] Sung | Structural and biochemical analyses of the eukaryotic heat shock locus V (HslV) from Trypanosoma brucei[END_REF].

We recently described the production, purification and biochemical characterization of HslV from Leishmania major (LmHslV) [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF]. In contrast to Sung's result, we showed that octapeptides as well as dodecapeptides derived from both LmHslU1 and LmHslU2 were able to activate LmHslV, although the activation was indeed more efficient with LmHslU2 peptides. In addition, we found that the corresponding dodecapeptides from EcHslU, TbHslU2 and PfHslU were also able to activate LmHslV, sometimes with higher efficiency than the LmHslU2 peptide itself. This result suggested that a same HslU Cter mimetic could target HslV of all microorganisms. Finally, based on a C-terminal U2-derived dodecapeptide chosen as a reference (i.e. LmC12-U2, H-arg-O2Oc-Leu-Gln-Lys-Asn-Val-Asn-Leu-Ala-Lys-Tyr-Leu-Leu-OH, Cpd 1, Figure 1), we found that five out of its six C-terminal residues were essential for HslV binding and activation and that side-chain to side-chain cyclisation allowed reducing the peptide size from 12 to 9 residues without loss of potency.

H-arg-O2Oc-Leu-Gln-Lys-Asn-Val-Asn-Leu 7 -Ala-Lys 9 -Tyr 10 -Leu 11 -Leu 12 -OH Here, based on these results, we present an extended and extensive study of the structureactivity relationships of LmC12-U2 with the objective to obtain more potent analogues and to significantly reduce the size of HslU Cter mimetics. Finally, having identified potent LmC6-U2 analogues, conjugates with mitochondrial penetrating peptides (MPP) as well as fluorescently-labelled analogues were prepared and tested on Leishmania infantum cultures.

Results and Discussion

All peptides were assembled on a 2-chloro-trityl resin with Fmoc as the Na-protecting group and HBTU or HATU as coupling agents as already described [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF].

Their ability to activate LmHslV was assessed using the fluorogenic substrate Z-EVNL-AMC (JMV4482) [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF], which we found much more efficient than the Z-GGL-AMC substrate classically used to study HslVU [12]. As previously published, LmHslV displayed no activity in the absence of peptides [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF]. It gained activity in the presence of C-ter HslU peptides as already reported for bacterial HslV and TbHslV [23,[START_REF] Sung | Structural and biochemical analyses of the eukaryotic heat shock locus V (HslV) from Trypanosoma brucei[END_REF]. Peptides were compared based on the initial velocity of Z-EVNL-AMC digestion by LmHslV and results are reported as percentage of the initial velocity measured in the presence of the reference LmC12-U2 (Cpd 1) in most experiments (Tables 123).

Structure-activity relationships of LmC12-U2

Five out of the six C-terminal residues of LmC12-U2 (Cpd 1, Figure 1) were found to be essential for binding to and activation of LmHslV [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF]. We considered that the essential nature of these residues was related to their tight interaction with well-defined pockets at the interface of two HslV subunits. With the objective to better define the structural requirements of LmHslU2 binding to LmHslV and to possibly obtain more efficient analogues, we individually substituted each essential position by structurally close and/or bulkier and mostly non-natural amino acids (Figure 2, Tables 123).

In addition, as even structurally close residues display slightly different physico-chemical properties, hydrophobicity and bulkiness, these changes may lead to a gain in affinity.

Leucine residues (positions 7, 11 and 12) were mainly replaced by bulkier and more hydrophobic aliphatic amino acids such as cyclohexylalanine (Cha) or cyclohexylglycine (Chg). Lysine at position 9 was replaced by other basic residues or isosteric neutral ones.

Tyrosine at position 10 was replaced by numerous aromatic residues more or less bulky and hydrophobic (Figure 2). We assumed that a higher activation level would reflect a higher affinity, although we cannot rule out that it could result from a more efficient substrate binding or catalytic activity. 

Table 1. LmHslU2 C-ter peptide mono-and multisubstituted analogues 1-35 and their

LmHslV activation potency at 500 µM. 

Cpd

Monosubstituted analogues.

Substitutions at positions 7 or 9.

Table 1 shows the activity of analogues monosubstituted at positions 7 or 9 relative to the reference 1. The substitution of Leu 7 by its closest analogue Cha (2) or the shorter Chg (3) had no effect on the activation level. In contrast, Oic (4), which is a proline analogue of Cha, led to a five-fold decrease in potency. This effect could be due to side-chain constraining and/or to the absence of a potential hydrogen bond between the peptide and HslV. In the case of Lys 9 , changes showed that this residue binds to a large pocket in HslV and that a positive charge could be spared. Indeed, a minimal size is required as replacing Lys by its one-methylene shorter analogue Orn (5) decreased the activating potency by more than six-fold, while replacing it with the bulkier paminophenylalanine (6) yielded similar potency. As expected, the other natural basic residue Arg yielded a similarly efficient analogue (7). In HiHslVU (1G3I.pdb [START_REF] Sousa | Crystal and solution structures of an HslUV protease-chaperone complex[END_REF]), the residue equivalent to Lys 9 is HiHslU Arg 441 , whose side-chain faces an acidic environment formed by HiHslV Glu 61 and Glu 58 residues, which are conserved in LmHslV, suggesting important ionic interaction. In contrast, replacing Lys 9 by the isosteric but uncharged arginine analogues citrulline (8) and thiocitrulline [START_REF] El-Sayed | The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease[END_REF] only slightly decreased the activating potency (relative potencies of 53% and 83%, respectively), suggesting that the urea group and in particular the bulkier thiourea group could compensate the absence of charge by their ability to establish several hydrogen bonds.

2.1.1.2. Substitutions at positions 10, 11, or 12. More dramatic variations were observed when substituting the last three residues Tyr-Leu-Leu. Substitution of Tyr 10 led to disparate results (Table 1). As already reported, the replacement of this residue by Phe (10) led to a eight-fold decrease in activity [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF]. In addition, introducing the constrained pipecolic analogue of Phe, 1,2,3,4-tetrahydroisoquinoline-3-carboxyl (Tic) (11), completely abolished HslV activation.

Introducing various substituents on Phe (p-fluoro-12, 3,4-difluoro-13, p-nitro-14) only slightly increased the potency compared to 10 (up to less than 30% relative potency), but all three analogues were three-to five-fold less potent than the reference peptide, suggesting an important interaction between the tyrosine phenol group and HslV that could not be compensated by fluorine or nitro group. In fact, structural data obtained for TbHslV [START_REF] Sung | Structural and biochemical analyses of the eukaryotic heat shock locus V (HslV) from Trypanosoma brucei[END_REF] and HiHslVU [START_REF] Sousa | Crystal and solution structures of an HslUV protease-chaperone complex[END_REF] suggest that the phenol group establishes H-bond(s) with Ala 79 main chain atoms and/or Lys 80 in HslV. In agreement with this, introducing substituents on Tyr led to less important changes and could be favourable to potency in some cases. Whereas the [m-nitroTyr 10 ]-LmC12-U2 analogue 15 was about half as potent as the parent peptide 1, the DOPA (or m-hydroxyTyr)-containing compound 16 was 1.4-fold more potent. Overall, these results support the importance of the tyrosine hydroxyl group in HslV activation. However, we found that the absence of the hydroxyl group can be balanced by bulky bicyclic aromatic residues. Indeed, the three analogues 17 ([1-Nal 10 ]), 18 ([2-Nal 10 ]) and 19 ([Trp 10 ]) were as or significantly more efficient than the reference peptide. In particular, 17 was the most potent of this series with a 1.6-fold increase in activity. 20 ([Bip 10 ]-) was an exception, indicating that the second phenyl group at the para position of Phe might not be well accommodated by the corresponding HslV interaction pocket. More striking results were obtained when exploring position 11 (Table 1). First, replacing the leucine residue by its closest analogue Cha (21) led to an approximately 2.7-fold increase in potency compared to LmC12-U2 1. Interestingly, the corresponding aromatic residue Phe in compound 22 was much less favourable (2-fold less potent than LmC12-U2), indicating that the larger volume and/or higher adaptability of the cyclohexyl ring allowed a better recognition by HslV. Then, increasing the side-chain by one methylene (i.e. a homoCha residue) yielded the less potent 23, which nevertheless still proved better than compound 1 (1.6-fold more efficient). In contrast, shortening it by the same unit (i.e. a Chg residue) was more favourable to activity, with 24 being about 3.5-fold more potent than LmC12-U2.

Replacing Cha by octahydroindolecarboxyl (Oic, compound 25) abolished the activity, indicating that the Cha-like side-chain of Oic was blocked in an orientation not compatible with binding and/or that an essential hydrogen bond was lost. Finally, it is noteworthy that replacing the Tyr 10 residue by Phe in the [Chg 11 ] analogue [START_REF] Shi | Tracing an allosteric pathway regulating the activity of the HslV protease[END_REF] did not lead to a lower level of activation compared to 24. It is also striking that, although substitution of the C-terminal Leu residue by Ala ( 27) led to a ten-fold decrease in potency compared to 24, the activity was not abolished in contrast to what was previously observed for [Ala 12 ]-LmC12-U2 [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF]. 27 showed about 35% activity as compared with compound 1. Overall, these results showed that the presence of a cyclohexyl ring at position 11 is of high interest but the structural basis of this particular behaviour is unclear.

Finally, as expected [23], the C-terminal Leu residue was confirmed to be critical to activate LmHslV. Indeed, introducing the b-amino acid residue b-homoLeu (28) abolished the activity. However, whereas substitution by the closest analogue Cha (29) caused a four-fold decrease in potency, replacing Leu 12 by the shorter Chg (30) was fully tolerated. 7, 9, 10, 11. The first part of the study showed that it was possible to modulate the activation potency of the reference peptide 1 LmC12-U2 by replacing essential residues with closely related ones. Moreover, more potent analogues were obtained with substitutions at positions 10 and 11, which could help the design of peptidomimetics. To check if the combination of several of these favourable substitutions could yield a synergetic effect, we prepared a few di- [START_REF] Sung | Structural and biochemical analyses of the eukaryotic heat shock locus V (HslV) from Trypanosoma brucei[END_REF][START_REF] Marshal | Angiotensin II. Studies on the biologically active conformation[END_REF][START_REF] Burgess | An obligatory alpha-helical amino acid residue[END_REF] and tri-substituted [START_REF] Sudha | Stabilization of beta-turn conformations in enkephalins. alpha-Aminoisobutyric acid analogs[END_REF][START_REF] Benedetti | Structural versatility of peptides from C α,α dialkylated glycines: Linear Ac3c homooligopeptides[END_REF] analogues of LmC12-U2 diversely combining the neutral (i.e. no individual effect) [Cha 7 ],

Combined substitutions at positions

[Arg 9 ], and two of the most favourable mono-substitutions [1Nal 10 ] and [Cha 11 ] (Table 1).

Unfortunately, compared to the corresponding mono-substituted peptides, most analogues showed lower activation potency. In particular, compound 33, which contained two favorable substitutions (1Nal 10 and Cha 11 ) showed intermediate activity compared to the corresponding mono-substituted 17 and 21. Interestingly, compound 35, which differed from 33 by the presence of the neutral Cha at position 7 was 1.2-fold more potent than 33. In addition, the trisubstituted analogue 34 ([Cha 7 , Arg 9 , Cha 11 ]), which combined two neutral and one favourable substitution was found to be slightly more potent (303% vs 278%) than the [Cha 11 ]-LmC12-U2 analogue 21.

Our observation that most of the combined substitutions do not have a synergic effect can be explained by the assumption that each individual substitution causes slight adjustment of the peptides within the binding pocket. The synergy will be observed only in the cases when the adjustment induced by two or more combined substitutions occurs in the same direction.

Constrained analogues.

When interacting with HslV, the C-terminal hexapeptide segment of HslU in Hemophilus influenzae forms a short helical structure, the C-terminal leucine residue being distended from this helix [START_REF] Sousa | Crystal and solution structures of an HslUV protease-chaperone complex[END_REF]. Various local and global conformational constraints have been introduced in order to favour this conformation (Table 2). First, the three leucine residues at positions 7, 11 and 12 as well as Ala 8 have been individually replaced by their Ca-methyl analogue (CaMethyl-Leucine (CaMeLeu) and aaminoisobutyric acid (Aib), respectively). These amino acids have been shown to induce local constraints favouring either b-turn or helix secondary structures [START_REF] Marshal | Angiotensin II. Studies on the biologically active conformation[END_REF][START_REF] Burgess | An obligatory alpha-helical amino acid residue[END_REF][START_REF] Sudha | Stabilization of beta-turn conformations in enkephalins. alpha-Aminoisobutyric acid analogs[END_REF][START_REF] Benedetti | Structural versatility of peptides from C α,α dialkylated glycines: Linear Ac3c homooligopeptides[END_REF]. In addition, they could also provide the peptides with a higher resistance to enzyme degradation [START_REF] Payne | The primary structure of alamethicin[END_REF][START_REF] Leduc | Differentiation of bradykinin receptors and of kininases with conformational analogues of bradykinin[END_REF].

Unfortunately, the analogues 38 (CaMeLeu 11 ) and 39 (CaMeLeu 12 ) were devoid of activity, while analogue 37 (Aib 8 ) was half as potent as the reference peptide and a CaMeLeu at position 7 (36) did not induce any change (Table 2). To check the influence of these substitutions on peptide conformation, we studied compounds 1, 36 and 37 by circular dichroism (CD) in aqueous buffer without or with increasing concentrations of trifluoroethanol (TFE), a co-solvent with helix-promoting properties (Figure S1 and Table S4). As already observed in our previous study [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF], all peptides display random conformation with very low helix content (< 5% in the absence of TFE). Addition of TFE only slightly increased it further, reaching a maximum of 12% helix content at 50% TFE.

Overall, all three peptides behaved quite identically (Figure S1 and Table S4), indicating that the substitution by Ca-methyl aminoacids in compounds 36 and 37 had no effect on the conformation when compared to the parent peptide 1. These results may explain why no improvement in activity was observed following this approach. In addition, the decreased activity observed for compounds 37-39 indicated that the CaMethyl group might hinder some important interaction with HslV and confirmed the essential role of the last two C-terminal leucine residues.

Second, we further explored global conformational constraint through side-chain to side-chain cyclisation between positions 4 (i) and 8 (i + 4). We previously reported that cyclization between Asp 4 and Lys 8 through a lactam bridge in LmC12-U2 was well tolerated and that it was possible to decrease the size to the corresponding cyclic C9-U2 (40, see Table 2) without loss of potency [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF]. We first substituted Asp 4 to Glu 4 to slightly increase the cycle size (compound 41), and, as observed when decreasing it [START_REF] Kebe | The HslV Protease from Leishmania major and Its Activation by C-terminal HslU Peptides[END_REF], this change led to a ten-fold loss in potency. These results indicated that the 20-atom ring formed by the (Asp i , Lys i+4 ) bridge is optimal for activity. The fact that it is also optimal for helix stabilization [START_REF] Taylor | The synthesis and study of side-chain lactam-bridged peptides[END_REF] suggests that it stabilizes at least one helix turn in LmC9-U2. We also reversed Asp and Lys residues (compound 42) and decreased activity was also observed. This result was not unexpected as it has been reported that the orientation and/or the position of a lactam bridge could be critical for helix stability [START_REF] Houston | Lactam bridge stabilization of alpha-helical peptides: ring size, orientation and positional effects[END_REF]. (Table 1). The two first analogues were found to be slightly less potent than the nonsubstituted cyclic C9-U2 peptide. In contrast, the [Cha 11 ] analogue 45 was found slightly more potent, but the observed 1.3-fold increase in activity was less notable than in the case of the linear LmC12-U2 reference peptide. More interestingly, the presence of a Chg residue at position 11 [START_REF] Horton | Tuning the activity of mitochondria-penetrating peptides for delivery or disruption[END_REF] strongly increased potency, being about three-fold more active than the parent cyclic peptide. In addition, the analogue 47 with a reverse lactam bridge was found as potent as 46, in contrast to what was observed for compound 42. These results confirmed the exceptional interest of Chg at this position. where the dipeptide Leu 7 -Ala 8 was replaced by a gLeu residue displayed significant activity (about 50% that of LmC12-U2). Overall, Chg was much more efficient than Cha, and 50 was approximately three-fold and seventeen-fold more potent than LmC12-U2 and LmC6-U2, respectively.

Analogues of compound 50 were prepared where Tyr 10 and/or Leu 12 were replaced by close residues (1-Nal ( 53), 2-Nal (54), DOPA [START_REF]H-arg-O2Oc-Leu-Ala-Lys-DOPA-Chg-Leu-OH [DOPA 10[END_REF] and m-nitroTyr (56) at position 10; Chg residue (57) at position 12). Table 3 showed that no analogue was found significantly more potent than 50, while substituting Leu 12 with an Ala residue (58) abolished activity as expected.

Assuming that a better activation potency relates to stronger binding, we tried to understand the higher activity of Chg 11 -containing analogues by molecular modelling. The compounds LmC8-U2 and [Chg 11 ]-LmC8-U2 were modelled into the HslU C-ter-binding site situated between two subunits of the HslV complex from Leishmania. The Leishmania-based models were generated using the known structure of the HslVU complex from Haemophilus influenza (i.e. HiHslVU, PDB code 1G3I [START_REF] Sousa | Crystal and solution structures of an HslUV protease-chaperone complex[END_REF]) and INSIGHT II program [START_REF] Dayringer | Interactive program for visualization and modelling of proteins, nucleic acids and small molecules[END_REF]. The modelling showed that both Chg 11 and Leu 11 fit similarly the binding pocket (see Figure S2 for the Chg 11containing segment) and no clear difference in binding energy could be observed in this study. One hypothesis is that Chg imposes a higher rigidity to the peptide leading to a difference in the binding kinetics, which could impact the activation mode. This hypothesis is in line with the fact that Chg is a b-branched residue (not the case of Leu) and its lateral chain is further constrained by cyclisation and thus less mobile, which in turn could be an advantage to rapidly fit in the binding site, provided that is has the right orientation.

In vitro activity against the promastigote form of Leishmania infantum

We studied whether the most potent hexapeptide compound found here, 50 ([Chg 11 ]-LmC6-U2), could impair parasites' survival in culture.

It is generally admitted that such peptides are not able to cross cell membranes. In addition, to reach its target HslVU, the compound has to cross both the cell and mitochondrion membranes. Thus, we considered to conjugate the peptide to a cell penetrating peptide (CPP).

This approach has already been reported to target the HslVU complex of Plasmodium falciparum (PfHslVU) [START_REF] Rathore | Disruption of a mitochondrial protease machinery in Plasmodium falciparum is an intrinsic signal for parasite cell death[END_REF]. In this study, the Authors attached the well-known 16-residueslong CPP penetratin to the PfHslU C-terminal dodecapeptide (i.e. PfC12-U), and the resulting conjugate was shown to inhibit parasite growth in a dose-dependent manner. However, this conjugate is long (28 residues) and therefore highly exposed to proteolytic degradation. In addition, the C-terminal HslU segment was not optimized and penetratin is not considered to preferentially target the mitochondrion. We therefore conjugated the hexapeptidic segment of 50 to another CPP belonging to a family of mitochondrial penetrating peptides (MPPs), which have been shown to specifically localize and to deliver small peptidic cargoes to mitochondria in human cell [START_REF] Zhao | Cellpermeable peptide antioxidants targeted to inner mitochondrial membrane inhibit mitochondrial swelling, oxidative cell death, and reperfusion injury[END_REF][START_REF] Horton | Mitochondirapenetrating peptides[END_REF][START_REF] Yousif | Mitochondria-penetrating peptides: sequence effects and model cargo transport[END_REF][START_REF] Kelley | Development of novel peptides for mitochondrial drug delivery: amino acids featuring delocalized lipophilic cations[END_REF]. First, we checked if MPPs could indeed enter in the parasite cell and mitochondrion. In contrast to higher eukaryotes, parasitic protozoa (e.g. Leishmania, Trypanosoma, Plasmodium) often exhibit a single large mitochondrion with a membrane composition similar to that of higher eukaryote mitochondria. We synthesized several fluorescentlylabelled MPP's (Table 4). Two fluorophores were studied, i.e. thiazole orange (TO) [START_REF] Carreon | Cyanine dye conjugates as probes for live cell imaging[END_REF] and fluorescein (FITC), which were conjugated at the N-terminus of MPPs. In the case of fluorescein, an aminohexanoyl spacer had to be inserted. Promastigotes of L. infantum were incubated with the compounds at a concentration of 60 µM for 1h and, after washings, observed by confocal microscopy. The fluorescein-labelled 63 analogue was found to not significantly penetrate into the parasites, while the two fluorescent versions of the longest peptide (i.e. 64 and 65 = doubling of the 63 sequence) were toxic, yielding rounded and immotile cells. However, all other fluorescent MPPs labelled cells in a more or less homogeneous fashion, indicating cytoplasmic as well as possible mitochondrial localization (see Figure S3). To get more insight into their localization, cell labelling by 67, composed of three units of the dipeptide Cha-arg, was compared to that obtained with mitotracker (Figure 3). Compound 67 was shown to enter the parasite and merged images indicate that it could at least partially localize to the mitochondrion. Having checked that MPPs could indeed penetrate the parasite, we prepared several conjugates containing the (Cha-arg)n MPP (n = 2, 3) (Table 5).

We first assessed their ability to activate isolated LmHslV (Table 5). The LmC6-U2

conjugates with a (Cha-arg)2 (69) or a (Cha-arg)3 (72) MPP were found to be about 67% and 48% as potent as 1 (LmC12-U2), and three and two-fold more potent than LmC6-U2 (48, Table 1), respectively. Thus, N-terminal lengthening increased potency despite the presence of several D-amino acid residues in the MPP sequence. However, 72 with the longest MPP was slightly less potent than 69. As expected, the corresponding [Ala 12 ] analogues 70 and 73

were inactive. The [Chg 11 ]-LmC6-U2 conjugates behaved differently. Whereas 71 with a (Cha-arg)2 MPP was only slightly less potent than the corresponding hexapeptide 50 (Table 3), adding a Cha-arg unit (74) led to a significant drop in activity with 74 being about 50% as active as [Chg 11 ]-LmC6-U2 [START_REF]H-arg-O2Oc-Leu-Ala-Lys-Tyr-Chg-Leu-OH[END_REF], suggesting that the MPP segment significantly counteracted the favourable effect of Chg 11 . In any case, 74 was found about 1.5-, 7-and 3-fold more potent than LmC12-U2 (1), LmC6-U2 [START_REF]H-arg-O2Oc-Leu-Ala-Lys-Tyr-Leu-Leu-OH LmC6-U2 17 ± 4[END_REF], and 72 respectively. Finally, as already observed for 24 and 27 (Table 1), 75, the [Ala 12 ] analogue of 74, showed significant activating potency, being 30% as active as 74, and as active as 72. Therefore, in contrast to 70 and 73, 75 could not be used as a negative control in the following experiments. Finally, the same compounds were tested in cultures of the promastigote form of L. infantum (Figure 4B). As expected, no non-conjugated peptides (i.e. 1, 24, 48, not shown in Figure 4B for the sake of clarity) and no vector alone (i.e. 76, 77) were found toxic for the parasite after 48h incubation at a 60 µM concentration. The LmC6-U2 conjugate with two Cha-arg units (69) was also inactive, as of course its [Ala 12 ] analogue 70 (not shown in Figure 4B). The more potent [Chg 11 ] analogue 71 showed some activity with about 35% growth inhibition at 60 µM. More significant effects were found for conjugates containing three Cha-arg units.

The corresponding LmC6-U2 conjugate 72 inhibited parasite growth by 65% at 30 µM and maximally (about 80% inhibition) at 60 µM. As expected, its [Ala 12 ] analogue 73 showed no significant toxicity. Finally, the more potent [Chg 11 ] analogue 74 showed higher activity with 65% inhibition at 15 µM and maximally at 30 µM. Overall, these results suggested that a C-terminal HslU peptide conjugated to an MPP may indeed inhibit parasite growth, and that a minimum of three Cha-arg units is necessary for efficient vectorization. A fluorescently labelled analogue of 74, 78, was shown to penetrate into L. infantum promastigotes with similar localization as the fluorescent vector 67 (Figure 3). Compared to 67, the parasite appeared damaged after 3h incubation with 78, suggesting that some toxicity occurred in agreement with the observed toxicity of the non-fluorescent analogue 74 (Figure 4B).

Conclusion

We performed the first steps toward the development of peptidomimetics potentially able to inhibit the interaction between the LmHslU and LmHslV complexes. By substituting essential residues of the reference peptide LmC12-U2 1 (i.e. 5 out of the 6 C-terminal residues) with structurally close amino acids, we identified up to three-fold more potent analogues. In particular, substitution at positions 10 and 11 afforded the largest improvements. More particularly, a Chg at position 11 (Cpd 24) resulted in the most dramatic effect. This particular behaviour was also observed in the LmC6-U2 and cyclic LmC9-U2 series. Indeed the [Chg 11 ]-LmC6-U2 analogue 50 was found only slightly less potent than the corresponding dodecapeptide 24, in strong contrast with LmC6-U2 48 whose activity was about six times lower than that of LmC12-U2 1. The reason why the Chg residue is so favourable is not clear but its higher rigidity could lead to more favourable binding kinetics. Finally, we found that the conjugate 74, derived from compound 50 and incorporating a known mitochondrial penetrating peptide (i.e. (Cha-arg)3) inhibited the growth of the parasite promastigote form with a maximal effect at 30 µM, while it did not show any toxicity toward human THP-1 cells at the same concentration. 78, a fluorescent analogue of 74, confirmed the ability of the conjugate to penetrate the parasite. Future efforts will focus on the design of C-ter HslU peptidomimetics with enhanced metabolic stability.

Experimental

Reagents and resins for peptide synthesis (Fmoc-protected amino acids, HATU, DIEA, TFA, piperidine, 2-chlorotrityl chloride (1.6 mmol/g) and Fmoc-Rink amide (0.56 mmol/g) polystyrene resins, solvents and other reagents) were purchased from Iris-Biotech, Merck/Novabiochem, Bachem, Riedel-de Haën, Carlo-Erba, Merck/Sigma-Aldrich or Alfa-Aesar, and used without further purification. Solvents used for RP-HPLC and LC-MS were of HPLC grade.

After parasite counting by nephelometry, an adequate volume of parasite culture (10 7 parasites per mL for one condition) was placed in a sterile 50 mL tube. After centrifugation (3 min at 3600 rpm), the supernatant was gently removed and re-suspended in complete Schneider's medium. One mL suspension per condition was introduced in an Eppendorf tube and peptide solution in DMSO was added to a 60 µM final concentration. After homogenisation, the tubes were incubated at 26 °C and in the dark for 1h. The tubes were then centrifuged (3 min at 3600 rpm) and the supernatant gently removed. For washing, 1 mL of 1X PBS was added and the resulting suspension again centrifuged (3 min at 3600 rpm) and the supernatant removed. For cell fixation, 1 mL of 1X PBS containing 4% paraformaldehyde was added and the tubes were incubated at 26 °C for 1h30. After centrifugation (3 min at 3600 rpm) and gentle removal of the supernatant, 1 mL of 1X PBS was added (washing) and a portion of the suspension was placed on a microscope slide, which was examined with a Zeiss LSM 510-META confocal laser scanning microscope. To observe the fluorescence of thiazole orange-and fluorescein-labelled peptides, lexc/em were 512/533 nm and 488/525 nm, respectively. To observe DAPI and Mitotracker, lexc/em were 405/460 nm and 488/525, respectively.

Toxicity assays toward THP-1 cells.

After cell counting by nephelometry, a defined volume of cell suspension was centrifugated

(5 min at 10,000 rpm), the supernatant removed and the pellet was diluted to a concentration of 5.10 5 cells/mL with THP-1 medium containing 20 ng/mL of PMA (phorbol 12-myristate-13-acetate) to activate THP-1. After homogenization, the suspension was distributed in a 96wells plate (100 µL per well) and the cultures incubated at 37 °C under 5% CO2 atmosphere for 24h. A serial dilution (3.75, 7.50, 15, 30 and 60 µM) of compounds was applied on the cultures, which were then incubated for 48h in an incubator at 37 °C in a humidified atmosphere containing 5% CO2. Cell viability was finally assessed by Alamar Blue assay. 10 µL of Alamar Blue solution was added to each well and reading was performed using a plate reader after 3h (lexc/em = 530/590 nm). Each experiment was repeated three times.

Toxicity assays toward L. infantum (promastigote form).

After cell counting by nephelometry, a defined volume of cell suspension to have 2.10 5 parasites per well was centrifugated (5 min at 10,000 rpm), the supernatant removed, and the pellet was diluted to a concentration of 2.10 6 cells/mL with parasite medium. After homogenization, the suspension was distributed in a 96-wells plate (100 µL per well). A serial dilution (3.75, 7.50, 15, 30 and 60 µM) of compounds was applied on the cultures, and plates were sealed with parafilm and incubated for 48h at 26 °C. Cell viability was finally assessed by a bioluminescence assay. 20 µL of a 30 mg/mL solution of luciferin was added to each well and the bioluminescence was rapidly measured using a plate reader Synergy 2 (Bio Tek).

Each experiment was repeated three times.
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Figure 1 .

 1 Figure 1. Sequence of the reference activating peptide, LmC12-U2. Essential residues are in bold. The Nterminal segment arg-O2Oc provides better aqueous solubility.

Figure 2 .

 2 Figure 2. Structure of the non-proteinogenic amino acid residues used in this study. The positions (7, 8, 9, 10, 11 or 12) where they have been individually introduced are indicated.

18 a

 18 -O2Oc-Leu 1 -Gln-Lys-Asn-Val-Asn-Leu 7 -Ala-Lys 9 -Tyr 10 -Leu 11 -Leu 12 -O2OC-Leu-Gln-Lys-Asn-Val-Asn-Leu-Ala--O2OC-Leu-Gln-Lys-Asn-Val-Asn-Leu-Ala--O2OC-Leu-Gln-Lys-Asn-Val-Asn-Leu-Ala-Lys-1Nal-Cha-Leuarg-O2OC-Leu-Gln-Lys-Asn-Val-Asn-Cha-Alaarg-O2OC-Leu-Gln-Lys-Asn-Val-Asn-Cha-Ala-Lys-1Nal-Cha-Leu-OH [Cha 7 , 1Nal 10 , Cha 11 ]-LmC12-U2 242 ± Percentage of initial velocity relative to compound 1 (100%). LmHslV (2 µg, 75.2 nM) was incubated at 37 °C with 100 µM JMV4482 (Z-EVNL-AMC) in the presence of 500 µM peptides. The fluorescence of the free AMC group, proportional to the activity of the sample, was measured at 2 min. intervals. b NA: no activity (<10%). Bip = Biphenylalanine (para-Phenyl-Phenylalanine); Cha = CyclohexylAlanine; Chg = CyclohexylGlycine; Cit = Citrulline; diFPhe = 3,4-DifluoroPhenylalanine; DOPA = 3,4-DihydroxyPhenylalanine; pFPhe = para-FluoroPhenylalanine; hCha = homoCyclohexylAlanine; bhLeu = b-homoLeucine; 1Nal, 2Nal = 1-, 2-Naphthylalanine; pNH2Phe = para-AminoPhenylalanine; pNO2Phe = para-NitroPhenylalanine; mNO2Tyr = meta-NitroTyrosine; O2Oc = [2-(2-aminoethoxy)ethoxy]acetyl; Oic = Octahydroindole-2-carboxyl; Orn = Ornithine; Tci = Thiocitrulline; Tic = Tetrahydroisoquinoline-3-carboxyl.

36 a

 36 -O2Oc-Leu 1 -Gln-Lys-Asn-Val-Asn-Leu 7 -Ala-Lys 9 -Tyr 10 -Leu 11 -Leu12 -OH LmC12-U2 100 Ca-Methyl-substituted analogues of LmC12-U2 36 H-arg-O2Oc-Leu-Gln-Lys-Asn-Val-Asn--O2Oc-Leu-Gln-Lys-Asn-Val-Asn-Leu-Ala-Lys-Tyr-Ca-MeLeu-Leu-OH [CaMeLeu 11 ]-LmC12-U2 NA 39 H-arg-O2Oc-Leu-Gln-Lys-Asn-Val-Asn-Leu-Ala-Lys-Tyr-Leu--O2OC-c[Asp-Val-Asn-Leu-Lys]-Arg-Tyr-Leu-Leu-OH c[Asp 4 , Lys 8 , Arg 9 ]-LmC9-U2 59 ± 2 44 H-arg-O2OC-c[Asp-Val-Asn-Leu-Lys]-Lys-Percentage of initial velocity relative to compound 1 (100%). LmHslV (2 µg, 75.2 nM) was incubated at 37 °C with 100 µM JMV4482 (Z-EVNL-AMC) in the presence of 500 µM peptides. The fluorescence of the free AMC group, proportional to the activity of the sample, was measured at 2 min. intervals. b NA: no activity (<10%). Aib = a-aminoisobutyryl; CaMeLeu = Ca-Methyl-Leucine; Cha = CyclohexylAlanine; Chg = CyclohexylGlycine; 1Nal = 1-Naphthylalanine; O2Oc = [2-(2-aminoethoxy)ethoxy]acetyl.

  The next step was to combine the cyclic constraint with the most favourable amino acid substitutions described above. Several analogues of the cyclic C9-U2 peptide were prepared, including [Arg 9 ] (43), [1Nal 10 ] (44), [Cha 11 ] (45) and [Chg 11 ] (46) substituted compounds

  -arg-Phe-Lys-NH2 FITC-Ahx-Phe-arg-Phe-Lys-NH2 [41] 62 63 TO-Cha-arg-Cha-Lys-NH2 FITC-Ahx-Cha-arg-Cha-Lys-NH2 [42] 64 65 TO-Cha-arg-Cha-Lys-Cha-arg-Cha-Lys-NH2 FITC-Ahx-Cha-arg-Cha-Lys-Cha-arg-Cha-Lys--arg-Cha-arg-Cha-arg-NH2 FITC-Ahx-Cha-arg-Cha-arg-Cha-arg-NH2 [46] a Axh = 6-aminohexanoyl; Cha = cyclohexylalanine; FITC = fluorescein-isothiocyanate; TO = thiazole orange.

Figure 3 .

 3 Figure 3. Penetration of 67 (top) and of the conjugate 78 (bottom) in promastigotes of L. infantum. Parasites were re-suspended in complete Schneider's medium and incubated with compounds (60 µM) at 26 °C for 3h in the dark. Cells were then washed, fixed, stained for DAPI and Mitotracker as described in Experimental Procedures and observed under confocal microscopy. Selected images are shown.

9 70 26 72 6 73 20 75 5 76

 9266205 Cha-arg)2-Leu-Ala-Lys-Tyr-Leu-Leu-OH 67 ± Ac-(Cha-arg)2-Leu-Ala-Lys-Tyr-Leu-Ala-OH NA b 71 Ac-(Cha-arg)2-Leu-Ala-Lys-Tyr-Chg-Leu-OH 269 ± Ac-(Cha-arg)3-Leu-Ala-Lys-Tyr-Leu-Leu-OH 48 ± Ac-(Cha-arg)3-Leu-Ala-Lys-Tyr-Leu-Ala-OH NA 74 Ac-(Cha-arg)3-Leu-Ala-Lys-Tyr-Chg-Leu-OH 148 ± Ac-(Cha-arg)3-Leu-Ala-Lys-Tyr-Chg-Ala-OH 47 ± Ac-Cha-arg-Cha-arg-NH2 ND 77 Ac-Cha-arg-Cha-arg-Cha-arg-NH2 ND 78 TO-(Cha-arg)3-Leu-Ala-Lys-Tyr-Chg-Leu-OH ND c a Percentage of initial velocity relative to compound 1 (100%). LmHslV (2 µg, 75.2 nM) was incubated at 37 °C with 100 µM JMV4482 (Z-EVNL-AMC) in the presence of 500 µM peptides. The fluorescence of the free AMC group, proportional to the activity of the sample, was measured at 2 min. intervals. b NA = No activity (≤5%). c ND = Not determined. Next, the toxicity toward the human monocytic cell line THP-1 of all conjugates (excepted 75), the MPP's alone 76 and 77, and the peptides LmC12-U2 (1), LmC6-U2 (48) and [Chg 11 ]-LmC12-U2 (24), was assessed after 48h incubation. As presented in Figure 4A (not shown for 1, 24, 48 and 70), no compound showed toxicity at 60 µM concentration.

Figure 4 .

 4 Figure 4. A) Toxicity of compounds toward human THP-1 cells after 48h and at concentrations up to 60 µM. B) Toxicity of compounds toward the promastigote form of L. infantum after 48h and at concentrations up to 60 µM.

  

Table 2 . LmHslU2 C-ter peptide constrained analogues 36-47 and their LmHslV activation potency at 500 µM.
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Table 3 . LmHslU2 C-ter hexapeptide analogues 48-58 and their LmHslV activation potency at 500 µM
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