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Chlamydia trachomatis is a bacterial human pathogen responsible for the development of trachoma, an infection leading to blindness, and is also the cause of the main bacterial sexually transmitted infection worldwide. We designed a new inhibitor of this bacterium with, however, some prerequisites using (i) the iron dependency of the bacterium, (ii) a commercially available broad-spectrum antibiotic and (iii) a short synthetic pathway. The corresponding 8hydroxyquinoline-ciprofloxacin conjugate was evaluated against a panel of pathogenic bacteria, including C. trachomatis but also the ESKAPE group (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter

species). Its anti-Chlamydia activity is higher than that of ciprofloxacin and seems to be related to the fluoroquinolone moiety of the molecule, which is also responsible for the complexation of iron(III), as demonstrated by spectrophotometric titration.

Chlamydia trachomatis (C. trachomatis), an obligate intracellular Gram-negative bacterium, is responsible for the most common sexually transmitted bacterial infection in the world (131 million new cases in 2012, WHO data), [START_REF] Verbeke | WHO guidelines for the treatment of Chlamydia trachomatis[END_REF] which causes severe complications leading to serious sequelae in men and women, including infertility. This infection also facilitates other sexually transmitted infections (STI), including HIV, [START_REF] Venkatesh | The relative contribution of viral and bacterial sexually transmitted infections on HIV acquisition in southern African women in the Methods for Improving Reproductive Health in Africa study[END_REF][START_REF] Peterman | Risk for HIV following a diagnosis of syphilis, gonorrhoea or chlamydia: 328,456 women in Florida, 2000-2011[END_REF] and increases the incidence and persistence of human papillomavirus (HPV) infection. [START_REF] Seraceni | High prevalence of hpv multiple genotypes in women with persistent Chlamydia trachomatis infection[END_REF][START_REF] Vriend | Medical Microbiological Laboratories and the CSI group. Incidence and persistence of carcinogenic genital human papillomavirus infections in young women with or without Chlamydia trachomatis co-infection[END_REF] C. trachomatis is also responsible for trachoma, the most common infectious cause of blindness. [START_REF] Mariotti | Trachoma: global magnitude of a preventable cause of blindness[END_REF] Treatment of C. trachomatis infection requires special considerations related to the bacterial cycle. Indeed, infectious elementary bodies are metabolically inert and insensitive to antibiotics which target bacterial replication (fluoroquinolones) and translation (macrolides, tetracyclines). Effective antibiotics must target the metabolically active reticulate bodies, which replicate in an intracellular inclusion. Lipophilic antibiotics such as azithromycin (octanol-water partition coefficient, log P = 4.02) [START_REF] Mcfarland | Quantitative structure-activity relationships among macrolide antibacterial agents: in vitro and in vivo potency against Pasteurella multocida[END_REF] reach very high intracellular concentrations, which explains their good bactericidal activity against Gram-negative bacteria such as C. trachomatis. [START_REF] Mcorist | Obligate intracellular bacteria and antibiotic resistance[END_REF][START_REF] Samra | In vitro susceptibility of recent clinical isolates of Chlamydia trachomatis to macrolides and tetracyclines[END_REF] Drug-resistant C. trachomatis has rarely been reported. [START_REF] Sandoz | Antibiotic resistance in Chlamydiae[END_REF] However, under the unfavorable conditions produced, for example, by treatment, bacteria can enter into a persistent form, which is viable, nonreplicative and less sensitive to antibiotics; it has not yet been isolated in vivo. [START_REF] Hogan | Chlamydial persistence: beyond the biphasic paradigm[END_REF] This persistent form can remain for several months/years in infected tissues, causing recurrent infections, chronic inflammation and tissue fibrosis. Consequently, treatment failure, which is observed in 5-23% of cases, could be the result of the re-emergence of the persistent infection. [START_REF] Horner | Azithromycin antimicrobial resistance and genital. Chlamydia trachomatis infection: duration of therapy may be the key to improving efficacy[END_REF] Moreover, the persistent form of C. pneumoniae (responsible for respiratory infections) is suspected to spread to other tissues and to be responsible for arthritis, atherosclerosis, endocarditis and asthma. [START_REF] Hahn | Chlamydia pneumoniae as a respiratory pathogen[END_REF] Thus, incomplete antibiotic efficacy may be due to a lack of sensitivity of persistent forms of Chlamydiaceae but also to modest intracellular concentrations of the conventionally prescribed drugs. All these elements highlight the importance of seeking new antibiotics against Chlamydiaceae.

C. trachomatis needs iron to grow. Salicylidene acylhydrazides (Figure 1), inhibitors of the Chlamydial type III secretion system (T3SS) with iron-chelating properties, inhibit C. trachomatis growth through a mechanism partially involving iron restriction, with minimal bactericidal concentrations (MBC) lower than 50 µM. [START_REF] Slepenkin | Reversal of the antichlamydial activity of putative type III secretion inhibitors by iron[END_REF] The absence of cytotoxicity to HeLa 229 cells enables their use as vaginal microbiocides. [START_REF] Chu | Candidate vaginal microbicides with activity against Chlamydia trachomatis and Neisseria gonorrhoeae[END_REF][START_REF] Ur-Rehman | Pre-clinical pharmacokinetics and anti-chlamydial activity of salicylidene acylhydrazide inhibitors of bacterial type III secretion[END_REF] We previously synthesized 3-isoxazolidinone derivatives, with iron-chelating properties, as equally effective inhibitors of bacterial growth (compounds 17-19; 25 < MBC < 50 µM; Figure 1), without toxicity at 200 µM. However, since the antibacterial activity of 19 is not reversed by excess iron(III), metal chelation cannot be the only mechanism of action of these compounds. 17 [START_REF] Abdelsayed | Design and synthesis of 3-isoxazolidone derivatives as new Chlamydia trachomatis inhibitors[END_REF] In the present work, we synthesize a new inhibitor of this bacterium with, however, some prerequisites, using: (i) the iron dependency of the bacterium, (ii) a commercially available broadspectrum antibiotic and (iii) a short synthetic pathway. We opted for a fluoroquinolone, ciprofloxacin, with the objective of obtaining more active derivatives than the parent antibiotic and, therefore, potentially useful for the treatment of C. trachomatis infection. We have selected conventionally described metal-chelating entities such as catechol, which forms extremely stable complexes with iron(III). [START_REF] Karpishin | Spectroscopic studies of the electronic structure of iron(III) tris(catecholates)[END_REF] This very high stability explains why the catechol group is present in many siderophores, molecules which are synthesized by microorganisms to trap iron in the external environment in order to facilitate its intracellular transport. trachomatis serovar L2 strain as previously described. [START_REF] Dumoux | Penicillin kills Chlamydia following the fusion of bacteria with lysosomes and prevents genital inflammatory lesions in C. muridarum-infected mice[END_REF] Infection was performed with or without the test molecules (0-50 µM) and with or without iron citrate (200 µM). 72 h post-infection, cell lysates were processed and used to infect new HeLa cells. The reinfection capacity was scored by calculating the Inclusion Forming Unit (IFU) of each cellular lysate. Ciprofloxacin (black bars) was used as external control. The results presented in Figure 3 show that the Minimal Bactericidal Concentration of ciprofloxacin (MBC > 16.5 µg/mL or > 50 µM) is similar to that described in the literature (> 10 µg/mL) [START_REF] Rumpianesi | In vitro activity of ciprofloxacin against Chlamydia trachomatis and Ureaplasma urealyticum[END_REF] while compound 1 (grey bars) presents a MBC of 2-5 µg/mL (5-10 µM). Therefore, functionalization of the fluoroquinolone nitrogen by an 8-hydroxyquinoline entity does not inhibit its antibacterial activity. The resulting compound is even more active than the parent molecule, probably due to a gain in lipophilicity. Indeed, its calculated octanol-water partition coefficient (cLog) is higher than that of ciprofloxacin (cLogP(ciprofloxacin) = 1.32 vs cLog P(1) = 3.09). 23 Under the same conditions, the catechol analogue 2 is inactive (data not shown).

Iron is an essential element for C. trachomatis. However, to date, no siderophores or siderophore receptors have been described in Chlamydiaceae. [START_REF] Stephens | Genomic autobiographies of Chlamydiae[END_REF] Since catechol is one of the most powerful ironchelating agents, the inactivity of compound 2 against C. trachomatis suggests that the inhibition induced by compound 1 is not mainly due to iron chelation.

Taking into account the iron-chelating properties of both entities, 8-hydroxyquinoline and the fluoroquinolone, we evaluated the ability of iron(III) to reverse the inhibitory effect of compound 1 by adding exogenous iron citrate (200 µM). The results presented in Figure 4 show that the inhibitory effect of compound 1 is only partially reversed by excess Fe 3+ (20%, 35% and 60% decrease at 1, 2.5 and 5 µM, respectively), confirming that iron chelation is not its main antibacterial mechanism. To further characterize compound 1, its ability to complex Fe 3+ was studied by spectrophotometric titration. Complexation was performed in a H 2 O/DMSO (1:1; v/v) mixture to avoid precipitation of any ligand and/or complex. The pH values mentioned are those of aqueous solutions before mixing with DMSO. Compound 1 has two potential sites for metal complexation: the ciprofloxacin carboxylate and keto groups and the 8-hydroxyquinoline part. At pH 2, the addition of FeCl 3 to a solution of 1 leads to a bathochromic shift (red shift) of the - band from 284 to 290 nm and the appearance of a ligandto-metal charge-transfer (LMCT) band at 450 nm (Figure 5). The latter is identical to the LMCT of a complex between iron(III) and ciprofloxacin described by Fardeau et al., [START_REF] Fardeau | Synthesis and antibacterial activity of catecholate-ciprofloxacin conjugates[END_REF] whereas those of the complex between Fe 3+ and 8-hydroxyquinoline are observed at 481 and 632 nm (not shown). This result suggests that only the fluoroquinolone part of compound 1 complexes Fe 3+ at this pH.

Furthermore, at pH 7.4, iron-exchange experiments between Fe-nitrilotriacetic acid (Fe-NTA), a chelating agent, and 1 or methyl 8-hydroxyquinoline-2-carboxylate, a surrogate of the 8hydroxyquinoline moiety, show also differences in the LMCT bands (see Figure S1, Supplementary Information).

An isosbestic point at 340 nm indicates the formation of a single iron complex. The inset in Figure 5 presents the plot of the absorbance at 450 nm against the ratio [Fe(III)]/ [1]: an increase in the absorbance is followed by a plateau. The two asymptotes intersect at a ratio of 1, implying a 1:1 stoichiometry (metal-ligand) for the complex. We then determined the affinity constant of the complex at pH 2, using Specfit analysis of the spectra; this is low (K 11 = 2.5 ± 0.3), which confirms that iron chelation is not the main antibacterial mechanism of action of this compound. trachomatis infection with one of the following drugs: azithromycin (1 g orally as a single dose) or doxycycline (100 mg twice a day for 7 days). The in cellulo anti-chlamydia bactericidal activities of both compounds have been published: doxycycline and azithromycin have MBCs of 2.5-5.0 µg/mL and 10-50 µg/mL, respectively. [START_REF] Reveneau | Bactericidal activity of first-choice antibiotics against gamma interferon-induced persistent infection of human epithelial cells by Chlamydia trachomatis[END_REF] Compound 1 is therefore at least as effective in cellulo as these two molecules.

Ciprofloxacin is a broad-spectrum antibiotic. We therefore looked at the ability of compound 1 to inhibit other human pathogens, including Gram-negative and Gram-positive bacteria from the ESKAPE group, an acronym including pathogenic bacteria present in the hospital environment and difficult to treat (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species). Staphylococcus aureus is the most common staphylococcus strain responsible for human diseases, particularly nosocomial infections, along with Escherichia coli. The minimal inhibitory concentrations (MIC) of the derivatives were then determined (Supplementary Information) (Table 1). Many microbes, including P. aeruginosa strains, are well known to synthesize siderophores to scavenge iron from their environment. In order to facilitate the transport of antibiotics into bacteria, siderophore-conjugates have been described and used in a Trojan-horse strategy. [START_REF] Cézard | Chemistry and biology of pyoverdines, Pseudomonas primary siderophores[END_REF] Compound 2 was previously described as a new antibiotic following this strategy. [START_REF] Fardeau | Synthesis and antibacterial activity of catecholate-ciprofloxacin conjugates[END_REF] Indeed, in iron-deficient culture conditions only, compound 2 is active against the P.

aeruginosa DSM 1117 susceptible strain with a MIC of 32 µg/mL, suggesting effective transport of the corresponding iron(III) complex by bacterial iron-uptake pathways. We found that compound 2 is inactive against P. aeruginosa ATCC-27853, a reference strain (MIC > 128 µg/mL, Table 1), unlike compound 1 (MIC = 4 µg/mL).

While inactive against M. tuberculosis, compound 1 exhibits inhibitory activity against all the other Gram-negative and Gram-positive bacteria tested. For instance, it stops the growth of E. coli (MIC ≤ 0.06 μg/mL), probably by inhibition of its DNA gyrase, one of the bacterial targets of quinolones (IC 50 = 8-16 μg/mL; Table 1 and Supplementary Information). In fact, this compound has a panel of interesting antibacterial activities, in that the MICs obtained are in the μg/mL range. However, this molecule is systematically less active than the parent antibiotic, ciprofloxacin, except for S. aureus, especially against laboratory and clinical isolates.

As already observed for C. trachomatis, the catechol analogue 2 is less potent than the 8hydroxyquinoline derivative 1 on the panel of bacteria tested.

The starting acid 3 was tested in order to evaluate its contribution to the antibacterial activity of compound 1. The results (Table 1) show that whatever the pathogen, this acid is inactive, which suggests that the fluoroquinolone part of 1 is responsible for its efficacy. We report here the synthesis of a novel ciprofloxacin derivative by a single-step coupling of the parent antibiotic. This compound has notable antibacterial activity against Gram-negative and Grampositive bacteria, including the obligate intracellular bacterium C. trachomatis. However, only its antichlamydial activity is higher than that of the parent antibiotic. This antibacterial effect is only partially reversed by the addition of iron(III), which is complexed by the fluoroquinolone part of the molecule.
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 1 Fig.1. Previously described inhibitors of C. trachomatis.[START_REF] Abdelsayed | Design and synthesis of 3-isoxazolidone derivatives as new Chlamydia trachomatis inhibitors[END_REF] 

The 8 -

 8 hydroxyquinoline entity, present in O-Trensox, a potent synthetic iron chelator,[START_REF] Baret | O-TRENSOX: A Promising water-soluble iron chelator (Both FeIII and FeII) potentially suitable for plant nutrition and iron chelation therapy[END_REF] also attracted our attention. Both cathechol and 8-hydroxyquinoline were used via the corresponding carboxylic acids (Figure2).
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 2 Fig. 2. Starting materials.
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 3 Fig. 3. Inhibitory effects on C. trachomatis infectious capacity of compounds tested in cellulo (grey bars: compound 1; black bars: ciprofloxacin. Statistically significant differences are noted as follows: ** p<0.01, *** p<0.001).

Fig. 4 .

 4 Fig. 4. Compound 1 inhibitory effect in the presence of excess iron citrate (200 µM). Statistically significant differences are noted as follows: * p<0.05, ** p<0.01, *** p<0.001.

Fig. 5 .

 5 Fig. 5. Absorption spectra of 1 (10 -4 M) in presence of increasing concentrations of FeCl 3 (0-10 -3 M) at pH 2 and 25±0.5 °C. Absorbance at 450 nm plotted against [Fe(III)]/[1] in inset.

Table 1 .

 1 In vitro antibacterial activities (IC 50 or MIC) of compounds 1-2, ciprofloxacin and acid 3:

	Organism		Gram a	Ciprofloxacin	1	2	3
	M. tuberculosis		-	12-17 b,c	>128 b	>128 b	>128 b
	E. coli		N	1-2.9 b	816 b	415 b	>128 b
	E. coli ATCC-25922	N	≤ 0.06 d	≤0.06 d	nd	>8 d
	K. pneumoniae ATCC-700603	N	0.25 d	4 d	nd	>8 d
	P. aeruginosa ATCC-27853 e	N	0.25 d	4 d	>128 f	>8 d
	A. baumannii CIP-7010	N	0.125 d	2 d	nd	>8 d
	S. aureus HG001 (laboratory strain)	P	0.125 d	0.0625 d	5 d	nd
	S. aureus ATCC-25923 (clinical	P	0.25 d	0.125 d	nd	>8 d
	isolate)						
	S. aureus ATCC-700699 (resistant	P	>8 d	>8 d	nd	>8 d
	isolate)						
	S. epidermis ATCC-14990	P	0.125 d	0.25 d	nd	>8 d
	ATCC-35984	P	≤0.06 c	≤0.06 d		>8 d
	E. faecalis	JH2-2	P	2 d	8 c	nd	>8 d
		UCN41	P	1 d	8 d	nd	>8 d
	E. faecium ATCC-19434T	P	1 d	8 d	nd	>8 d
	BM-4147	P	4 d	>8 d	nd	>8 d

a P/N : positive/negative. b IC 50 (µg/mL) against wild-type DNA gyrases of M. tuberculosis and E. coli. c IC 50 s slightly higher than those previously determined. 27 d MIC (µg/mL).

e Similar MIC were obtained against P. aeruginosa PAO1, a laboratory strain (data not shown). f P. aeruginosa DSM 1117.

20 nd: not determined.

Acknowledgments

This work was supported by a Ph.D. grant from the University of Science and Technology of Hanoi (Vu T.H.). The Institut des Humanités de Paris (Paris Diderot), the National Center for Scientific Research

(CNRS) and the University Paris Diderot are gratefully thanked for financial support. Sébastien Bellynck is also sincerely thanked for his technical assistance. We thank Dr. John S. Lomas for carefully reading the manuscript.

Supplementary data

Supplementary data associated with this article can be found in the online version.