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Introduction

Antimicrobial resistance is an acute problem to medicine and personal welfare. Despite the availability of a wide range of antimicrobial treatments, resistant opportunistic pathogens become a major morbidity threat, 1, 2 conversely generating great interest in developing novel antimicrobial tools. 3,4 Membrane-targeting antimicrobial peptides (AMPs) hold great promise as alternative antibacterial medications for clinical use. [5][6][7] They occur naturally as part of host defense systems, and in bacteria often target the membrane, thus it is harder to develop bacterial resistance. 8 Short synthetic sequences with simple amino acids are preferred, as they are easy to prepare and modify, therefore the costs of their production are relatively low. Several efficient synthetic AMPs share a structural motif characterized by arginine (R) and tryptophan (W) residues. Notably, the hexapeptide (RW) 3 possesses good antibacterial activity against Gram-positive bacteria and its derivatives are usually not significantly hemolytic or cytotoxic. 9- 11 . The peptide induces bacterial death by integration into the cytoplasmic membrane, thus delocalizes essential proteins involved in respiration and cell wall biosynthesis as well as cell division. [START_REF] Wenzel | Proc. Natl. Acad. Sci[END_REF] It was shown by our group that modification of the original (RW) 3 peptide by attachment of metal complexes such as ferrocene or ruthenocene groups resulted in further improved activity against Gram-positive bacteria. [START_REF] Chantson | [END_REF][14][15][16] However, the lack in ability to penetrate the outer membrane barrier of the Gram-negative bacteria limits its use against these strains.

One approach to overcome the outer-membrane barrier in Gram-negative bacteria as well as to improve their selectivity is the "Trojan Horse" delivery strategy, that utilizes siderophores as vectors for delivery of antimicrobial agents inside the bacterial cells. 17 18, 19 Siderophores are high-affinity iron chelating compounds, biosynthesized and secreted by various microorganisms under iron-deficient growth conditions. 20,21 After their formation in the bacterial environment, the Fe(III)-loaded siderophore complexes are recognized at the bacterial surface by specific transporters and internalized. [22][23][24][25] In Gram-negative bacteria, some siderophores will then deliver iron in the bacterial periplasm, while others will further cross the inner membrane via specific inner membrane transporters and bring iron into the cytoplasm. Different iron release strategies are observed in the cytoplasm or periplasm depending on the siderophore pathways. 26 Exploiting iron uptake pathways to enter bacteria is a major advantage of the Trojan Horse strategy since mammalian cells lack siderophore transporters, and thus selective bacterial targeting becomes possible. Bacteria on the other hand, in addition to their own endogenous siderophores, are able to use siderophores produced by other bacteria (xenosiderophores) in a piracy strategy as well as synthetic siderophore mimetics. 27,28 The Trojan Horse strategy showed success in several cases, with siderophore-drug conjugates already entering clinical trials and cefiderocol (a cephalosporin-catechol conjugate) being the first antibiotic on the market that chelates iron and enters pathogenic cells via the iron uptake pathways. [29][30][31][32][33][34]35 Most of the research related to applications of the Trojan Horse strategy is focused on siderophore-antibiotic conjugates, 30,36,37 , and up to today there are only very few reports about siderophore-AMP conjugates. 38,39 So far, no systematic investigation has evaluated whether and how siderophore modification can tune the antibacterial activity of AMPs. Moreover, the conjugated AMPs are usually long sequences obtained by biosynthesis and isolation from microorganisms. For instance, the peptide conjugate reported by Thomas et al. 39 is a microcin peptide, which is a natural product. Hence, there is little direct opportunity for chemical modifications / improvements of the conjugate. Our present work is original at two levels. First, we made the choice to vectorize a small peptide (RW)3, a sequence originally proposed by Svendsen and coworkers, 10 which is active against Gram-positives and simple to synthesize and modify, as discussed above. Conjugation to a siderophore component did not always increase activity of the conjugate as shown for a lantibiotic conjugate that did not show any efficacy in Gram-negative bacteria. 38 We have therefore decided to conjugate this synthetic short AMP to a panel of different iron chelators. Several vectors were considered in order to increase the chance that the resulting compounds are recognized and imported into bacteria by ferri-siderophore outer membrane transporters (Figure 1A). The choice of iron chelators will be detailed below, but in each case investigate herein, the conjugate shows an improved antibacterial activity over the parent peptide on Pseudomonas aeruginosa strains, an opportunistic Gram-negative pathogen, responsible inter alia for severe lung infection in cystic fibrosis patients. 40 The world Health Organization (WHO) has classified P. aeruginosa level one priority for the search for new drugs. The iron chelators used herein as vectors were examined for their ability to address the ferri-siderophore uptake system of P. aeruginosa. 27 At last, the study provides evidence that a new type of artificial siderophore, the DFP-COOH, is able to transport iron and the antimicrobial peptide inside bacteria.

Results and Discussion

Conjugate Design and Synthesis

The overall conjugate design is shown in Figure 1A. The original (RW) 3 sequence was Nterminally extended by an additional lysine (K). Peptides were prepared as C-terminal amides, with a free N-terminal amino group. Iron chelators were attached to the lysine side chain amino group. Two groups of iron chelators were examined (Figure 1B). The first group contains a hydroxamate functional group in the molecular skeleton. Hydroxamic acids are strong iron chelators that can efficiently scavenge Fe(III) from the environment, thus hydroxamate-based siderophores are produced by many bacteria. 41 From this group we examined a natural siderophore, deferoxamine (DFO), which is a prototype of trihydroxamate linear siderophores produced by several microorganisms. 42 In addition, also simpler mono-retrohydroxamate ligands 4a-4c were examined. Siderophores modified with retrohydroxamates have practically identical biological activity as native siderophores. 43 The second group of ligands that was selected and tested for bacterial targeting involves two non-siderophore iron chelators used in medicine for treatment of iron overload, i.e. deferasirox (DFX) and acid-modified deferiprone (DFP-COOH), see Figure 1B. [44][START_REF] Kontoghiorghe | Drug Design Develop[END_REF][46] While DFO was commercially available, ligands 4a-4c were prepared following the procedure of Besserglick et. al (Scheme 1). 47 Commercially available O-benzylhydroxylamine hydrochloride was converted to N-methyl-O-benzylhydroxylamine hydrochloride (1) as described elsewhere. 48 Next, coupling to commercially available N-Boc-protected (Boc = tertbutoxycarbonyl) amino acids (β-Alanine (2a), L-/D-β-Homoalanine (2b) or (2c) respectively) using 1,1′-carbonyldiimidazole (CDI) to obtain the protected ligands (3a-3c). 49 Acidolysis of the Boc group and hydrogenation of benzyl (Bn) provided the required compounds; i.e. the monohydroxamic ligands derived from β-alanine (4a), L-β-homoalanine (4b), or D-βhomoalanine (4c). DFP-COOH was prepared following the procedure of Mawani et. al., by refluxing maltol (6) and glycine (7) in water overnight (Scheme 2A). 50 The reaction between 2-(2hydroxyphenyl)-4H-1,3-benzoxazin-4-one (8) and 4-hydrazino-benzoic acid (9) afforded DFX (Scheme 2B). 51 Scheme 2. Synthesis of iron-chelators, DFP-COOH and DFX.

Synthesis of K(RW) 3 (P1, Figure 2) was performed using established Fmoc-based solid-phase peptide synthesis procedures (see Experimental part for details). The N-terminal lysine (K) was side-chain protected with a highly labile 4-methyltrityl (Mtt) protecting group allowed selective modification of the side-chain and conjugation to the appropriate vector. DFP-COOH and DFX were coupled directly to this lysine side chain amino group after deprotection, providing conjugates P1-DFP and P1-DFX accordingly. In the case of the hydroxamate based compounds, the lysine side chain was modified first with suberic acid linker. Suberic acid provided a conjugation point through the terminal carboxylate. Coupling of the appropriate vector afforded the conjugates P1-DFO and P1-H1 to P1-H3. K(RW)3 peptide marked in black, suberic acid linker marked in blue, metal-binding units marked in green (see also Fig. 1).

Uptake and Biological Activity

55 Fe uptake in P. aeruginosa cells by 4a, 4b, 4c, DFO, DFP and DFX. The ability of the vectors to transport iron into P. aeruginosa cells was investigated by a radioactive 55 Fe uptake assay. A strain unable to produce pyoverdine and pyochelin, the two siderophores produced by the pathogen, (∆pvdF∆pchA, deletion of two genes encoding enzymes involved in the biosynthesis of pyoverdine for pvdF and pyochelin for pchA, Table S1) was used in order to avoid any uptake of iron by these endogenous chelators. 4a-c, DFO, DFP-COOH and DFX were loaded with the radioactive 55 Fe isotope as described in Materials and Methods and 500 nM of each 55 Fe-complex was incubated with the bacteria grown under iron restricted conditions. 55 Fe accumulation in bacteria was monitored as a function of time (Figure 3). The NH R 1 : R 2 :
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assay was carried out in parallel with bacteria incubated with 200 µM CCCP (carbonyl cyanidem-chlorophenylhydrazone), a compounds that inhibits any proton motive-dependent uptake into bacteria. 47 Uptake of ferri-siderophore complexes across the outer membrane in Gramnegative bacteria involves outer membrane transporters with the inner membrane proton motive force providing the required energy. 52 The 55 Fe uptake assay with CCCP therefore allows to differentiate between active 55 Fe uptake and passive diffusion. 47 For 4a-c, DFP-COOH and DFO 55 Fe uptake was monitored. This uptake is completely abolished in the presence of CCCP, indicating that it is an active uptake and not the consequence of diffusion of these compounds, e.g. through porins. FoxA has been described as being one of the two outer membrane transporters involved in iron acquisition by DFO in P. aeruginosa cells, the second one being unidentified yet. 53 Deletion of foxA (∆pvdF∆pchA∆foxA strain) led to a decreased amount of 55 Fe accumulated inside the cell in the DFO experiment, as expected. For iron uptake by 4a-c and DFP-COOH, the outer membrane transporter involved was not identified. For DFX, no 55 Fe incorporation into the bacteria was observed over the time of the incubation (2 h), indicating that this vector is unable to transport iron into P. aeruginosa cells.

DFX is obviously not recognized by any of the different outer membrane transporters present in P. aeruginosa genome involved in iron acquisition. Unfortunately, we were unable to carry out these same 55 Fe uptake assays with the vectors conjugated to the peptide P1 because of solubility problems which affected the background of the 55 Fe uptake assay, making it impossible to detected the 55 Fe uptake kinetics. Indeed, the 55 Fe uptake assay involves to pellet the bacterial cells by centrifugation in order to monitor the radioactivity incorporated into the bacteria. Microprecipitation of the 55 Fe-charged conjugates causes a high background noise in radioactivity and makes it impossible to determine the amount of iron incorporated into the bacterial cells. However, data on the iron chelators alone still serve as reasonable indicators for iron transport / uptake ability of the different systems, taken together with antibacterial activity as described next. Antibacterial activity. The antibacterial activity of the new conjugates was tested on P. aeruginosa PAO1 (wild type) and several genetically modified mutants: Strains unable to produce pyoverdine and pyochelin (∆pvdF∆pchA), and mutants of the outer membrane transporters foxA, piuA and pirA (Table S1). The compounds were tested on pyoverdine and pyochelin mutants (∆pvdF∆pchA), because such strains are unable to produce siderophores and consequently they may use more efficiently the siderophore-conjugates present to get access to iron than PAO1, and may be in theory more sensitive to the antibiotic transported. foxA mutants were chosen because foxA is the main transporter for ferri-DFO; and piuA and pirA mutants because the two transporters encoded by these genes are involved in the uptake of BAL30072 and MC-1, two monobactams conjugated to a dihydroxypyridone siderophore. 54 Minimal inhibitory concentrations (MIC) were determined first on PAO1 and ∆pvdF∆pchA strains grown in Mueller-Hinton medium (MH). No antibacterial activity was observed for the peptide alone since its target is the bacterial inner membrane and in Gram negative bacteria the outer membrane acts as a protection against this peptide. No growth inhibition was observed for any of the compounds on both strains grown in MH (Table S2 in Sup. Mat.). This absence of antibacterial activity is not surprising on bacteria grown in MH, since the outer membrane transporters involved in iron acquisition are only expressed under iron-restricted growth conditions. 28 Consequently, we also determined the MICs of all compounds on P. aeruginosa cells grown in iron-restricted conditions (CAA medium; contains around 20 nM iron). 55 During an infection bacteria are in an iron-restricted environment, with the host typically making iron poorly accessible to the pathogens (Table 1). Clearly, the presence of the vectors on the N-terminal lysine does not prevent the antibacterial activity of the K(RW) 3 peptide, which happens through interaction with the inner membrane. As expected for a Trojan horse approach, the activity of the two compounds was slightly higher on the strains unable to produce siderophores because these strains relay only on P1-DFO and P1-DFP to get access to iron. Mutation of foxA, pirA and piuA had no real effect on these MIC values, suggesting that P1-DFO and P1-DFP either do not enter into bacteria via one of these transporters or if they do, the uptake involves more than just one transporter. We also tested DFO in the presence of nocardamine (NOCA), a siderophore able to induce strongly the expression of the FoxA transporter when present in the bacterial environment. 53 The presence of NOCA increased slightly the antibactirial activity of P1-DFO except of course for the foxA mutants (∆foxA and ∆pvdF∆pchA∆foxA), indicating that FoxA is one of the outer membrane transporters involved in the import of iron loaded P1-DFO. This is further confirmed by growth kinetics experiments using ∆pvdF∆pchA and ∆pvdF∆pchA∆foxA cells und sub-MIC concentrations of DFO and P1-DFO (Fig. S8).

For P1-DFX, the results are also interesting. 55 Fe uptake kinetics above have shown that DFX alone is unable to transport iron into P. aeruginosa cells. The DFX vector inhibits growth of strains unable to produce the siderophores pyoverdine and pyochelin (MIC of 2 µM), probably because DFX scavenges all available iron of the growth media, thus such mutants, that are unable to produce their own competing siderophores, have no more access to iron. Surprisingly, P1-DFX has a higher antibacterial activity than DFX, with a MIC between 2-4 µM on cells able to produce pyoverdine and pyochelin and of 0.5-0.125 µM on the ∆pvdF∆pchA strain. As a control we also evaluated the MIC values with an equimolar mixture of both DFX and the peptide P1. No antibacterial activity was observed on the strains able to produce pyoverdine and pyochelin and a MIC value of 4 µM was determined for the four strains tested unable to produce pyoverdine and pyochelin, indicating that the strong antibacterial activity observed with P1-DFX is not due to a synergistic effect of DFX with P1, but is really linked to the vectorization of P1 by DFX (P1 alone has MIC values around 5 µM on Gram-negative bacteria). 16 This leads to the conclusion, that, in contrast to the vector DFX, the conjugate P1-DFX may enter bacteria by an unknown transporter, and that once in the bacterial periplasm the peptide moiety interacts with the membranes. Conjugation of the peptide moiety to DFX renders the compound assimilable by the bacteria. PirA, piuA and foxA mutations had no effect on these MIC values indicating that these three outer membrane transporters are not involved in the uptake of the P1-DFX conjugate. Loading P1-DFX with Ga(III) had no additional antimicrobial activity, similarly to P1-DFP.

Finally, all monohydroxamate conjugates (P1-H1 to P1-H3) also showed an increased antibacterial activity compared to the parent peptide (P1, see Table 1). It was shown previously that sterically demanding groups (such as methyl) in proximity of the hydroxamate can influence greatly transporter recognition. 48 We demonstrate here that the monohydroxamic acid vectors are able to transport iron into P. aeruginosa cells (Figure 3). Although not specifically shown, we assume that similarly to the vectors, the conjugates will enter the bacteria through an unidentified transporter.

Surprisingly, for the conjugates P1-H1, P1-H2, P1-H3 and P1-DFO there is no real difference in the MIC values between the strains producing pyoverdine and pyochelin and those that do not. In the case of P1-DFP and P1-DFX a 2-to 4-fold difference in the MIC values was observed. For all compounds, an increased accumulation of P1 in cells unable to produce the siderophores (∆pvdF∆pchA) could have been expected, resulting in a greater antibiotic effect.

This lack of difference between the MIC values may be due to an amount of peptide imported into the PAO1 strain already that is already sufficient for a maximum effect of the antibiotic.

The import of more P1 then does not change the antibiotic activity any further. Another possible explanation is that this molecule does not accumulate in the bacterium, it either interacts very quickly with the inner membrane or is very quickly expelled by efflux pumps.

All conjugates were also also loaded with Ga 3+ , a chemical element of the same size as Fe 3+

and often the same coordination geometry, but which cannot be involved in oxido-reduction processes like iron because Gallium is found primarily in the +III oxidation state. Its chemical characteristics enable Ga to interact with biologically important proteins involved in iron metabolism, and this has led to the development of gallium compounds as therapeutic agents in infectious disease, metabolic bone disease and cancer. In the present study, loading the conjugates with Ga(III) did not increase the antibacterial activity of the compounds probably because the Ga(III) stays bound to the DFO or DFP-COOH inside the bacteria and is not released.

The mechanism of action of our new conjugates is still not fully clear, we are assuming that the siderophore-conjugated peptides interact with the bacterial inner membrane with the same mechanism as the P1 peptide alone. 55 Fe uptake assays reveal that surprisingly the nonsiderophore vector, DFP-COOH, has a very similar behavior to a natural siderophore, and can be transported inside P. aeruginosa through one of the outer membrane ferri-siderophore transporters. In the case of monohydroxamic vectors 4a -c, DFO and DFP-COOH (vectors that are all recognized and imported by the P. aeruginosa transporters), the membrane is likely targeted from the periplasmic space.

A distinct advantage of the systems reported here over previously investigated siderophore conjugates with naturally occurring AMPs is their ease of synthesis by solid phase peptide chemistry, ready modification of peptide sequence and incorporation of unnatural amino acids, and potential for easy scale-up if needed. In summary, this work demonstrates the power of linking small synthetic AMPs covalently to siderophores for a new class of Trojan horse antibiotics. Also, it provides insights, some of them surprising, into structure-activity relationships for receptor interactions and uptake of the new siderophore-peptide conjugates that certainly merit further exploration.

Experimental Part

All reagents and solvents used for the synthesis were purchased from TCI, Alfa Aesar, VWR, Merck and Acros. Protected amino acids were purchased from Iris Biotech GmbH.

Deferoxamine mesylate salt was obtained from Merck. Commercial reagents were used for synthesis without further purification. General procedure for the synthesis of protected ligands:

Protected ligands 3a-3c: The compounds were prepared following a protocol of Patel et. al. 49 N-Boc protected amino acid 2a-2c (1.0 eq) and CDI (1.1eq) were dissolved in THF (3 mL/1 mmol of amino acid) at 0°C. After 15 min in 0°C and 30 min at RT, the reaction mixture was re-cooled to 0°C, and protected hydroxylamine 1 (1.0 eq) was added, followed by DIPEA (1.1eq). The mixture was left to stir at RT overnight. The reaction mixture was concentrated in vacuum, suspended in EtOAc and washed sequentially with 10% aqueous HCl (twice), saturated NaHCO 3 aq., and brine. The extracts concentrated under reduced vacuum to provide the clean product.

β-Alanine derived protected ligand (3a). General procedure for deprotection of ligands 4a-4c: N-Boc, Bn-protected ligand 3a-3c (1 mmol) was added to an ice-cooled TFA:DCM solution (1:1, 10 mL/ 1 mmol), following addition of 10 µL of TIPS. The mixture was stirred for about 4 hrs at RT. All the volatiles were evaporated under reduced vacuum to yield the required amine as a TFA salt. The Benzylprotected intermediate was subjected to hydrogenolysis. The required compound (1 mmol) was dissolved in methanol (10 mL), palladium (10% on carbon, 2 mg) was added and the reaction was stirred under 1 atm of hydrogen for 5-6 hrs. Pd/C particles were filtered off and the filtrate was evaporated to yield the desired product.

β-Alanine derived free ligand (4a). DFP: DFP was prepared analogously to ref. 50 Maltol (14.9 g, 0.12 mol) and glycine were added to water and heated to 80° C. The pH was adjusted to 9 with 6 M NaOH and the mixture was refluxed for 24 h. After cooling the mixture, it was concentrated to a total volume of 50% by vacuo, and pH was adjusted to 3 using 6 M HCl. The formed precipitate was filtered and dried to afford brown solid. The product was recrystallized from hot water, providing light brown crystals, (15% yield). Solid phase peptide synthesis (SPPS): SPPS was performed manually at room temperature using an Fmoc (Fluorenylmethoxycarbonyl) protection strategy on a Rink Amide. The peptides were synthesized on a 0.25 mmol scale. For the coupling of 1st and 7th amino acids, coupling mixture of Fmoc-AA-OH (3 eq.)/ HATU (3 eq.)/ DIPEA (6 eq.) in DMF was added to the resin and the suspension mixed by shaking at room temperature for 2-3 hours. For the coupling of 2nd -6th amino acids, a coupling mixture of TBTU (3 eq.)/ HOBt (3 eq.)/ DIPEA (6 eq.) in DMF was added to the resin and the suspension mixed by shaking at room temperature for 2-3 hours. The suberic acid linker or the iron chelators were coupled using EDC•HCl (3 eq.)/

HOBt (3 eq.)/ DIPEA (6 eq.) in DMF, by shaking the suspension mixture at room temperature overnight. The Mtt group was removed by shaking the resin in a mixture of DCM with 1% Plasmid and Strain Construction. Enzymes were obtained from ThermoFisher Scientific.

Escherichia coli strains SM10 or TOP10 (Invitrogen) were used as the host strains for the plasmids. Construction of the pEXG2 ΔpiuA, pEXG2 ∆pirA and pEXG2 ∆foxA plasmids, 53,59 have been described previously. Mutations in the chromosomal genome of P. aeruginosa PAO1 were generated as previously described, by sequentially introducing pEXG2 vectors by conjugation into P. aeruginosa PAO1 cells, selecting for deletion mutants before verification by PCR and sequencing.

Antimicrobial susceptibility assays. The P. aeruginosa strains used in this study are listed in Table S1. Evaluation of the different compounds activities was carried out both in Mueller-Hinton II Broth (MH medium, results in Table S2) (Cation-Adjusted; Becton Dickinson) and in the iron-deficient CAA medium (results in Table 1) using the two-fold serial dilution method with an inoculum of 10 5 bacteria per mL. For the tests in CAA, P. aeruginosa strains were always first grown overnight at 37°C in LB broth and were then washed, resuspended.

Afterwards, two successive overnight cultures at 30°C in iron-deficient CAA medium (casamino acid medium, composition: 5 g l -1 low-iron CAA (Difco), 1.46 g l -1 K 2 HPO 4 3H 2 O, 0.25 g l -1 MgSO 4 7H 2 O) were carried out with between a dilution of the cells at 1/10. Data were reported as MIC, which reflects the lowest concentration of antibiotic that inhibits the visible cell growth after an 18 h (MHB) or 48 h (CAA) incubation at 37 °C and 30 °C respectively.

55 Fe uptake assays. 55 

Figure 1 .

 1 Figure 1. A. Schematic representation of the K(RW)3 peptide, conjugated to a vector (iron chelator). B. Structures of the siderophore vectors that were used for K(RW)3 peptide conjugation. Atoms that are likely involved in iron chelation are marked in green.

Scheme 1 .

 1 Scheme 1. Synthesis of the monohydroxamate based ligands.

Figure 2 .

 2 Figure 2. Chemical structure of the parent K(RW)3 (P1) and K(RW)3-vector conjugates: β-Alanine derived conjugate (P1-H1), L-β-Homoalanine derived conjugate (P1-H2), D-β-Homoalanine derived conjugate (P1-H3), DFO derived conjugate (P1-DFO), DFX derived conjugate (P1-DFX), DFP-COOH derived conjugate (P1-DFP).

Figure 3 .

 3 Figure 3. Transport of 55 Fe via 4a (b-alanine), 4b (L-b-Homoalanine), 4c (D-b-Homoalanine), DFO, DFP and DFX in P. aeruginosa cells. P. aeruginosa pyoverdine and pyochelin deficient strain (ΔpvdFΔpchA) and its corresponding foxA deletion mutants (ΔpvdFΔpchAΔfoxA) were grown in CAA (casamino acid) medium overnight as described in Materials and Methods. Afterwards, cells were washed with 50 mM Tris-HCl pH 8.0 and resuspended in this same buffer to an OD600 nm (optical density measured at 600 nm) of 1. The transport assay was started by addition of 500 nM 55 Fe-4a (b-alanine), 55 Fe-4b (L-b-Homoalanine), 55 Fe-4c (D-b-Homoalanine), 55 Fe-DFO, 55 Fe-DFP-COOH or 55 Fe-DFX and at different times, aliquots were removed, bacteria pellet and the radioactivity retained in the cells monitored. The ΔpvdFΔpchA strain was also treated with 200 μM of protonophore CCCP and incubated in the presence of the 55 Fe-vector complexes. CCCP inhibits any proton motive dependent uptake. Data represent the mean of [ 55 Fe concentration in pmol/ml/OD 600nm ] ± SD of three independent

  a) DFX + P1 means that bacteria were grown in the presence of an equimolar concentration of both DFX and P1.b) b) P1-DFO + NOCA (nocardamine) means that the bacteria are grown in the presence of an equimolar concentration of both P1-DFO and NOCA. c) P1-XXX-Ga(III) means that the P1-XXX conjugate has been loaded with Ga(III) before addition to the bacteria.In the presence of the vectors able to transport55 Fe into P. aeruginosa cells (4a-c, DFO and DFP-COOH) no growth inhibition of any of the different P. aeruginosa strains tested was observed. In contrast, when these vectors were covalently linked to the P1 peptide, a growth inhibition was observed for all the conjugates, with strongest inhibition by P1-DFO and P1-DFP: MIC values in the range of 8-4 µM for P1-DFO and 2 µM for P1-DFP on strains producing siderophores and between 1-0.25 µM for the strains unable to produce pyoverdine and pyochelin. According to these data, both vectors DFO and DFP-COOH are able to transport P1 into the bacterial periplasm, consequently leading to an enhanced antibacterial activity.

  1 H and[START_REF] Chantson | [END_REF] C NMR spectra were recorded on a Bruker Avance III 300 MHz spectrometer. Chemical shifts are reported in ppm on the δ scale down field from TMS. All J values are given as absolute values in Hertz. Solid-supported reactions were performed in plastic syringes with a porous polypropylene disc as a filter. HPLC was performed on Knauer HPLC systems with solvent buffer system: ACN/ 0.1% TFA and H 2 O/ 0.1 % TFA. Preparative HPLC runs were performed by using Macherey-Nagel VP 125/10 NUCLEODUR C4 Gravity, 5 µm column (REF 762181.100), at a flow rate of 5.0 mL/min. Analytical HPLC runs were performed by using Macherey-Nagel EC 125/4 NUCLEODUR C4 Gravity, 5 µm column (REF 760501.40), at a flow rate of 1.0 mL/min. Electron-spray mass spectrometry (ESI-MS) was performed for the ligands on Bruker Daltonics Esquire 6000 Mass Spectrometer. The final conjugates were characterized by High-Definition Bruker Daltonics Compact TM qQ-TOF Mass Spectrometer, coupled to an UHPLC Dionex Ultimate 3000 (Thermo-Fischer).

FeCl 3

 3 was obtained from Perkin Elmer Life and Analytical Sciences (Billerica, MA, USA), in solution, at a concentration of 71.1 mM, with a specific activity of 10.18 Ci/g. Siderophore-55 Fe complexes were prepared at55 Fe concentrations of 50 µM, with a siderophore:iron (mol:mol) ratio of 20:1 for DFO, DFP-COOH and DFX and 200:1 for molecules 4a, 4b and 4c (b-alanine, L-b-homoalanine and D-b -homoalanine). Bacteria were grown first overnight in LB, washed, grown overnight in CAA and then again overnight in CAA in the presence of 10 µM of the different vectors in order to induce the express the corresponding iron uptake pathways. The bacteria were then washed with 50 mM Tris-HCl pH 8.0, to eliminate the vectors used to induce transporters expression, and diluted to an OD 600nm of 1. Indeed, P. aeruginosa is able to detect xenosiderophores in its environment and induce the transcription and expression of the corresponding transporters.28,60,61 Bacteria were incubated in the presence of 500 nM55 Fe in complex with the molecule tested. At different times, aliquots were removed, bacteria harvested by centrifugation and the radioactivity in the pellet monitored. The experiments were repeated with cells pretreated with 200 µM CCCP.

Table 1 .

 1 56,57 MICs values of the final conjugates and the reference molecules measured on several strains of P. aeruginosa grown under iron-restricted conditions. P. aeruginosa PAO1 and different mutants were grown in CAA medium (iron restricted medium) in the presence of increasing concentrations of P1, vectors and conjugates. MIC values were measured in µM after 48 hours growth and in triplicates. A description of the strains used is

	found in Table S1.								
		PAO1	∆pirA	∆piuA	∆foxA	∆pvdF∆pchA	∆pvdF∆pchA∆pirA	∆pvdF∆pchA∆piuA	∆pvdF∆pchA∆foxA
	P1	64 > 64 > 64 > 64 32	32	32	32
	4a-4c	> 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64
	P1-H1	16	16	32	16	16	16	16	16
	P1-H2	8	8	8	4	4	4	4	4
	P1-H3	8	8	8	8	8	8	4	4
	DFO	> 64 > 64 > 64 > 64 > 64 > 64 > 64 > 64
	P1-DFO	8	8	8	4	4	4	4	4
	P1-DFO + NOCA b	4	4	4	8	4	4	8	8
	P1-DFO-Ga(III) c	8	8	8	8	8	8	4	4
	DFP-COOH	> 64 > 64 > 64 > 64 64 > 64 > 64 > 64
	P1-DFP	2	2	2	2	1	1	0.5	1
	P1-DFP-Ga(III) c	2	2	2	2	1	2	0.5	1
	DFX	> 64 > 64 > 64 > 64	2	2	1	2
	P1-DFX	2	2	2	2	0.25 0.5 0.25 0.25
	P1-DFX-Ga(III) c	2	2	1	4	1	1	0.5	1
	DFX + P1 a	64	64	64	64	4	4	4	4
	Ga(III)	32	64	64	32	64	64	16	64

  .69, 78.98, 76.28, 35.86, 33.38, 32.60, 28.39. ESI-MS: calc. for formula C 16 H 24 N 2 O: 308.17, found: 331.03 [M+ Na] 1+ . Clear viscous oil (95%). J = 6.8 Hz, 3H). 13 C NMR (300 MHz, Chloroform-d) δ 173.37, 155.41, 134.48, 129.51, 129.25, 128.93, 79.16, 76.41, 43.72, 38.09, 33.43, 28.62, 20.73. ESI-MS: calc. for formula C 17 H 26 N 2 O 4 : 322.18, found: 345.05 [M+ Na] 1+ . Clear viscous oil (96%). J = 6.8 Hz, 3H). 13 C NMR (300 MHz, Chloroform-d) δ 173.37, 155.46, 134.50, 129.55, 129.29, 128.98, 79.23, 77.26, 76.45, 43.78, 38.11, 33.46, 28.65, 20.78. ESI-MS: calc. for formula C 17 H 26 N 2 O 4 : 322.18, found: 345.05 [M+ Na] 1+ . Clear viscous oil

	L-Homo-β-Alanine derived protected ligand (3b). 1 H NMR (300 MHz, Chloroform-d) δ 7.37
	(s, 5H), 5.28 (bs, 1H), 4.81 (s, 2H),4.00 (bs, 1H), 3.18 (s, 3H), 2.48 (dq, J = 56.7, 15.9, 5.2 Hz,
	2H), 1.41 (s, 9H) 1.16 (d, D-Homo-β-Alanine derived protected ligand (3c). 1 H NMR (300 MHz, Chloroform-d) δ 7.38
	(s, 5H), 5.28 (bs, 1H), 4.81 (s, 2H),4.01 (bs, 1H), 3.19 (s, 3H), 2.48 (dq, J = 56.7, 15.9, 5.2 Hz,
	2H), 1.42 (s, 9H) 1.17 (d, (97%).

1 H NMR (300 MHz, Chloroform-d) δ 7.38 (m, 5H), 5.20 (s, 1H), 4.81 (s, 2H), 3.38 (bq, J = 5.8 Hz, 2H), 3.20 (s, 3H), 2.60 (t, J = 5.8 Hz, 2H), 1.42 (s, 9H). 13 C NMR (300 MHz, Chloroform-d) δ 173.80, 155.93, 134.26, 129.28, 129.02, 128

  1 H NMR (300 MHz, Methanol-d 4 ) δ 3.29 (m, 5H), 2.96 (t, J = 6.4 Hz, 2H).[START_REF] Chantson | [END_REF] C NMR (300 MHz, Methanol-d 4 ) δ 170.78, 35.30, 34.82, 28.84. ESI-MS: calc. for formula C 4 H 10 N 2 O 2 : 118.07, found: 119.51 [M+ H] 1+ , 219.10 [2H-H 2 O+2H] 1+ . Clear ) δ 171.77, 45.89, 36.68, 36.08, 18.81. ESI-MS: calc. for formula C 5 H 12 N 2 O 2 : 132.08, found: 132.96 [M+ H] 1+ , 170.90 [M+K] 2+ . Clear viscous oil (99 %). The DFX ligand was prepared by a modified procedure of Steinhauser et. al. 51 4-

	viscous oil (99 %).
	L-Homo-β-Alanine derived free ligand (4b). 1 H NMR (300 MHz, Methanol-d 4 ) δ 3.69-3.58
	(m, 1H), 3.22 (s, 3H), 2.81 (dq, J = 46.8, 17.2, 5.1 Hz, 2H), 1.34 (d, J = 6.7 Hz, 3H). 13 C NMR
	(300 MHz, Methanol-d 4 ) δ 171.77, 45.90, 36.68, 36.08, 18.82. ESI-MS: calc. for formula
	C 5 H 12 N 2 O 2 : 132.08, found: 133.55 [M+ H] 1+ . Clear viscous oil (99%).
	D-Homo-β-Alanine derived free ligand (4c). 1 H NMR (300 MHz, Methanol-d 4 ) δ 3.73 -3.55
	(m, 1H), 3.22 (s, 3H), 2.92-2.64 (m, 2H), 1.35 (d, J = 6.7 Hz, 3H). 13 C NMR (300 MHz,
	Methanol-d 4 Hydrazino-benzoic acid (0.7 g, 4.6 mmol) and 2-(2-Hydroxyphenyl)-4H-1,3-benzoxazin-4-
	one (1 gr, 4.18 mmol) were added to a mixture of EtOH:DCM (2:1, 30 mL), the pH was
	adjusted to 8-9 using DIPEA. The reaction mixture was refluxed 80 minutes, then left to stir
	for 48 h at RT. The mixture was concentrated to a total volume of 30% by vacuo, 6 M HCl
	(aq.) was added. The formed precipitate was filtered and dried to afford light brown solid (83%
	yield).
	1 H NMR (300 MHz, DMSO-d 6 ) δ 10.80 (s, 1H), 10.08 (s, 1H), 8.06 (dd, J1= 9, 3 mHz, 1H),
	8.02 (t, J=2.4 MHz, 1H), 7.99 (t, J=2.4 MHz, 1H), 7.64 -7.48 (m, 3H), 7.48 -7.29 (m, 2H),
	7.11 -6.93 (m, 3H), 6.88 (dd, J = 8.3, 1.0 Hz, 1H). 13 C NMR (300 MHz, DMSO-d 6 ) δ 166.50,
	159.94, 156.38, 155.23, 152.08, 141.22, 132.62, 131.53, 131.12, 130.64, 130.35, 126.83,
	123.37, 119.76, 119.51, 117.12, 116.18, 114.44, 113.69. ESI-MS: calc. for formula
	C 21 H 15 N 3 O 4 : 373.10, found: 373.88 [M+H] 1+

DFX:

  3H).[START_REF] Chantson | [END_REF] C NMR (300 MHz, D 2 O, 0.1% NAOH) δ 174.99, 172.96, 155.25, 135.41, 133.60, 111.34, 58.47, 12.14. ESI-MS: calc. for formula C 8 H 9 NO 4 : 183.05, found: 183.79 [M+H] 1+ , 205.74 [M+ Na] 1+

	1 H NMR (300 MHz, Deuterium Oxide, 0.1% NAOH) δ 7.14 (d, J = 6.9 Hz, 1H), 6.27 (d, J
	= 6.9 Hz, 1H), 4.48 (s, 2H), 2.13 (s,

  TFA, each round for about 1 minute, till no orange color was observed. Each synthetic cycle consisted of the following steps: Fmoc removal by treating the resin with a 20% solution of piperidine in DMF (3.0 mL; 2 × 10 min) which followed by AA coupling. After each deprotection step or coupling step, the resin was washed with DMF and DCM. Reagents and solvents were removed by filtration. For storage the resin was washed with DMF, DCM, and MeOH and then dried under vacuum. Completion of the coupling or Fmoc deprotection was verified by the Kaiser test (dark blue beads in a case of free amine presence). Coupling of the suberic acid linker was verified by Malachite green test (light blue beads in the case of acid presence).58 The peptide as well as the conjugates were cleaved by shaking the peptide in a fresh prepared cleavage cocktail of TFA/H 2 O/TIPS (95:2.5:2.5 v:v:v) for 5 hours. The peptide was precipitated in cold Et 2 O and centrifugated. After discard of the supernatant the precipitated peptide was air-dried, redissolved in ACN/ H 2 O and lyophilized. The crude peptides were purified by preparative HPLC and characterized by analytical HPLC and ESI-ESI-HRMS: calc. for formula C 78 H 94 N 24 O 10 : 1526.7585, found: 764.3845 ESI-HRMS: calc. for formula C 90 H 139 N 27 O 17 : 1870.0842, found: 936.0484 [M+2H] 2+ P1: ESI-HRMS: calc. for formula C 57 H 81 N 21 O 7 : 1171.6628, found: 586.8363 [M+2H] 2+

	MS.
	Peptide conjugates:
	[M+2H] 2+
	P1-DFO:

4a: ESI-HRMS: calc. for formula C 69 H 101 N 23 O 11 : 1427.8051, found: 714.9082 [M+2H] 2+ 4b: ESI-HRMS: calc. for formula C 70 H 103 N 23 O 11 : 1441.8207, found: 721.9152 [M+2H] 2+ 4c: ESI-HRMS: calc. for formula C 70 H 103 N 23 O 11 : 1441.8207, found: 721.9157 [M+2H] 2+ P1-DFP: ESI-HRMS: calc. for formula C 65 H 88 N 22 O 10 : 1336.7054, found: 669.3592 [M+2H] 2+ P1-DFX:
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Summary and Conclusions

This study presents a conceptually new series of highly potent antimicrobial agents, which consists of the short and easy to synthesize antimicrobial peptide K(RW) 3 (P1), conjugated to chemically synthesized vectors that are recognized by siderophore transporters. We cover here multiple vector possibilities: (i) vector based on a natural siderophore, DFO, (ii) vectors based on a simple monohydroxamate unit, that serve as the basic building block of various siderophores (4a -c), and (iii) vectors based on the non-siderophore iron chelators DFX and DFP. All vectors used in this study increase the antibacterial activity of the peptide P1 on P. aeruginosa cells but with different efficiencies, with P1-DFP and P1-DFX being the conjugates with the strongest antibacterial activity. As expected for a Trojan horse approach, the activity of P1-DFO and P1-DFP was even slightly better on genetically modified strains that were unable to produce their own pyoverdine and pyochelin siderophores (ΔpvdFΔpchA strains). Mutation of foxA, pirA and piuA ferri-siderophore transporters had no effect on the MIC values of these two conjugates, indicating that they do not rely on one of these transporters to enter into bacteria, or at least another (yet unknown) transporter may be involved. Although the DFX vector on its own was not able to transport iron inside the bacterial cell as shown by 55 Fe uptake studies, we were surprised to find that the P1-DFX conjugate had excellent antibacterial activity compared to P1. The activity of P1-DFX went from 2 µM in the natural PAO1 strain to values as low as 0.25 µM on the siderophore-and transporter-deficient strains ∆pvdF∆pchA∆piuA and ∆pvdF∆pchA∆foxA, suggesting that the conjugates were indeed recognized and internalized by a yet unidentified transporter. To complete this work, control experiments with an equimolar mixture of P1 and DFX confirm that the observed activity is not a synergistic effect but intrinsically linked to vectorization.
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