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NMR-Guided Fragment-Based Approach for the Design of AAC(6')-Ib Ligands

Aminoglycosides are potent, broad-spectrum antibiotics of major clinical importance. [1] Unfortunately, the emergence of resistance is increasingly restricting their use as antibacterials. [2] Among the common mechanisms of resistance, enzymatic modification of aminoglycosides by N-acetylation at the 6'-position is one of the most widespread. Two functional classes of N-acetyltransferases (AAC(6')) have been described: AAC(6')-I, which confers resistance to amikacin but not to gentamicin, and AAC(6')-II, with the reciprocal selectivity. Among these two classes, the aminoglycoside 6'-N-acetyltransferase type Ii (AAC(6')-Ii) has been intensively investigated, with the crystallographic determination of its structure and the design of several bisubstrate inhibitors. [START_REF] Dbad | CH 2 Cl 2 , quantitative; b) CatBH[END_REF] Moreover, the first inhibitor of this enzyme active in cells has recently been reported, providing the proof of concept for the pharmaceutical potential of such compounds. [4] The structure of AAC(6')-Iy has also been reported. [5] As part of a general program on the fragment-based design of aminoglycoside mimics, [6] we have been interested in the study of another AAC(6')-I subclass: AAC(6')-Ib. Unlike in the cases of AAC(6')-Ii and Iy, which are chromosomally encoded (and hence confined to a single bacterial species), the gene for AAC(6')-Ib is carried by mobile elements such as the integrons, and is present in over 70 % of AAC(6')-producing Gram-negative clinical isolates. [7] Furthermore, some isoforms of this class have recently evolved in clinical isolates to provide resistance to both amikacin and gentamicin [START_REF] Casin | Antimicrob[END_REF] or to some fluoroquinolines. [9] The low sequence identity (< 20 %) of ACC(6')-Ib with the well-characterized ACC(6')-Ii and ACC(6')-Iy prompted us to evaluate a fragment-based approach for the design of ligands of this enzyme, rather than a rational design based on the structural data available for ACC(6')-Ii and ACC(6')-Iy enzymes. Our aim was to design ligands that were structurally distinct from aminoglycosides, which would be less likely to be deactivated by other resistance enzymes. [START_REF]The potential to escape bacterial resistance by enzymatic inactivation through the design of conformationally restricted aminoglycosides has recently been proposed Scheme[END_REF] Here we report an NMR-guided design of micromolar ligands for this enzyme, as well as their conversion into a bisubstrate inhibitor.

In preliminary studies, we used NMR detection techniques to identify compound 1 (Scheme 1) as a primary fragment for the design of ligands. [11] This compound is readily available from cyclopentadiene on a large scale in a racemic or enantioenriched form. [12] Both saturation transfer difference (STD) [13] and reverse n.O.e. pumping experiments [14] were used to verify its ability to mimic the central desoxystreptamine core of kanamycin binding to the enzyme (Figure 1). Furthermore, the specificity of this binding was confirmed by a substantial decrease in the STD signal of compound 1 when the experiment was conducted in the presence of kanamycin, showing competitive binding of this fragment to the active site of the enzyme (for details see the Supporting Information).

Compound 1 was then coupled through ether or ester linkages with several substituted aromatic moieties capable of mimicking ring 1 of aminosides, leading to racemic neamine analogues (Scheme 2).

All the compounds were then evaluated by reverse n.O.e. pumping experiments for their ability to bind AAC(6')-Ib.

It was expected that the common aminocyclopentanic moiety would bind in most cases, leading to intermolecular n.O.e. transfers, whereas efficient n.O.e. transfers from the aromatic appendage would only occur with the best ligands (Figure 2). This NMR screening provided a qualitative estimation of binding affinity for all the compounds, which can be classified into three groups: no signals from the aromatic components were observed with compounds 5 and 13, whereas weak n.O.e transfer onto the aromatic components of compounds 14, 15, 8, 18, 12 and 11 could be detected, and strong n.O.e. transfers were observed with compounds 7, 4, 6, 16 and 9. Although this "ligand-observe" set of experiments provided a qualitative affinity score for the enzyme, we could not at this stage exclude the possibility that the binding might be occur- This correlates very well with the NMR results, as the additional interactions observed with 4 and 9 result in a twofold improvement of affinity, whereas the small loss observed with 15 is correlated with very weak intermolecular n.O.e. transfer.

The final validation of this NMR-guided ligand optimization was performed by preparing a bisubstrate ligand from compound 9. For this study, we decided to resynthesise this compound in enantioenriched form, since the coupling of a racemic material with the CoA moiety would deliver diastereomers (Scheme 3). Compound 22 was then selectively reduced, deprotected and coupled with CoA by the one-pot procedure A C H T U N G T R E N N U N G recently reported by Auclair and co-workers (Scheme 3).

The dissociation constant of compound 24 was then evaluated by fluorescence titration as 950 AE 190 nm, showing an improved affinity relative to the starting optimized fragment 9. Standard AAC(6')-Ib inhibition essays with kanamycin as a substrate showed that compound 24 is an inhibitor, with a K i value of about 500 AE 300 nm, whereas neither CoA nor compound 9 showed any significant inhibitory properties. No synergistic activity could be observed when 24 was tested in combination with kanamycin against a E. coli strain harbouring the AAC(6')-Ib encoding gene, as would be expected with a compound bearing an unmodified CoA moiety. [15] In conclusion, we have shown in this work that "ligand-observe" NMR techniques such as reverse n.O.e. pumping can be used to drive the detection and optimisation of ligands for AAC(6')-Ib, one of the most clinically important resistance enzymes to aminoglycosides. Interestingly, this fragment-based approach has been conducted without any need for NMR structural assignment of the target, with the validation of the binding site for the ligands by fluorescence spectroscopy and the preparation of a bisubstrate inhibitor. Despite the modest inhibition constant of compound 24 in relation to bisubstrate inhibitors described for AAC(6')-Ii, this result shows that ligands and inhibitors of AAC(6')-Ib can be constructed from non-aminoglycoside-like fragments, and that NMR can be a powerful tool for qualitatively estimation of their binding affinities to the enzyme. The design of more drug-like, nonbisubstrate A C H T U N G T R E N N U N G inhibitors, as well as cocrystallisation studies, are underway.

Scheme 1 .

 1 Scheme 1. Dissociation constants of selected ligands determined by fluorescence spectroscopy experiments.

Figure 1 .

 1 Figure 1. STD analysis of the binding of kanamycin (bottom) and diamino-A C H T U N G T R E N N U N G cyclopentanol 1 (top; the water signal has been removed for clarity) to AAC(6')-1b. The boxed peaks correspond to the cyclic methylenic protons A C H T U N G T R E N N U N G located between the two amino groups. In each case, the shaded box corresponds to the proton syn to the amines and shows the strongest STD signal.

Figure 2 .

 2 Figure 2. Qualitative binding analysis by reverse-n.O.e pumping experiments of compounds 4-18. Spectra are ordered by increasing affinities. The water signal (4.7 ppm) has been removed for clarity.
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