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M ethods for rapid design and synthesis of new antimicrobial compounds are eagerly sought to battle pathogens and cure infectious diseases. 1 Despite a vast repertoire of methods, quicker routes are still necessary to keep pace with the fast emergence of antibiotic resistance in pathogens. Similarly, the failure of major antibiotic classes calls for rapid identification of novel targets to produce the next generation of anti-infectious agents. NAD kinases (NADKs) have a central role in oxido-reductive functions but are still lacking a quality inhibitor although their important biochemical activity has been known for decades. 2 The genes encoding the NADKs were discovered by genomic analysis two decades ago, 3 and they were shown to be essential for growth in many bacterial species. [4][5][START_REF] Sassetti | Genes required for mycobacterial growth defined by high density mutagenesis[END_REF] Interestingly, NADKs belong to a small and particular superfamily of kinases very distantly related to any other NAD or ATP binding proteins. [START_REF] Labesse | Diacylglyceride kinases, sphingosine kinases and NAD kinases: distant relatives of 6-phosphofructokinases[END_REF] Indeed, they harbor a two-domain organization made of small alpha/ beta fold and an all-beta domain, distantly related only to two lipid kinases existing in humans. [START_REF] Labesse | Diacylglyceride kinases, sphingosine kinases and NAD kinases: distant relatives of 6-phosphofructokinases[END_REF] Not only is the fold unique, but also the particular conformation of the NAD in their binding site brings the two ribose moieties in close proximity (distance: ∼4 Å). This distance is much longer (∼7 Å) in other NAD(P) binding sites. [START_REF] Petrelli | Selective inhibition of nicotinamide adenine dinucleotide kinases by dinucleoside disulfide mimics of nicotinamide adenine dinucleotide analogues[END_REF] This suggested that NADKs represent promising targets and that specific inhibitors could be designed. accurate geometric information. Indeed, FBDD relies on several techniques to evaluate binding, either by affinity measurement (high-concentration assay, microcalorimetry), by structural analysis (X-ray crystallography), or by NMR, which can provide affinity measurement and low resolution structural information but at the expense of large material quantities. Only X-ray diffraction can routinely provide the atomic resolution required to guide precise fragment linking. We imagined using the binary information (binding/not binding) from X-ray crystallography to derive an approximation of ligand affinity. This involves screening, at a given concentration slightly above the expected affinity, chemical compounds that are closely related to each other (and possibly to the first hits). They are more likely to bind and also to share important properties such as solubility to limit potential artifacts. The chemical modifications of a starting fragment with small substitutions or atomic variations are often easier than fragment linking itself, and only a very small amount is necessary for screening by X-ray crystallography. Thus, binding events can precisely pinpoint small differences that are favorable and allow binding site mapping. Optimal substituents should be easily identified, among which some may nicely overlay with atoms from the second fragment or one of its own diadenosine diphosphate [START_REF] Poncet-Montange | NAD kinases use substrate-assisted catalysis for specific recognition of NAD[END_REF] (AppA, Figure 1). In addition, 98 single adenosines were previously shown to share low 99 affinity, [START_REF] Gelin | Screening and in situ synthesis using crystals of a NAD kinase lead to a potent antistaphylococcal compound[END_REF][START_REF] Paoletti | 8-Thioalkyladenosine derivatives inhibit Listeria monocytogenes NAD kinase through a novel binding mode[END_REF] in the low millimolar range, while occupying the 100 two subpockets of the active site, named A and N for adenine 101 and nicotinamide (Figure 1). 102 We also showed that the ribose in the subsite A has limited Adenosine moieties are linked by a pyrophosphate group (AppA), a disulfide bridge (DTA), [START_REF] Hung | Application of fragment growing and fragment linking to the discovery of inhibitors of Mycobacterium tuberculosis pantothenate synthetase[END_REF] or a C8-N5′ thioglycolic acid (A-TGA-A). [START_REF] Poncet-Montange | NAD kinases use substrate-assisted catalysis for specific recognition of NAD[END_REF] Corresponding affinities for LmNADK are shown in the table in the right corner.
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We wondered whether fragments based on the adenine scaffold could fit and provide a better starting point for drug design or precise tools to map this active site. Furthermore, we considered adenine as an attractive starting point since it can be directly derived from functional annotation for ATP-or NAD-binding proteins or any other adenine/adenosine derivative binding protein. Using a common substructure, here the adenine, allows quicker and clearer comparisons of the impact of various substituents on binding and easier generalization to other targets.

The crystal structure of the wild-type enzyme bound to its substrate or its product highlighted numerous tight contacts with the N1, N6, and N7 of adenine (Figure 1). In contrast, the N3, C8, and N9 were rather solvent-exposed in both subsites. Therefore, positions N3, N9, and C8 could be used to build a new link. Since the N3 position was less amenable to derivatization, we designed a small focused library of adenine bearing substituents at N9 and/or C8 positions. 
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The rather limited success of this focused screening of 174 adenines substituted in N9 only led us to re-evaluate the same 175 substitutions on an adenine harboring, in addition, a bromo 176 substituent at the C8 position. The additional bromine atom at 177 the C8 position was selected to improve the hit-rate, since 178 brominated adenosine previously showed a gain in affinity in 179 the adenosine series. [START_REF] Gelin | Screening and in situ synthesis using crystals of a NAD kinase lead to a potent antistaphylococcal compound[END_REF][START_REF] Paoletti | 8-Thioalkyladenosine derivatives inhibit Listeria monocytogenes NAD kinase through a novel binding mode[END_REF] Bromination was performed 180 straightforwardly, and 10 out of 11 compounds were detected 181 bound into the subsite A (Figure S3), but their pending arms 182 revealed no particular hot-spot for interactions on the path to 183 the N subsite (Figure S4). Because these substituted adenines 184 only occupy the subsite A, they represent a starting point to 185 grow a fragment from subsite A into a larger compound occupying the whole active site. On the contrary, the subsite N remained empty for all the adenines tested. The tilted side chain of tyrosine Y163 may limit nucleobase entrance in this subsite, a hindrance counterbalanced by the presence of a ribose moiety in adenosine derivatives. Accordingly, a compound made of two adenines linked by their respective N9 position would not be optimal. Thus, the privileged fragment for subsite N remained adenosine. [START_REF] Poncet-Montange | NAD kinases use substrate-assisted catalysis for specific recognition of NAD[END_REF][START_REF] Gelin | Screening and in situ synthesis using crystals of a NAD kinase lead to a potent antistaphylococcal compound[END_REF][START_REF] Paoletti | 8-Thioalkyladenosine derivatives inhibit Listeria monocytogenes NAD kinase through a novel binding mode[END_REF] However, the first round of screening highlighted no valuable path from the N9 position of an adenine placed in the subsite A toward a facing 5′-end from an adenosine placed in the subsite N. In order to find a more suitable link toward the subsite N, we turned to characterize substituted adenines at position C8 that would be compatible with binding into the subsite A.

Screening C8-Derivatives of Adenine by Cocrystallization with LmNADK1. Previously, in situ bond formation between two bound adenosines revealed a short C8-C5′ linker, a thioacetamide moiety, able to connect subsites A and N (A-TGA-A, Figure 1). This link provided the first NADK inhibitor active on bacterial culture in vitro. [START_REF] Gelin | Screening and in situ synthesis using crystals of a NAD kinase lead to a potent antistaphylococcal compound[END_REF] Thus, we considered other substitutions at the C8 position of adenine with the aim of linking an adenine in the subsite A and an adenosine in subsite N. This substitution could fit in the narrow and rather hydrophobic groove formed by Leu49 and Gly46.

First, position C8 of adenine was substituted with small alkyl groups (Figure S5). The key synthetic step involved a ring closure reaction of 2,4,6-triaminopyrimidine (Scheme S2).

Methyl and ethynyl groups (compounds 14a-d and 3b) were accommodated nicely (Figure S6). On the contrary, a hydrophobic but flexible ethyl group disfavored binding (compound 10, Figure S7). Six other small and flexible substituents at the C8 position did not show any binding (Figure S7). Then, a 3-hydroxypropynyl group, named hereafter prop-221 argyl alcohol, was introduced at position C8 via a Sonogashira 222 coupling reaction (Figure S8). This substitution led to a clear 223 electron density in the crystal structure only in the presence of 224 a cyclic substituent at the N9 position (compound 5g, Figure 225 S9). This behavior was similar to that in the absence of 226 substituents in position C8 (compound 1g). Accordingly, the 227 propargyl moiety could be accommodated, but its polar and 228 flexible end might partially counterbalance its hydrophobic 229 interactions with the neighboring Leu49. Nevertheless, this 230 structure showed that the triple bond of the propargyl group in 231 position C8 fits perfectly into a narrow hydrophobic groove 232 that is conserved among all known NAD kinases.

233

Interestingly, the hydroxyl end group of the propargyl 234 alcohol superimposed well with the position of the sulfur atom 235 of a methylthioadenosine molecule that would bind into the 236 subsite N (MTA, Figure 2b). This rather good match (S5′-O 237 distance: 1.2 Å) suggested a new linker for the connection of 238 the adenine in subsite A to an adenosine in subsite N, with a 239 more rigid and more hydrophobic moiety than the formerly 240 discovered thioglycolate linker.

241

Propargyl as a New Connector. These results prompted 242 us to evaluate propargyl alcohol as a new linker between the f3 243 subsites A and N. We synthesized a diadenosine derivative f3 linked by the propargyl moiety (compound 34, NKI1, Figure f3 3) as well as an adenine linked by the same connector to an adenosine (compound 35). Both double-headed molecules were cocrystallized with LmNADK1 and nicely fit into the whole active site. In both cases one adenosine head occupies the subsite N, while the subsite A accommodates either the other adenosine moiety or an adenine moiety (Figure S10). Subsequently the O-propargyl linker was replaced by a Npropargyl linker (compound 42) or a N-methylpropargyl linker (compound 44). These new compounds showed little gain in affinity against LmNADK or against the NADK from S. aureus, another clinically relevant Gram-positive pathogen (Figure S10), which shares 57% of sequence identity (corresponding to 40 strictly conserved residues among the 50 ones lying within a distance shorter than 8 Å to NADP) with its listerial counterpart. Noteworthy, the active concentration of these novel compounds is 3 orders of magnitude lower than the millimolar affinity of NAD for these kinases, which suggested a potential therapeutic window for treatment as an antibiotic.

Their solubility was not improved and their selectivity index toward the human counterpart was not significantly impacted.

Interestingly, in the presence of a ribose in the subsite A, most crystal structures revealed two hydrogen bonds involving its 5′ hydroxyl group with the oxygen/nitrogen of the 
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https://dx.doi.org/10.1021/acsinfecdis.9b00368 ACS Infect. Dis. XXXX, XXX, XXX-XXX E 268 propargyl or the nearby O4′ oxygen from the ribose moiety in 269 the subsite N (Figure S10). These internal interactions can 270 stabilize the bound conformation. An attempt to reinforce 271 these interactions with a hydrogen-bond donor failed, as the 272 corresponding 5′-amino group points toward the catalytic 273 aspartate due to a rotation of the ribose (compound 38, Figure 274 S10).

275

The inhibitory potency of the diadenosine derivatives was 276 tested on recombinant NADKs from L. monocytogenes and 277 S. aureus. IC 50 were determined by measuring formation of 278 reduced NADP produced by the glucose-6-phosphate 279 dehydrogenase coupling enzyme as a readout of NADK 280 activity. [START_REF] Poncet-Montange | NAD kinases use substrate-assisted catalysis for specific recognition of NAD[END_REF][START_REF] Gelin | Screening and in situ synthesis using crystals of a NAD kinase lead to a potent antistaphylococcal compound[END_REF][START_REF] Paoletti | 8-Thioalkyladenosine derivatives inhibit Listeria monocytogenes NAD kinase through a novel binding mode[END_REF] Inhibition in the low micromolar range was 281 observed for diadenosine derivatives linked by a O-or N-282 (methyl)-propargyl group (compounds 34, 42, 44), while 283 derivatives bearing a flexible three-carbon spacer (O-propyl 284 linker, compound 36), an amide group (compound 53) or a 285 four-carbon spacer (compound 43) showed little or no activity 286 against both enzymes (Figure S10).

287

NADK Is Critical for Growth of S. aureus. We next 288 addressed the importance of NADK on S. aureus growth in 289 vitro. We investigated the impact of decreasing expression of 290 the NADK gene ppnK on the growth of S. aureus Xen36, a 291 clinical strain. We used the CRISPR interference-based 292 approach described by Zhao and colleagues [START_REF] Zhao | Construction of a gene knockdown system based on catalytically inactive ('Dead') Cas9 (dCas9) in Staphylococcus aureus[END_REF] to knock-down ppnK. The Xen36 strain was transformed with the E. coli/ S. aureus shuttle plasmid pSD1 or pSD1 containing a single guide RNA (sgRNA) complementary to ppnK-specific sequence and the catalytically dead Cas9 (dCas9). Expression of the sgRNA and dCas9 was under the control of the constitutive S. aureus promoter P flB and the anhydro-tetracyclin (ATc) inducible promoter P tetO , respectively. Production of NADK by the wild-type, control, and knock-down strains was assessed by immunoblotting. As expected, levels of NADK were strongly reduced in the knock-down strain compared to f4 that of the wild-type and control strains (Figure 4a, Figure S11b). Decreased expression of ppnK in the knock-down strain in absence of ATc was presumably due to the known basal activity of the P tetO promoter. We next determined the NADP(H)/NAD(H) ratio in the wild-type, control, and knock-down strains (Figure 4b). The ratio was significantly lower in the knock-down strain than in the wild-type (p = 0.03) and control (p = 0.01) strains, confirming that the sgRNA targeted ppnK. Decreased NADP(H)/NAD(H) ratio in the knock-down strain in absence of ATc corroborated basal activity of the P tetO promoter. Having demonstrated the efficiency of the NADK knock-down, we then measured growth of the wild-type, control, and knock-down strains at OD 600nm in BHI with or without ATc. Xen36/NADK sgRNA strain had multiple growth defects in BHI including increased F 318 lag time, decreased doubling time and reduced density in 319 stationary phase compared to the wild-type strain (Figure 4c). 320 These defects were even more pronounced when Xen36/ 321 NADK sgRNA was grown in BHI/ATc, while ATc had no 322 effect on growth of the wild-type strain (Figure 4c and Figure 323 S11a). Growth defects in the absence of induction 324 substantiated expression of dCas9 mediated by basal P tetO 325 activity. In contrast to growth of the knock-down strain, 326 growth of the pSD1 control strain was similar to that of the wild-type strain (Figure 4d). Altogether, these results highlight the capital role of ppnK for S. aureus growth.

Given that NADK was critical for S. aureus growth, we next examined whether diadenosine derivatives could inhibit bacterial multiplication in vitro. The addition to S. aureus cultures of a diadenosine linked by a propargyl (compound 34, f5 hereafter NKI1), strongly affected bacterial growth (Figure f5 5a). The lag, log, and plateau phases of NKI1 treated bacteria were significantly impaired compared to that of bacteria treated with the solvent. As expected, growth of bacteria treated with 5b). The ratio was significantly lower in 341 bacteria treated with NKI1, suggesting that NKI1 targeted NADK. To determine if NKI1 antibacterial activity was solely dependent on NADK inhibition, we then measured growth of the wild-type, control, and knock-down strains at OD 600nm in BHI with ATc, with and without NKI1. Growth of the three strains were significantly impaired by addition of NKI1, confirming the antibacterial activity of NKI1 and suggesting that other pathways may be affected by NKI1 when its primary target is depleted (Figure 5c). Together, these results indicate that NKI1 inhibits growth of S. aureus by targeting NADK and presumably other mechanisms.

NKI1 Is Not Toxic to Human Cells In Vitro or to Mice In Vivo. Because mammals also possess NADKs, we determined the effect of NADK inhibitors on human cell lines. All synthesized diadenosine derivatives, including NKI1, were assayed for cytotoxicity on MRC-5 human fetal lung fibroblasts. The percentage of dead cells after 3 days of incubation with NKI1 was 0 ± 4% at a concentration of 10 -5 M and 0 ± 6% at 10 -4 M. Therefore, NKI1 acts as an antibiotic without detrimental effects on human cells. Before testing NKI1 toxicity in vivo, we assessed the stability of NKI1 by standard liver microsomal and plasma stability assays in vitro. We could not detect any significant degradation of NKI1 for 1 h at 37 °C in the presence of liver drug metabolizing enzymes (Figure S12a) or plasma hydrolytic enzymes (Figure S12b), pointing to high stability of the compound.

To determine the impact of the compound on organ functions, we next analyzed markers of organ failure in plasma from untreated BALB/c mice or from mice treated with NKI1 or PBS/DMSO used as the vehicle for NKI1. We found that urea, creatinine, alanine transaminase and aspartate transaminase were not increased in mouse plasma upon NKI1 treatment nor upon injection of the vehicle alone, consistent with preserved kidney, liver, muscle, and heart functions f6 (Figure 6a-d). Histological analysis confirmed the absence of detectable kidney abnormalities in mice treated with NKI1 (Figure 6e). Additionally, treated mice did not show any physical signs of discomfort and did not lose any weight (Figure 6f).

NKI1 Contributes to Bacterial Clearance in S. aureus

Infected Mice. Given that NKI1 has an antibacterial activity against S. aureus in vitro, the effect of NKI1 was addressed in vivo. We evaluated the antibacterial activity of the compound in a murine model of acute hematogenous pyelonephritis induced by the S. aureus Xen36 strain. BALB/c mice were infected intravenously with 5 × 10 7 bacteria and received daily intraperitoneal injections of 100 mg/kg NKI1 or levofloxacin as a control antibiotic for 7 days. A vehicle control group received PBS/DMSO. In the absence of antibiotic treatment, high levels of S. aureus were detected in the kidneys 7 days f7 postinfection (Figure 7a). In contrast, daily treatment with NKI1 led to an important decline in the kidney bacterial burden. Levofloxacin treatment led to a similar decrease in bacterial counts. Untreated mice progressively lost weight with time (Figure 7b), while the weight of mice treated with NKI1 or levofloxacin remained stable (Figure 7c,d), confirming the efficacy of both antibacterial compounds.

We next performed a histologic examination of kidneys removed 7 days postinfection with the S. aureus Xen36. The microscopic comparison of kidney sections is shown in Figure 7e. Kidneys from untreated mice exhibited marked pyelonephritis with papillary necrosis and infiltration of neutrophils (panel A), extending in the renal tubes and interstitium from the papilla to the cortex (panels A and B) and even to the subcapsular space (panel C). High bacterial loads were detected in kidney lesions (panel D). In contrast, kidneys of mice treated with NKI1 had no lesion or a few small abscesses or inflammatory infiltrates in the cortex (panels E-G) with minimal amount of bacteria (panel H). Pyelonephritis detected 410 in a few mice was less severe than that observed in untreated 411 mice (panels I-K) with much lower bacterial loads (panel L). although not to the level obtained upon levofloxacin treatment, 421 which was near total inhibition of growth (Figure S13a). ■ METHODS Expression, Purification, and Activity Assay. Histagged LmNADK1 was expressed and purified on cobaltbased IMAC resins (Clontech) as previously published. [START_REF] Gelin | Screening and in situ synthesis using crystals of a NAD kinase lead to a potent antistaphylococcal compound[END_REF] A similar procedure was followed for the orthologs from S. aureus.

The NAD kinase activity was determined by measuring the absorbance at 340 nm to follow the formation of reduced NADP produced by a coupling enzyme (Glucose-6-phosphate dehydrogenase from yeast). This enzyme and its substrate were purchased from Sigma-Aldrich. The assay was performed in a 0.5 mL sample of 50 mM Tris-HCl pH7.4, 10 mM MgCl 2 , 2 mM sodium citrate, 1 mM glucose-6-phosphate at 30 °C using a spectrophotometer Eppendorf ECOM 6122. Halfinhibitory concentrations (IC 50 ) were determined, in the presence of 1 mM NAD and 4 mM ATP (for LmNADK1) or 2 mM ATP for S. aureus NADK. Dixon plots were used to determine K I in the presence of 4 mM ATP and three NAD concentrations (0.2, 0.5, and 1 mM). We also checked that the inhibitors had no effect on the coupling enzymes activity. with an equal volume of crystallization buffer (30 mM sodium bromide, 220 mM potassium citrate, pH 4.8-5.1, glycerol 6%, 15-16% w/v polyethylene glycol 400), equilibrated over 0.5 mL of the same buffer. As described previously, the complexes with bound ligands were solved using crystals in the orthorhombic form. After growing them in the presence of MTA, crystals were soaked with a 10 mM concentration of the desired ligand in a pre-equilibrate hanging-drop.

Crystallographic Studies. X-ray structure determinations were performed using molecular replacement. Refinement was performed using Phenix. [START_REF] Adams | PHENIX: a comprehensive Python-based system for macromolecular structure solution[END_REF] As in the case of the monoclinic form, some side chains and several short segments of the
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Plasmids were isolated from S. aureus using the QIAprep Spin Miniprep Kit (Qiagen) according to the manufacturer's instructions after a cell digestion step with 0.5 mg/mL of lysostaphine (Sigma-Aldrich) for 30 min at 37 °C. Bacterial Growth Measurement. Overnight S. aureus cultures in BHI at 37 °C were diluted 1:100 into BHI broth.

For NADK inhibition experiments, culture medium was supplemented with 0 to 100 ng/mL anhydrotetracycline (Sigma-Aldrich) and 25 μg/mL chloramphenicol when required. For antibiotic activity assay, culture medium was supplemented with 25% PBS/10% DMSO, 0.01 μg/mL NKI1 in 25% PBS/10% DMSO or 10 μg/mL levofloxacin. Cultures were incubated in 96-well plates or in Erlenmeyer, with shaking at 200 rpm at 37 °C. Growth was monitored with a microplate reader (Glomax Discover, Promega). Experiments were performed at least three times.

Immunoblotting. Bacteria grown for 3 or 6 h were collected by centrifugation 10 min at 10 000 rpm at 4 °C and resuspended in 500 μL of PBS. Bacteria were lysed by 6 cycles of 10-s sonication and 10-s rest on ice. Lysates were centrifuged for 15 min at 10 000 rpm at 4 °C and supernatants collected for protein quantification using the Qubit Protein Assay (Invitrogen). Samples were mixed with Laemmli buffer (Biorad) and 10% β-mercaptoethanol and denatured for 5 min at 95 °C. Samples were separated onto 4-20% MiniProtean TGX Stain-Free Precast Gel (Biorad) in TGS buffer and transferred on polyvinylidene fluoride membranes. Membranes were incubated overnight at 4 °C with primary antibodies diluted in 5% blotto (R114 rabbit anti-EF-Tu polyclonal antibodies, 1:5000; R250 rabbit polyclonal anti-S. aureus NADK antibodies, 1:1000). Membranes were then incubated with 1:2500 antirabbit horseradish peroxidase-conjugated antibodies (Abcam). Blots were revealed using the ECL kit (Pierce). 

  89 derivatives. This overlay would provide efficient connectors 90 between these two fragments. 91 Here, we used a deconstruction approach to synthesize 92 chemical compounds inhibiting bacterial NADK, a novel 93 therapeutic target. Its substrate, NAD, shows an affinity in the 94 millimolar range; hence, an inhibitor in low micromolar range 95 should be sufficient to dramatically impact its enzymatic 96 activity. Interestingly, NAD can be mimicked by a symmetrical 97 f1

  103 interactions with the protein except for one hydrogen bond. 104 Accordingly, we screened adenine derivatives, instead of 105 adenosines, in order to find new connectors between the two 106 subsites. This led us to design a new 3-atom linker that 107 efficiently connects two adenosines, yielding a compound with 108 low micromolar inhibition of Gram-positive bacterial NADK. 109 Importantly, we identified this compound, hereafter NKI1, as 110 an inhibitor of S. aureus infection.

Figure 1 .

 1 Figure1. Mapping the binding site to design a library: schematic structure of LmNADK1 binding site with known diadenosine inhibitors. Adenosine moieties are linked by a pyrophosphate group (AppA), a disulfide bridge (DTA),[START_REF] Hung | Application of fragment growing and fragment linking to the discovery of inhibitors of Mycobacterium tuberculosis pantothenate synthetase[END_REF] or a C8-N5′ thioglycolic acid (A-TGA-A).[START_REF] Poncet-Montange | NAD kinases use substrate-assisted catalysis for specific recognition of NAD[END_REF] Corresponding affinities for LmNADK are shown in the table in the right corner.

  Screening N9-Derivatives of Adenine by Cocrystallization with LmNADK1. The first adenine derivatives of our focused library included modifications at the N9 position with

Figure 2 .

 2 Figure 2. In crystallo screening and fragment linking strategy. Two fragment hits bound into the subsite A were used to guide two ways for their linking with an adenosine potentially occupying the subsite N. Linking through position N9 and C5′ or through positions C8 and C5′ is described in panel (a) and (b), respectively. Crystal structures of two N9 and C8 adenine derivatives (1i4 and 5g, respectively) bound to LmNADK1 active site are shown in blue. After superimpositions with crystal structures of LmNADK1 bound to MTA are also shown (MTA in orange). Finally, the crystal structure of our lead compound NKI1 bound to LmNADK1 active site. Views of the 2F o -F c electron density map in the active site with the ligand molecule omitted in the Fourier synthesis. Map is contoured at 1.0 σ. The picture was generated by the program PYMOL (http://pymol. sourceforge.net).

Figure 3 .

 3 Figure 3. Chemical structures of diadenosine derivatives used in this study.

Figure 4 .

 4 Figure 4. NADK is important for S. aureus growth. Bacterial growth was monitored at OD 600nm in BHI broth at 37 °C with and without ATc induction. (a) Total bacterial lysates of wild-type (Xen36), control (pSD1), and ppnK knock-down (NADK sgRNA) strains were analyzed by immunoblotting using anti-NADK and anti-EF-Tu antibodies. EF-Tu is used as a loading control. The data shown are representative of independent data from two experiments. (b) Levels of NAD(H) and NADP(H) and their ratio were determined by using the NAD/NADH-Glo and NADP/NADPH-Glo assays after growing wild-type (Xen36), control (Xen36/pSD1) and ppnK knock-down (Xen36/NADK sgRNA) strains for 6 h (n = 3). Bars indicate the standard errors of the means of biological replicates. Comparison of data was performed using a t test (ns: nonsignificant, *p < 0.05). (c) Growth curves of wild-type (Xen36) and ppnK knock-down (Xen36/NADK sgRNA) strains (n = 6). Bars indicate the standard errors of the means of biological replicates. Comparison of data was performed using two-way analysis of variance (ns: nonsignificant, ****p < 0.0001). (d) Growth curves of wild-type (Xen36) and control (Xen36/pSD1) strains (n = 6). Bars indicate the standard errors of the means of biological replicates. Comparison of data was performed using two-way analysis of variance.

Figure 5 .

 5 Figure 5. NKI1 inhibits S. aureus growth in vitro. (a) Growth of S. aureus Xen36 was monitored at OD 600nm in BHI broth at 37 °C. BHI broth was supplemented with PBS/10% DMSO, 0.01 μg/mL NKI1 or 10 μg/mL levofloxacin (n = 6). Bars indicate the standard errors of the means of biological replicates. Comparison of data was performed using two-way analysis of variance (****p < 0.0001). (b) Levels of NAD(H) and NADP(H) and their ratio were determined by using the NAD/NADH-Glo and NADP/NADPH-Glo assays after growing the wild-type Xen36 strain for 6 h in BHI with or without 0.01 μg/mL NKI1 (n = 3). Bars indicate the standard errors of the means of biological replicates. Comparison of data was performed using a t test (****p < 0.0001). (c) Growth curves of wild-type (Xen36), control (Xen36/pSD1), and ppnK knock-down (Xen36/NADK sgRNA) strains in BHI broth supplemented with ATc, with and without 0.01 μg/mL NKI1 (n = 6). Bars indicate the standard errors of the means of biological replicates. Comparison of data was performed using two-way analysis of variance (****p < 0.0001).

Figure 6 .

 6 Figure 6. NKI1 is not toxic to mice. BALB/c mice were left untreated or treated daily intraperitoneally with PBS/10% DMSO or 2 mg NKI1. (ad) Blood was collected 7 days postinoculation for quantitation of urea (a), creatinine (b), alanine aminotransferase (c), and aspartate aminotransferase (d) using Reflotron strips. Data are means ± SEM. (e) Histopathological analyses of kidneys of mice 7 days post-treatment. (f) Weight of mice at day 1 and day 7 post-treatment. Data represent mean weights ± SEM. Comparison of data was performed using a t test (ns: nonsignificant, *p < 0.05, **p < 0.01).

Figure 7 .

 7 Figure 7. NKI1 treatment controls S. aureus infection in vivo. BALB/c mice were infected intravenously with 5 × 10 7 S. aureus Xen36 and treated daily intraperitoneally with 2 mg NKI1 or 2 mg levofloxacin. Control mice received PBS/10% DMSO. (a) Bacterial burden in kidneys of mice 7 days postinfection. Data are mean CFUs in two kidneys ± SEM. (b-d) Daily weight of infected mice of the control group (b), NKI1 group (c), and levofloxacin group (d). The bars represent mean weights ± SEM. (e) Histopathological analyses of kidneys of mice 7 days postinfection. Representative images of hematoxylin/eosin and/or Gram stained sections from untreated (n = 8) or treated mice (n = 8). Panels A-D, murine pyelonephritis of the control group (DMSO/PBS). Panel A, ascending inflammation reaching the cortex and necrosis of the papilla. Arrowheads, suppuration. Panel B, infiltration of neutrophils in the renal tubes and interstitium. Panel C, infiltration of neutrophils in the cortex and subcapsular space. Arrowheads, infiltration in the renal tubes. Panel D, Gram-stained bacteria. Panels E-L, lesions of NKI1-treated mice. Panels E-G, small cortical inflammatory infiltrates. Arrowheads, inflammatory infiltrates. Panel H, Gram-strained bacteria. Panels I-K, mild pyelonephritis, Panel L, Gram-stained bacteria. Panels M-P, kidney sections of mice treated with levofloxacin. Panels M-O, absence of lesions. Panel P, absence of bacteria.

412

  Besides occasional inflammatory infiltrates in the cortex (data 413 not shown), kidneys of mice treated with levofloxacin did not 414 display any lesion (panels M-O) or bacteria (panel P). 415 As the difficulty of treating antibiotic resistant infections is a 416 growing concern, we next investigated whether NKI1 could be 417 active on the MRSA strain Xen31 in vitro and in the murine 418 model of hematogenous pyelonephritis described above. 419 Growth of Xen31 in vitro was strongly affected by NKI1, 420

422

  Efficacies of NKI1 and levofloxacin were then compared in vivo 423 by determining the decrease in the number of bacteria in 424 kidneys of infected mice. Levofloxacin and NKI1 at 100 mg/kg 425 daily resulted in decreases of 1.5 and 0.5 log 10 CFU/kidney 426 from control levels, respectively (Figure S13b). Mice treated 427 with NKI1 or levofloxacin lost weight with time (Figure S13d, 428 S13e), albeit not to the levels exhibited by untreated mice 429 (Figure S13c), confirming efficacy of both compounds. The 430 histologic assessment was in agreement with the weight and 431 bacterial burden quantification, demonstrating that NKI1 and 432 levofloxacin were capable of reducing the severity of lesions in 433 mice infected with the MRSA strain Xen31 (Figure S13f). 434 Untreated mice displayed pyelonephritis characterized by 435 necrosis of the papilla and infiltration of neutrophils at the 436 periphery of necrotic foci, in the cortex and in the pelvic cavity 437 (Figure 7, panels A-C). Massive amounts of bacteria were 438 detected in the papillary necrotic area (Figure 7, panel D). In 439 contrast, pyelonephritis was not detected in mice treated with 440 NKI1. Kidneys were either free from lesion and bacteria 441 (Figure 7, panels E-H) or displayed focal abscesses and 442 bacteria in the cortex (Figure 7, panels I, K, and L) without any 443 lesion in the papilla (Figure 7, panel J). After levofloxacin 444 treatment, some mice did not display any lesion or bacteria in 445 the kidneys (Figure 7, panels M-P), while others exhibited 446 pyelonephritis (Figure 7, panels Q-T). However, neutrophil 447 infiltration and bacterial load were reduced compared to those 448 observed in untreated mice. Taken together, these results 449 suggest that antibacterial activity of NKI1 is not restricted to 450 MSSA but extends to drug resistant strains. 451 ■ DISCUSSION 452 Discovery and design of new antibacterial compounds is 453 gaining renewed interest due to the emergence of new threats 454 from drug-resistant bacteria. NADKs represent attractive drug 455 targets that have so far been understudied. We hypothesized 456 that adenine could provide a privileged scaffold onto which 457 substitution could rapidly answer the question regarding hot-458 spots in the region linking the two subsites. Knowledge of a 459 priori binders such as the natural ligands and their fragments or 460 isosteric analogues may represent alternative entities suitable to 461 interrogate the possible output of a given screening approach. 462 Previously, two derivatives of adenosine were linked in situ 16 463 but the resulting compound was suboptimal, showing activity 464 in the 25-50 μM range, similar to the natural reaction product, 465 NADP. 466 In this study, we screened a focused library of adenine 467 derivatives to identify a new linker. It led to a potent chemical 468 compound, the best inhibitor described so far for a NADK, and 469 the first which is active in vivo. We targeted S. aureus as it is 470 among the most prominent opportunistic pathogenic bacteria. 471 It belongs to the worrisome ESKAPE group of bacteria ACS Infectious Diseases genetic approaches, based on drug affinity chromatography coupled to mass spectrometry and modulation of gene expression, respectively. The favorable activity against staphylococcal infections and the absence of acute toxicity open the way for further optimization of the lead compound NKI1 against various bacterial pathogens.

  Chemical Synthesis. The synthesis of adenine derivatives used in this study (see Supporting Information, Figure S1) involved the N-9 alkylation of a purine derivative (adenine, 6chloropurine or 8-methyl-adenine), further conversion of the alkyl alcohol into the corresponding thioacetyl, azido, or amino functional groups. Bromination at the C8 position and subsequent Sonogashira cross-coupling reaction afforded the difunctionalized adenine derivatives (compounds 1-9, Scheme S1). The preparation of C8 alkylated adenine derivatives (9-15, Scheme S2) involved the ring closure of the 4,5,6triaminopyrimidine in the presence of an acid or amide (classical heating or under MW irradiation), followed by N-9 alkylation.The synthesis of the diadenosine derivatives (Figure3) involved Sonogashira cross-coupling reaction of the 8bromoadenosine derivative 30 or 31 (see Supporting Information) with an appropriate alkyne derivative synthesized as illustrated in Scheme S3. Subsequent deprotection afforded the target compounds(34, 36, 38, 42, 43, 44, 49, 53) in good overall yield.Crystallization. A dedicated crystallization kit (24conditions) was set up to ensure reproducibility from one protein sample to another. Crystals were grown by mixing 1 μL of the protein solution concentrated at 9 mg/mL and complexed with 5′-deoxy-5′-(methylthio)adenosine (MTA)

  NADP(H)/NAD(H) Quantitation. Levels of NAD(H) and NADP(H) were assessed by using the NAD/NADH-Glo assay (Promega) and NADP/NADPH-Glo assay (Promega), respectively. Briefly, bacteria were grown 6 h at 37 °C and 180 rpm. Growth was stopped by addition of 100 μL of reconstituted detection reagent to 100 μL of bacterial suspension. Samples were incubated for 45 min at room temperature and bioluminescence was measured on a GloMax Discover plate reader. Bioluminescence signal was normalized to OD 600nm . Cytotoxicity Assay. Increasing concentrations of diadenosine derivatives were added to MRC-5 human fetal lung fibroblasts for 3 days and cell viability was assayed using a quantitative metabolic assay with MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) by the Imagif platform (Institut de Chimie des Substances Naturelles Gifsur-Yvette, France). Measurements were performed in triplicate with a Biomek workstation (Beckman) in 96-well plates. Metabolic Stability. A microsomal stability assay to measure in vitro intrinsic clearance and identify putative metabolites formed was performed by the TechMed platform (ESBS, Strasbourg, France). Briefly, 1 μM NKI1 was incubated at 37 °C with human liver microsomes (0.5 mg/mL) containing 1 mM NADPH and 3 mM MgCl 2 . Samples were taken every 15 min and enzymatic reactions were stopped by addition of acetonitrile at 0 °C. The percentage of remaining NKI1 was determined by LC-MS/MS by measuring the area ACS Infectious Diseases
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