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Aminoglycosides are among the oldest antibiotics in clinical use. These broad spectrum antibiotics are used against clinically important bacteria and for treatment of infections caused by multidrug-resistant bacteria. [START_REF] Jackson | Aminoglycosides: How Should We Use Them in the 21st Century?[END_REF][START_REF] Takahashi | Destination of Aminoglycoside Antibiotics in the "Post-Antibiotic Era[END_REF] In the past decade, novel aminoglycosides have been developed with decreased toxicity and susceptibility to resistance. [START_REF] Takahashi | Destination of Aminoglycoside Antibiotics in the "Post-Antibiotic Era[END_REF][START_REF] Aggen | Synthesis and Spectrum of the Neoglycoside ACHN-490[END_REF][START_REF] Huth | Designer Aminoglycosides Prevent Cochlear Hair Cell Loss and Hearing Loss[END_REF][START_REF] Matt | Dissociation of Antibacterial Activity and Aminoglycoside Ototoxicity in the 4-Monosubstituted 2-Deoxystreptamine Apramycin[END_REF][START_REF] Sato | Pharmacokinetic-Pharmacodynamic Relationship of Arbekacin for Treatment of Patients Infected with Methicillin-Resistant Staphylococcus Aureus[END_REF][START_REF] Zhanel | Comparison of the Next-Generation Aminoglycoside Plazomicin to Gentamicin, Tobramycin and Amikacin[END_REF] Many widely used aminoglycosides contain a deoxystreptamine ring (2-DOS) that is essential for antimicrobial activity. The 2-DOS aminoglycosides bind both subunits of the ribosome and inhibit protein synthesis. [START_REF] Borovinskaya | Structural Basis for Aminoglycoside Inhibition of Bacterial Ribosome Recycling[END_REF][START_REF] Campuzano | Functional Interaction of Neomycin B and Related Antibiotics with 30S and 50S Ribosomal Subunits[END_REF][START_REF] Moazed | Interaction of Antibiotics with Functional Sites in 16S Ribosomal RNA[END_REF] These drugs cause miscoding [START_REF] Davies | Misreading of RNA Codewords Induced by Aminoglycoside Antibiotics[END_REF] via a direct interaction with ribosomal RNA (rRNA) of the small subunit. [START_REF] Moazed | Interaction of Antibiotics with Functional Sites in 16S Ribosomal RNA[END_REF][START_REF] Carter | Functional Insights from the Structure of the 30S Ribosomal Subunit and Its Interactions with Antibiotics[END_REF][START_REF] Demeshkina | A New Understanding of the Decoding Principle on the Ribosome[END_REF][START_REF] Fourmy | Structure of the A Site of Escherichia Coli 16S Ribosomal RNA Complexed with an Aminoglycoside Antibiotic[END_REF][START_REF] Vicens | Crystal Structure of Paromomycin Docked into the Eubacterial Ribosomal Decoding A Site[END_REF][START_REF] Yoshizawa | Structural Origins of Gentamicin Antibiotic Action[END_REF] Some 2-DOS aminoglycosides also interact at a specific site within the large ribosomal subunit resulting in inhibition of translocation [START_REF] Cabanas | Inhibition of Ribosomal Translocation by Aminoglycoside Antibiotics[END_REF][START_REF] Misumi | Interaction of Kanamycin and Related Antibiotics with the Large Subunit of Ribosomes and the Inhibition of Translocation[END_REF] or recycling. [START_REF] Hirokawa | Post-Termination Complex Disassembly by Ribosome Recycling Factor, a Functional TRNA Mimic[END_REF] In addition, aminoglycosides have been reported to inhibit initiation [START_REF] Hirokawa | Inhibition of Antiassociation Activity of Translation Initiation Factor 3 by Paromomycin[END_REF][START_REF] Wallace | Partial Inhibition of Polysomal Ribosomes of Escherichia Coli by Streptomycin[END_REF] and perturb ribosome biogenesis. [START_REF] Foster | Characterization of a 30S Ribosomal Subunit Assembly Intermediate Found in Escherichia Coli Cells Growing with Neomycin or Paromomycin[END_REF][START_REF] Mehta | 30S Ribosomal Subunit Assembly Is a Target for Inhibition by Aminoglycosides in Escherichia Coli[END_REF][START_REF] Sykes | Quantitative Proteomic Analysis of Ribosome Assembly and Turnover in Vivo[END_REF] Aminoglycoside uptake occurs through two energydependent phases known as EDPI and EDPII. [START_REF] Davis | Mechanism of Bactericidal Action of Aminoglycosides[END_REF][START_REF] Hancock | Aminoglycoside Uptake and Mode of Action-with Special Reference to Streptomycin and Gentamicin. II. Effects of Aminoglycosides on Cells[END_REF][START_REF] Taber | Bacterial Uptake of Aminoglycoside Antibiotics[END_REF] EDPI is known to be dependent on the proton motive force (PMF). 28- 30 EDPII requires active protein synthesis by aminoglycoside-sensitive ribosomes and, therefore, is energy dependent. The lethal mode of action of aminoglycosides is thought to occur through induction of ribosomal miscoding, which produces misfolded proteins that when inserted into the inner membrane trigger an increase of permeability and consequently a diffusive entry of the drug in EDPII. [START_REF] Davis | Misread Protein Creates Membrane Channels: An Essential Step in the Bactericidal Action of Aminoglycosides[END_REF] Increase in cell killing efficiency is interpreted as an increase in aminoglycoside uptake. Measuring aminoglycoside uptake is im-portant for understanding the basis of aminoglycoside action. This has been often achieved by study of cultured cells treated with radioactively labeled aminoglycosides. [START_REF] Davis | Mechanism of Bactericidal Action of Aminoglycosides[END_REF][START_REF] Hancock | Aminoglycoside Uptake and Mode of Action-with Special Reference to Streptomycin and Gentamicin. II. Effects of Aminoglycosides on Cells[END_REF][START_REF] Hancock | Aminoglycoside Uptake and Mode of Action with Special Reference to Streptomycin and Gentamicin. I. Antagonists and Mutants[END_REF] A method has been reported for measuring intracellular levels of kanamycin that relies on an ELISA, but it requires cell lysis. [START_REF] Peng | Exogenous Alanine and/or Glucose plus Kanamy-cin Kills Antibiotic-Resistant Bacteria[END_REF] Novel tools making use of fluorescent antibiotics are emerging that enable characterization of the interactions of antibiotics with bacteria at the level of organelles or even whole organisms. [START_REF] Stone | Fluorescent Antibiotics: New Research Tools to Fight Antibiotic Resistance[END_REF] For example, gentamicin and tobramycin coupled to Texas Red have been widely used in this type of analysis; however this dye, by itself, penetrates cells, complicating analysis. [START_REF] Allison | Metabolite-Enabled Eradication of Bacterial Persisters by Aminoglycosides[END_REF] Recently developed techniques make use of spectrofluorimetry, microspectrofluorimetry and kinetics microspectrofluorimetry for single-cell analysis of naturally fluorescent antibiotics or fluorescently-labeled compounds. [START_REF] Cinquin | Microspectrometric Insights on the Uptake of Antibiotics at the Single Bacterial Cell Level[END_REF][START_REF] Vergalli | Spectrofluorimetric Quantification of Antibiotic Drug Concentration in Bacterial Cells for the Characterization of Translocation across Bacterial Membranes[END_REF] In addition, mass spectrometry was combined with spectrofluorimetry to provide insights into the efflux mechanisms of fluoroquinolones. [START_REF] Dumont | Antibiotics and Efflux: Combined Spectrofluorimetry and Mass Spectrometry to Evaluate the Involvement of Concentration and Efflux Activity in Antibiotic Intracellular Accumulation[END_REF] Depending on the analysis, the membrane-bound fraction of a drug may be quantified, biasing the measurement of true internalized drug levels. For aminoglycosides, it is also important to differentiate EDPI and EDPII phases, as only EDPI leads to cell death. EDPII is a consequence of internalization of the drug through the membrane damaged due to EDPI. In addition, because each cell may respond differently to antibiotics, an accurate description of drug uptake requires single-cell analysis. To finely evaluate aminoglycoside uptake, we developed a series of cyanine-modified neomycin Neomycin Neo-Cy5 P. aeruginosa PA14 3.25 150 Measured in minimal medium MOPS-G.

Neo-Cy5 causes misreading during ribosomal decoding. Aminoglycosides cause miscoding in vitro at concentrations in the range of 10-100 µM. [START_REF] Matt | Dissociation of Antibacterial Activity and Aminoglycoside Ototoxicity in the 4-Monosubstituted 2-Deoxystreptamine Apramycin[END_REF][START_REF] Davies | Misreading of RNA Codewords Induced by Aminoglycoside Antibiotics[END_REF][START_REF] Perez-Fernandez | 4'-O-Substitutions Determine Selectivity of Aminoglycoside Antibiotics[END_REF][START_REF] Perzynski | Effects of Apramycin, a Novel Aminoglycoside Antibiotic on Bacterial Protein Synthesis[END_REF] Since Neo-Cy5 binds the ribosomal decoding site on the small subunit (Figure 2(a)), we tested the capacity of Neo-Cy5 to induce misreading using a dual-luciferase gain-of-function assay. In this assay, misreading restores the enzymatic activity of a mutant firefly luciferase. In the mutant, codon 245, which in the wild-type mRNA is CAC (coding for histidine), is replaced by the near-cognate CGC codon (arginine). [START_REF] Matt | Dissociation of Antibacterial Activity and Aminoglycoside Ototoxicity in the 4-Monosubstituted 2-Deoxystreptamine Apramycin[END_REF] Translation activity was analyzed by comparison to the signal due to wild-type Renilla luciferase, which served as internal standard. Like neomycin, Neo-Cy5 caused miscoding however effects were attenuated by more than one order of magnitude (Figure 2(b)). Neo-Cy5 has proton motive force-dependent bactericidal activity. Aminoglycoside accumulation in bacterial cells is known to be dependent on PMF. [START_REF] Bryan | Mechanisms of Aminoglycoside Resistance of Anaerobic Bacteria and Facultative Bacteria Grown Anaerobically[END_REF] We therefore tested the effect of the protonophore carbonyl cyanide m-chlorophenyl hydrazone (CCCP) on Neo-Cy5-induced bacterial cell death. Addition of CCCP protected cells from the drug-induced killing (Figure 3 and Figure S8), demonstrating that, as for other aminoglycosides, the accumulation of Neo-Cy5 is PMF dependent. 

FACS and TIRF microscopy reveal drug peripheral accumulation and strong interaction with membranes.

Because cationic aminoglycosides can interact with the membranes of the bacterial cell surface, we devised a protocol to measure only tightly-bound or internalized Neo-Cy5. We first removed weakly membrane-bound and not internalized molecules by washing the cells on mixed cellulose ester filters. At least three washes with MOPS-G at 37 °C were necessary to remove non-internalized drug (Figure S9). We measured Neo-Cy5 uptake by E. coli MG1655 cells in the exponential phase of growth in the presence of Neo-Cy5 at a concentration three times the MIC. After filtration, cells were recovered and immediately analyzed by FACS. After a short 5-minute exposure to Neo-Cy5, a signal due to the conjugate was clearly distinguished from the background fluorescence (Figure 4(a)). We verified that the signal was dependent on the neomycin moiety: TIRF microscopy showed that the Cy5 dye alone was not incorporated into live bacterial cells and that Cy5 did not interact strongly with membranes (Figure S10 and Figure 4(a)). Because the observed signal for Neo-Cy5 could correspond to molecules tightly bound to the membrane or internalized in the periplasm or cytoplasm, we inspected the localization of the drug by TIRF microscopy (Figure 4(b)). Here, periplasmic accumulation would correspond to the self-promoted mechanism previously proposed where aminoglycoside cross irreversibly the outer membrane via the lipopolysaccharides in E. coli. [START_REF] Hancock | Interaction of Aminoglycosides with the Outer Membranes and Purified Lipopolysaccharide and OmpF Porin of Escherichia Coli[END_REF] After a 5-minute incubation, Neo-Cy5 accumulated at the periphery of the cell and did not overlap with the fluorescence of Spinach-tagged ribosomes [START_REF] Okuda | Use of Baby Spin-ach and Broccoli for Imaging of Structured Cellular RNAs[END_REF] (Figure 4(c) and Figure S11)). We conclude that Neo-Cy5 bound at the membrane of a cell or internalized in the periplasm can readily be derivatives that have antibacterial activity similar to the parent aminoglycoside. When used with adequate protocols, these derivatives allow single-cell analysis of aminoglycoside uptake by fluorescence microscopy and fluorescenceactivated cell sorting (FACS).

RESULTS AND DISCUSSION

Generation of Neo-cyanine derivatives. Radioactivity based assays [START_REF] Davis | Mechanism of Bactericidal Action of Aminoglycosides[END_REF][START_REF] Hancock | Aminoglycoside Uptake and Mode of Action-with Special Reference to Streptomycin and Gentamicin. II. Effects of Aminoglycosides on Cells[END_REF][START_REF] Hancock | Aminoglycoside Uptake and Mode of Action with Special Reference to Streptomycin and Gentamicin. I. Antagonists and Mutants[END_REF] and ELISA [START_REF] Peng | Exogenous Alanine and/or Glucose plus Kanamy-cin Kills Antibiotic-Resistant Bacteria[END_REF] do not report on accumulation at the single cell level. A fluorescent derivative with preserved uptake and bactericidal activities would facilitate analysis of uptake with single-cell resolution. We previously showed that the 5" position of neomycin could be modified with various functional groups without compromising antimicrobial activity (Figure S1). Analysis of the structures of a neomycin-ribosome complex indicated that functional groups introduced at this position are accommodated in the major groove of helix 44 of the 16S rRNA in a conformation that does not interfere with drug binding or induction of miscoding.

We used a derivative of neomycin where the hydroxyl group at the 5" position was substituted with S-(CH 2 ) 2 -NH 2 to allow introduction of extra chemical groups by coupling (Supporting information, product 5). [START_REF] Hernandez Linares | Introduction of a Substituent at the 5"-Position of N-Boc Neomycin B under Mitsunobu Reaction Conditions[END_REF] Addition of a thyminylacetamidoethylthio or uracil (Neo-U) at the 5" position preserved the antimicrobial activity against E. coli as measured using an MIC assay (Figure S1 and Table S1).

As expected, Neo-U bound to the A site on the small ribosomal subunit, although affinity was slightly decreased compared to the unmodified neomycin (Figure S2). This result indicated that large chemical modifications can be introduced at the 5" position of ring III without strongly perturbing A-site binding or antimicrobial properties.

We next labeled neomycin with sulfonated cyanines Cy3 and Cy5 (Figures S3,S4,S5 and S6), which are non-membrane permeable dyes suitable for fluorescence microscopy. [START_REF] Dempsey | Evaluation of Fluorophores for Optimal Performance in Localization-Based Super-Resolution Imaging[END_REF] The spectral properties of Neo-Cy5 conjugate (Figure 1(a)) do not differ from those of the free dye (Figure S7). We verified that the fluorescent probes are accommodated without any steric clash by docking into the crystal structure of E. coli ribosomes bound to neomycin (PDB code 4v52). The Cy3 and Cy5 probes, which are bulkier than the uracil base, likely lie in a cavity between helices h27 and h44 of 16S ribosomal RNA (Figure 1(b)). Neo-cyanine derivatives are active antibiotics. Next, we verified that Neo-Cy5 binds the decoding site of 16S rRNA in 70S ribosomes. Footprinting analysis of ribosomal particles bound to Neo-Cy5 showed that the conjugate interacts with the decoding site of the small ribosomal subunit in a manner similar to neomycin and Neo-U, and like Neo-U, Neo-Cy5 has slightly lower affinity than the parent antibiotic (Figure 2(a)). We next tested the antimicrobial activity of Neo-Cy5. The measured MIC in minimal medium was slightly higher than that of neomycin (Table 1) and similar to the MICs for Neo-U (Table S1) and closely related aminoglycosides. [START_REF] Recht | Basis for Prokaryotic Specificity of Action of Aminoglycoside Antibiotics[END_REF][START_REF] Pfister | Mutagenesis of 16S RRNA C1409-G1491 Base-Pair Differentiates between 6'OH and 6'NH3+ Aminoglycosides[END_REF] The MIC of Neo-Cy3 was also similar to that of Neo-Cy5 (Table 1). MIC values were also measured in Mueller-Hinton broth for Gram negative and positive bacteria including ESKAPE pathogens (Table 2). Tested strains included clinically relevant Gram negative pathogens such as Pseudomonas aeruginosa, A. baumannii, K. pneumoniae, S. typhimurium, as well as the Gram positive S. aureus USA300. MIC values for the parental drug neomycin were higher in rich medium when compared to minimal medium. This effect was stronger for the Neo-Cy5 conjugate as MIC values were increased by factors ranging from 20 to 40 compared to the values measured for neomycin (Table 2). The MIC value was not measurable for Pseudomonas aeruginosa in rich medium and found to be 150 µg/ml in MOPS-G (Table 3). detected by FACS and visualized by TIRF fluorescence microscopy.

Table 1. MIC values in

Neo-Cy5 binding to bacterial membranes is saturable.

Binding of Neo-Cy5 to the bacterial membranes was found to be instantaneous as visualized in real time by FACS (Figure S12). Membranes of E. coli showed saturability when exposed for 5 minutes to increasing concentrations of Neo-Cy5 (Figure 4(d,e)). At low concentrations, there was strong heterogeneity in fluorescence levels of individual cells (Figure 4(d)). At the highest concentrations, even though the exposure time was short to ensure that only the drug interaction with the membrane was monitored, in a fraction of cells high levels of uptake was observed (Figure 4(d)). Experiments described in the next section demonstrated that this fraction corresponds to cells with cytoplasmic uptake. In cells treated with 64 µM of Neo-Cy5, 2.9% of cells had detectable levels of Neo-Cy5 in the cytoplasm. This value is above the known fraction of 0.3% of cells that are dead in a fast growing bacterial population. [START_REF] Jörgensen | Death Rates of Bacterial Mutants[END_REF] Therefore there is rapid cytoplasmic uptake at high concentrations of Neo-Cy5.

Neo-Cy5 is internalized mainly through EDPII. E. coli MG1655 cells were treated with 32 µM Neo-Cy5 for 30 minutes, the time period corresponding to the onset of aminoglycoside-induced exponential killing. [START_REF] White | Streptomycinoid Antibiotics: Synergism by Puromycin[END_REF] When cells were imaged using TIRF, we observed that fluorescence signals were distributed over the entire cell volume for most of the cells (time 30 min 88%, n=57), (Figure 5(a)). This clearly indicated cytoplasmic uptake. Most of the cells had low levels of fluorescence corresponding to EDPI uptake. A low percentage of cells had bright Cy5 fluorescence signals sug-gestive of EDPII accumulation. For 60 min of incubation, 100% of the cells had cytoplasmic uptake (n=119). Cells exposed to Neo-Cy5 overnight showed morphological defects (Figure S13) similar to what has been previously described for cells treated with aminoglycosides, [START_REF] Klainer | Effect of the Inhibition of Protein Synthesis on the Escherichia Coli Cell Envelope. Antimicrob[END_REF][START_REF] Ezraty | Fe-S Cluster Biosynthesis Controls Uptake of Aminoglycosides in a ROS-Less Death Pathway[END_REF] in particular foci formation at poles. Addition of the protein synthesis inhibitor chloramphenicol prior to exposure to aminoglycosides decreases EDPI and abolishes EDPII. [START_REF] Bryan | Streptomycin Accumulation in Susceptible and Resistant Strains of Escherichia Coli and Pseudomonas Aeruginosa[END_REF] We pre-incubated the cells with chloramphenicol before the addition of a lethal concentration of Neo-Cy5 to evaluate the contributions of EDPI and EDPII uptake by FACS (Figure 5(b)). Differences in profiles obtained with or without chloramphenicol were very minor at 30 minutes; TIRF imaging showed that EDPI already occurred for most of the cells (Figure 5(a)). Only a slight shift of the distribution toward stronger levels of fluorescence was observed with time. This result revealed that EDPI uptake is indeed difficult to capture by FACS. The shift of the distribution in absence of chloramphenicol was more pronounced at 60 and 150 minutes in agreement with an EDPII-driven cytoplasmic uptake. We concluded that little Neo-Cy5 accumulates in the cytoplasm via EDPI when compared to membrane-bound or cytoplasmic levels that resulted from the EDPII-driven process.

Accumulation of Neo-Cy5 and loss of cell viability. We next performed a detailed kinetic analysis of Neo-Cy5 uptake at the single-cell level. Cell viability was monitored in parallel. Like observed for other aminoglycosides [START_REF] White | Streptomycinoid Antibiotics: Synergism by Puromycin[END_REF] , Neo-Cy5 displayed the characteristic lag followed by exponential killing of the cells (Figure 5(c)). The plot of the sum of the fluorescence levels as a function of time calculated from our single-cell analysis recapitulated previous data obtained on cell ensembles. [START_REF] Hancock | Aminoglycoside Uptake and Mode of Action-with Special Reference to Streptomycin and Gentamicin. II. Effects of Aminoglycosides on Cells[END_REF] During the first 20 minutes of incubation with the drug, fluorescence levels increased slightly while cell survival remained intact. During this period, Neo-Cy5 localized at the cell periphery (Supplementary Figure 13). At 40 minutes, the cytoplasmic pattern became dominant with stronger drug accumulation (Figure 5(c,d) and Figure S14) concomitantly with the onset of the decrease in cell survival rate (Figure 5(c)). This period corresponded to a transition between EDPI and EDPII. The onset of EDPII was previously considered to be the first time point at which uptake becomes linear and rapid. [START_REF] Hancock | Aminoglycoside Uptake and Mode of Action-with Special Reference to Streptomycin and Gentamicin. II. Effects of Aminoglycosides on Cells[END_REF] This time point for Neo-Cy5 was around 50 minutes (Figure 5(c)). During the 20-minute transition period (40 to 60-min) 90% of the cells lost viability with a sharp increase in drug uptake. After 80 minutes, 99% of the cells were dead and levels of accumulation continued to increase steeply and linearly during 40 minutes, reaching a factor of approximately 10 of increase taking as a reference the membrane-bound fraction (ratio of medians 120 min/5 min) (Figure 5(c)). Finally, at the beginning of the transition time point (40 minutes), the cytoplasmic drug levels that accumulated during EDPI, accounted for approximately one third of the total levels, the other two thirds corresponded to membrane/periplasmic interaction or accumulation (Figure 5(c)).

CONCLUSIONS

With the purpose of improving methodologies for measuring aminoglycoside uptake by bacteria we used click chemistry to develop fluorescent conjugates of neomycin that have uptake and bactericidal properties similar to the ones of the parent aminoglycoside. We coupled sulfonated cyanine dyes that are not membrane-permeable to neomycin allowing clear visualization of the uptake. The obtained Neo-Cy3 and Neo-Cy5 derivatives exhibited uptake properties strictly 
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dependent on the neomycin moiety demonstrating that this type of conjugate can be widely used to report on aminoglycoside uptake. In addition, these dyes have spectral properties that make them suitable for fluorescence microscopy. The Neo-Cy5 conjugate is active against Gram-positive and negative strains with the exception of Pseudomonas aeruginosa in rich medium. This pathogen is known to resist to multiple drugs owing to a membrane of low permeability, the expression of multidrug efflux pumps and its adaptation to the presence of antibiotics. The efflux pump MexX-MexY-OprM plays a role in intrinsic resistance to aminoglycosides. [START_REF] Aires | Involvement of an Active Efflux System in the Natural Resistance of Pseudomonas Aeruginosa to Aminoglycosides[END_REF][START_REF] Sobel | Contribution of the MexXY Multidrug Transporter to Aminoglycoside Resistance in Pseudomonas Aeruginosa Clinical Isolates[END_REF][START_REF] Westbrock-Wadman | Characterization of a Pseudomonas Aeruginosa Efflux Pump Contributing to Aminoglycoside Impermeability[END_REF] The pump has moderate drug specificity as aminoglycosides, macrolides and tetracycline are substrates. [START_REF] Li | Efflux-Mediated Drug Resistance in Bacteria[END_REF] Structural data obtained for this type of pumps provided details on their architecture and revealed indeed multiple binding pockets for various drugs. [START_REF] Monlezun | New OprM Structure Highlighting the Nature of the N-Terminal Anchor[END_REF][START_REF] Nakashima | Structures of the Multidrug Exporter AcrB Reveal a Proximal Multisite Drug-Binding Pocket[END_REF][START_REF] Murakami | Crystal Structures of a Multidrug Transporter Reveal a Functionally Rotating Mechanism[END_REF] It remains to be investigated if the presence of the fluorescent dye will affect the efflux mechanism in Pseudomonas aeruginosa.

Using Neo-Cy5 conjugate, we devised a method for accurate monitoring of aminoglycoside uptake. Membrane binding of Neo-Cy5 was found to account for a large fraction of the fluorescence signal. We showed that we could remove the excess of drug and the weakly bound molecules, which otherwise masked the real levels of uptake, by filtration and washing. Using TIRF microscopy we ensured the validity of FACS observations. Using FACS, we monitored drug binding and intracellular accumulation. Neo-sulfonated-cyanine derivatives did not suffer from dye permeability drawbacks observed for dyes such as Texas Red. [START_REF] Allison | Metabolite-Enabled Eradication of Bacterial Persisters by Aminoglycosides[END_REF] Aminoglycosides are bound to the bacterial cell membrane and accumulate in the cytoplasm of bacterial cells through EDPI and EDPII. The membrane-bound and EDPII components accounted for a large fraction of the total levels of Neo-Cy5 tightly associated with E. coli cells. Levels of Neo-Cy5 resulting from EDPI-mediated internalization were low even though it is this fraction that results in the deleterious effects of aminoglycosides on cells. The loss of membrane integrity results in the onset of strong diffusive entry of the drug during EDPII. [START_REF] Davis | Mechanism of Bactericidal Action of Aminoglycosides[END_REF][START_REF] Taber | Bacterial Uptake of Aminoglycoside Antibiotics[END_REF] The data reported here illustrate how fluorescent derivatives of an aminoglycoside enable a robust characterization of the three components of uptake: membrane binding, EDPI, and EDPII. EDPII-mediated uptake is a consequence of the miscoding activity of the drug that accumulated via EDPI. As miscoding levels can vary between bacterial strains and between mutants of a single strain, EDPII accumulation may only partially reflect EDPI accumulation. Thus, it is critical that the three components of aminoglycoside uptake be evaluated. We expect that the method described here will be applied to characterize aminoglycoside uptake into bacteria to facilitate a better understanding of the mechanisms of action of these drugs and their next generation derivatives. Interestingly, the group of Y. Tor recently investigated the uptake of several aminoglycoside-Cy3 conjugates including neomycin-Cy3 and guanidinoneomycin-Cy3 in Chinese hamster ovarian cells using fluorescence microscopy and FACS. [START_REF] Hadidi | Cellular Uptake of Modified Aminoglycosides[END_REF] Guanidinoglycosides-Cy3 conjugates entered cells better than their parent aminoglycosides. This work together with our results emphasize the usefulness of Cyanineaminoglycoside conjugates for further studies of their cellular uptake by eukaryotic and prokaryotic cells. This class of antibiotics, including neomycin, has recently drawn strong attention for the development of novel, potent, and less toxic drugs to address the pressing societal problem of multidrugresistant (MDR) infectious disease. [START_REF] Böttger | Aminoglycosides: Time for the Resurrection of a Neglected Class of Antibacterials?[END_REF][START_REF] Sati | Modification at the 2'-Position of the 4,5-Series of 2-Deoxystreptamine Aminoglycoside Antibiotics To Resist Aminoglycoside Modifying Enzymes and Increase Ribosomal Target Selectivity[END_REF] The approach combining fluorescence microscopy and FACS should provide a framework for future antibiotic-cell interaction studies and facilitate the development of novel aminoglycosides.

METHODS

Chemicals.

Cy5 and Cy3 NHS-esters were purchased from General Electric Healthcare or Lumiprobe GmbH. 3,5-Difluoro-4-hydroxybenzylidene imidazolinone was purchased from Lucerna Technologies. 2,2,2-trifluoro-N-(2sulfanylethyl)acetamide was obtained from Merck or prepared following the reported procedure. [START_REF] Jagt | Pattern-Based Recognition of Heparin Contaminants by an Array of Self-Assembling Fluorescent Receptors[END_REF] Labeling of neomycin with cyanine fluorophores. A derivative of neomycin containing 2-Ntrifluoroacetamidoethylthio in place of a hydroxyl group in ring III was used for functionalization. Other amino groups were protected by hexa-N-tert-butyloxycarbonyl groups for selective reactivity at the new 5" NH 2 position. The derivative was used to conjugate neomycin to NHS-ester dyes. Selective deprotection of the 5" position was performed in ammonium hydroxide in methanol, and the unique free amino group was reacted with Cy5 or Cyanine 5 monofunctional NHS-ester. Reactions were monitored by analytical thinlayer chromatography (TLC) on silica gel 60 F254 plates (0.25 mm). The Cy5 and Cyanine 5 conjugates were purified on TLC plates (Silica gel 60, Merck), eluted in ethanol, and deprotected with trifluoroacetic acid (90%) to remove butyloxycarbonyl groups. Purification of ribosomes. Tightly coupled 70S ribosomes from E. coli MRE600 were prepared as described. [START_REF] Mazauric | Footprinting Analysis of BWYV Pseudoknot-Ribosome Complexes[END_REF][START_REF] Powers | A Functional Pseudoknot in 16S Ribosomal RNA[END_REF] Briefly, cells were grown in exponential phase and when the OD 600 reached 0.3, cells were collected by centrifugation. Cells were lysed by passage through a module/piston homogenizing system pre-cooled to -80 °C that maintains the material in a frozen state. The piston was actuated with a Carver hydraulic press. Ribosomes were isolated by several centrifugation steps followed by a sucrose gradient (10-40%) fractionation. The fraction containing 70S particles was collected using a density gradient fraction system (Teledyne Isco), pelleted, and resuspended in 50 mM Tris-HCl (pH 7.6), 10 mM MgCl 2 , 100 mM NH 4 Cl, 6 mM 2mercaptoethanol. Aliquots were stored at -80 °C after flash freezing in liquid nitrogen. The ribosome concentration was obtained by measuring the absorption at 260 nm; we assumed that there are 23 pmol ribosomes per A 260 unit. Footprinting of Neo-Cy5 on 70S ribosomes. The concentration of Neo-Cy5 stock solution was estimated from the absorbance at 649 nm measured in 10 mM Tris-HCl, pH 7.5. Chemical probing of Neo-Cy5-ribosome complexes was performed as described. [START_REF] Yoshizawa | Recognition of the Codon-Anticodon Helix by Ribosomal RNA[END_REF] We used the RNA base-specific reagent dimethyl sulfate (DMS) which methylates positions N1 of adenines and N3 of cytidines as well as position N7 of guanines. [START_REF] Fourmy | Protein-RNA Footprinting: An Evolving Tool[END_REF] Modification reactions (100 µl) with 70S particles (10 pmol) were performed in a buffer containing 80 mM potassium cacodylate pH 7.2, 100 mM ammonium chloride, 20 mM magnesium chloride, 1 mM dithiothreitol and 0.5 mM EDTA. In brief, 1 µl of (DMS) (1:10 dilution in 95% ethanol) was added to a 50-µL reaction mixture. After incubation at 37 °C for 10 minute reactions were stopped by addition of 25 µL of 6.7% (v/v) β-mercaptoethanol in 280 mM sodium acetate (pH 5.4) and 150 µL of ethanol followed by rapid mixing. After precipitation, the pellets were resuspended in 10 µL of H 2 O. Sites of modification were analyzed by fluorescent primer extension as previously described. [START_REF] Ying | Substitution of the Use of Radioactivity by Fluorescence for Biochemical Studies of RNA[END_REF] A Cy5-labeled fluorescent DNA primer was purchased from MWG Biotech. Reverse transcription reactions were performed in 10 µL of 50 mM Tris-HCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 10 mM DTT with 0.25 mM each dNTP. SuperScript II (Invitrogen, 0.5 µL 100 units) was added and reactions were incubated at 45 °C for 40 min. For sequencing samples, 1.25 mM of ddATP, ddCTP, ddGTP, or ddTTP was added to individual reverse transcription reactions of each sample. Reactions were stopped by ethanol precipitation. cDNA samples were dissolved in 10 µL loading solution containing 7 M urea. A small aliquot (1.5 to 3 µL) of each sample was loaded on an 8% polyacrylamide 7 M urea gel for separation of cDNAs. Gels were analyzed on a Typhoon imaging system. Molecular graphics were generated using PyMOL(TM) 2.0.1. Miscoding assay. Miscoding was assessed in a gain-offunction assay using firefly and Renilla luciferases. DNA reporter plasmids pT7 hFluc WT, pT7 hFluc H245R(CGC), and pT7 hRluc WT for in vitro translation assay were provided by Erik Böttger and Dimitri Scherbakov (University of Zurich). [START_REF] Matt | Dissociation of Antibacterial Activity and Aminoglycoside Ototoxicity in the 4-Monosubstituted 2-Deoxystreptamine Apramycin[END_REF] Wild-type and mutant DNAs were used for in vitro translation reactions together with the Renilla luciferase DNA, which served as an internal control. In vitro translation reactions were performed using the PURExpress system (New England BioLabs). The premix for one reaction contained 2 µL solution A, 1.5 µL solution B, 5 nM DNA templates, and 1 unit/µL of SUPERase•In™ RNase Inhibitor (Invitrogen). The reaction was begun by addition of 4 µL of the premix lacking aminoglycosides to 1 µL of aminoglycoside dilution in 0.2 ml thin-walled tubes on ice. Synthesis was performed at 37 °C for 35 min in a thermocycler (lid temperature 98 °C) and stopped by placing samples on ice. Luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega). Luciferase assay reagent (50 µl) was added to each sample, and the samples were mixed and transferred to a white 96-well plate (Greiner, catalog number 655075) for bioluminescence quantification using an Infinite M200 microplate reader (Tecan). Miscoding was quantified by calculating the mutant firefly/Renilla luciferase activity compared with the wild-type firefly/Renilla luciferase activity. Minimum inhibitory concentration measurement. The minimum inhibitory concentrations (MICs) were determined using a liquid culture assay according to EUCAST guidelines. Aliquots of an overnight culture of E. coli MG1655 were diluted to have an inoculum of 5.5x10 5 colony-forming units per mL (c.f.u./mL) into the medium containing 2-fold serial dilutions of antibiotics. Growth was measured by turbidity at each concentration during 18 h of incubation at 37 °C. Measurements were performed on 200 µL samples in a 96-well microtiter plate with transparent lid using an Infinite M200PRO (TECAN). For Neo-Cy5, turbidity was measured at 400 nm or 500 nm instead of 600 nm to minimize Cy5 excitation. Treatment of cells with carbonyl cyanide m-chlorophenyl hydrazone. E. coli MG1655 cells from an overnight culture in MOPS supplemented with 0.4 % (w/v) glucose (MOPS-G) were diluted into the same medium. Cells were grown for 2 h at 37 °C with or without 30 µM carbonyl cyanide mchlorophenyl hydrazone (CCCP). The number of live cells at the time of CCCP addition were estimated as 5x10 7 c.f.u./mL. After a 4.5-h incubation at 37 °C with neomycin or Neo-Cy5, cell survival was measured in c.f.u./mL. Neo-Cy5 uptake. For the liquid culture, MOPS-G was used. Overnight cultures were diluted to an OD 600 of 0.037 with fresh medium and grown until the OD 600 reached 0.2. Typically, 0.5 µL of Neo-Cy5 dissolved in milliQ water was added to 5 µL of the cell suspension (diluted 10 times). Cells were incubated in a heat block at 37 °C without shaking. To remove Neo-Cy5 not tightly bound or internalized, the samples were filtered through 0.45 µm-pore-size HAWP mixed cellulose ester (MCE) membranes (Merck Millipore) mounted on a micro-sample filtration Minifold II (Schleicher & Schuell) and washed three times with 100 µL MOPS-G prewarmed to 37 °C. Immediately after filtration, the section of the membrane containing cells was placed into an Eppendorf tube containing MOPS-G, and cells were recovered by gentle up and down pipetting. Cells were immediately placed on 1% agarose pad for imaging by fluorescence microscopy or analysis by FACS. Fluorescence microscopy. Fluorescence images were taken with an EMCCD camera (Photometrics) through a 63X total internal reflection fluorescence (TIRF) objective (Zeiss, NA 1.43) mounted on an inverted Zeiss Axio Observer Z1 microscope. Image acquisition was done with the Metamorph software package (Molecular Devices). Cy5 illumination was performed using a 642-nm laser (0.002 kW/cm 2 , Roper Scientific), and a filter set was used for fluorescence excitation and emission (Chroma Technology; ET 532/640 nm Laser Dual Band; excitation filter 530/20 nm and 638/25 nm, dichroic mirror 585/70 nm and 650 nm (long pass), and emission filter 580/70 nm and 700/100 nm). Neo-Cy5 uptake was typically observed with an electron-multiplying gain of 1 or 50 and an exposure of 10 to 100 ms. Spinach aptamer bound to 3,5-difluoro-4-hydroxybenzylidene imidazolinone was excited with a mercury lamp (excitation 470 ± 20 nm, emission 525 ± 25 nm). Image analyses were performed using ImageJ and microbeJ. [START_REF] Ducret | a Tool for High Throughput Bacterial Cell Detection and Quantitative Analysis[END_REF] FACS analysis. To measure Cy5 fluorescence, cells were analyzed with a BD Accuri C6 flow cytometer (BD Biosciences). For each experiment, more than 100 000 events were recorded. Excitation was performed with a 640-nm diode laser (14.7 mW), and emission was detected through a 675/25 nm band pass filter. Data were analyzed with Kaluza 2.1 (Beckman Coulter) and FlowLogic 7.2. Binding affinity experiments were analyzed with the software GraphPad Prism 8.2.1. Data were fitted to a simple saturation curve.
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Figure 2 .

 2 Figure 2. Neo-Cy5 binds ribosomal A site and induces misreading. a) Binding of neomycin (left) and Neo-Cy5 (right) to ribosomes was assayed using DMS chemical probing. Left lane is a control reaction with no DMS added. Right lanes are reactions in the presence of increasing concentrations of neomycin or Neo-Cy5. The protected nucleotide A1408 that belongs to the neomycin binding site (Figure 1(b) is marked with an arrow. b) Mis-incorporation of amino acids was assayed using a gain-offunction assay. Wild-type and mutant firefly luciferase reporters were used for in vitro translation reactions together with the Renilla luciferase, which served as an internal control. Error bars are s. e. m. for three independent experiments.

Figure 3 .

 3 Figure 3. Neo-Cy5-induced cell killing is PMF dependent. Survival of E. coli MG1655 cells after a 4.5-h treatment with 1.5 µM neomycin or 48 µM Neo-Cy5 with and without a 2-h preincubation with 30 µM CCCP. Plotted are values relative to untreated control culture. Error bars are s. e. m. and were calculated from three independent experiments. Significant differences, calculated by the Mann-Whitney test, are indicated (**** P < 0.0001).

  Figure 2

  µg/ml of neomycin-cyanine derivative conjugates against E. coli MG1655. medium MOPS-G. ND: not determined.Table 2. MIC values ofNeo-Cy5 in µg/ml against Gram negative and positive strains. in cation-adjusted Mueller-Hinton broth.

  Figure 1

Figure 4 .

 4 Figure 4. Fluorescence microscopy and FACS enable detection of Neo-Cy5 bound to E. coli MG1655 cells. a) FACS analysis of cells exposed to 32 µM Cy5, 32 µM Neo-Cy5, or no dye for 5 min at 37 °C. Cells were washed on a 0.45 µm-pore-size HAWP membrane filter. Binding of Neo-Cy5 was clearly distinct from cellular autofluorescence and residual binding of the free dye. b) Representative brightfield and TIRF microscopy images of cells incubated for 5 min with Neo-Cy5 as in panel "a". Scale bar: 5 µm c) Neo-Cy5 does not localize with ribosomes after a 5-minute incubation. E. coli cells expressing Spinach-tagged ribosomes were exposed to Neo-Cy5 and imaged. Left:Brightfield. Right: Neo-Cy5 (red), Spinach (green). Bottom: plot of a cross section of fluorescence signal for a representative cell with the peripheral pattern. d) Saturability of bacterial membranes to Neo-Cy5 binding. Cells were incubated for 5 min at 37 °C with increasing concentrations of Neo-Cy5, filtered, and analyzed by FACS. The percentage of cells with cytoplasmic uptake was calculated from the number of cell counts with a Cy5 signal higher than the red threshold line divided by the total number of cell counts. e) Binding curve of the membrane-bound Neo-Cy5.

Figure 5 .

 5 Figure 4 submitted

Figure S3 .Figure S3 .

 S3S3 Figure 8 Okuda et al., 2018

5 "

 5 -(2-aminoethylthio-)-1,3,2',6',2"',6"'-Hexa-N-tert-butyloxycarbonyl-5"deoxyneomycin 5: Compound 4 (84 mg, 0.061 mmol) was dissolved in NH4OH solution in MeOH (3 mL, 70%). The solution was strirred at TA for 1 h and then concentrated under vaccum to afford 5 (36 mg, 46% yield).[START_REF] Jackson | Aminoglycosides: How Should We Use Them in the 21st Century?[END_REF] H NMR (300 MHz, CD3OD) d =5.44 (br, 1H, H1'), 5.2 (br, 1H, H1"'), 4.92 (br, 1H, H1"'), 1H), 4.34 (m, 1H), 4.22(m, 1H), 4.05 (m, 1H), 3.9 (m, 2H), 3.75(m, 2H), 3.64-3.12 (m, 15H), 3.0-2.78 (m, 4H), 1.95 (br, 1H, Heq), 1.68 (m, 1H, Hax), 1.64-1.38 (m, 54H); MS (ESI-TOF): m/z calculated for [C55H99N7O24S1+2H] + :1276,5 found : 1276,06, [[C55H99N7O24S1+2H:] 2+ : 638.5 found : 638.45. The compound 5 was resuspended in 100 µL of dimethyl formamide (DMF). N,N-Diisopropylethylamine (100 µL) was added to two micromoles of Cy5 (GE Healthcare) or Cyanine 5 (Lumiprobe) monofunctional NHS-ester previously dissolved in 500 µL DMF. The sample was next placed for two hours at room temperature with the Bocneomycin derivative for coupling. The reaction was monitored by analytical thin-layer chromatography (TLC) on silica gel 60 F254 plates with eluant: chloroform/Ethanol/NH4OH 5.6/3.8/0.45 (Figure

Figure S1 .

 S1 Figure S1. Derivatives of neomycin.

Figure S5 .

 S5 Figure S5. Synthesis of Boc-Neo-Cy5 from Boc-Neomycin. All steps were performed at room temperature. Below are indicated the two structures of Neo-Cy5 according to the source of Cy5-NHS (GE Healthcare or Lumiprobe). The difference is highlighted by an arrow.

Figure S6 .

 S6 Figure S6. Characterization of Boc-neomycin derivative and Neo-Cy5. a) LC-MS of 2-Ntrifluoroacetamidoethylthio-neomycin derivative. b) LC-MS of deprotected 2-Ntrifluoroacetamidoethylthio-neomycin derivative. c) Analytical thin-layer chromatography of the Neo-Cy5 conjugate. After selective deprotection of the 5" position of Boc-neomycin, the free amino group was reacted with Cy5 monofunctional NHS-ester and the reaction monitored by TLC (silica gel 60 F254 plates; chloroform/Ethanol/NH4OH 28%/5.6:3.8:0.45). The results showed that reactions were complete. d) After purification on TLC plates (Silica gel 60, Merck), Neo-Cy5 was eluted and the purity verified again by TLC. c) LC-MS characterization of Neo-Cy5. e) LC-MS of the Neo-Cy5 conjugate (Cy5 from Lumiprobe, see Figure S5).
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Figure S13 :

 S13 Figure S13: Neo-Cy5 induces morphological defects in E. coli cells grown overnight in M9 glucose (0.4 % (w/v)). Bright-field images are displayed on the right and fluorescence images on the left. At a concentration of 4 µM, cells are longer and at 8 µM, foci are observed at poles.

Figure S14 :

 S14 Figure S14: Time-course experiment of changes in Neo-Cy5 accumulation levels. Fast growing cells (OD600: 0.02) were incubated at 37 °C with Neo-Cy5 (32 µM). At each time points cells were washed on filter and then observe directly on MOPS-G agarose pad (Scale bar: 5 µm). Images were scaled to the minimum and maximum pixel values of the first image t=2mn. For the first 4 time points, contrast was adjusted for better visualization and displayed on the right column. For each time point, images were analyzed with microbeJ for quantification of Cy5 signals to generate figure 5 panel d.
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 3 

. MIC values of Neo-Cy5 in µg/ml against P. aeruginosa PA14.

Table S1 : MIC values for neomycin derivatives against E. coli MG1655 cells grown in LB medium.

 S1 

	product N°	R1	MIC μg/ml
	11b	OH	5
	12b	uracil	10
	13b	thymine	>40
	14b	thyminylacetyl	20
	15b	thyminylacetamidoethylthio	5
	16b	NH2	>40

  neration of Neo-Cy5. The primary amine group that reacts is highlighted by the red circle. Other amino groups are utyloxycarbonyl groups.
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