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            Abstract
There is an urgent need for new antibiotics against Gram-negative pathogens that are resistant to carbapenem and third-generation cephalosporins, against which antibiotics of last resort have lost most of their efficacy. Here we describe a class of synthetic antibiotics inspired by scaffolds derived from natural products. These chimeric antibiotics contain a β-hairpin peptide macrocycle linked to the macrocycle found in the polymyxin and colistin family of natural products. They are bactericidal and have a mechanism of action that involves binding to both lipopolysaccharide and the main component (BamA) of the β-barrel folding complex (BAM) that is required for the folding and insertion of β-barrel proteins into the outer membrane of Gram-negative bacteria. Extensively optimized derivatives show potent activity against multidrug-resistant pathogens, including all of the Gram-negative members of the ESKAPE pathogens1. These derivatives also show favourable drug properties and overcome colistin resistance, both in vitro and in vivo. The lead candidate is currently in preclinical toxicology studies that—if successful—will allow progress into clinical studies that have the potential to address life-threatening infections by the Gram-negative pathogens, and thus to resolve a considerable unmet medical need.
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                    Fig. 1: Structures of the chimeric antibiotics.


Fig. 2: Fluorescence and electron microscopy.


Fig. 3: Photo-affinity interaction mapping.


Fig. 4: Antibiotic binding to the BamA β-barrel.
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Extended data figures and tables

Extended Data Fig. 1 Biological properties of the chimeric antibiotics.
a, In vitro killing kinetics of 3 and 8 against representative Gram-negative species, E. coli ATCC 25922, P. aeruginosa ATCC 27853 and A. baumannii ATCC 19606. b, Resistance development of 8 by serial passage against E. coli ATCC 25922, P. aeruginosa ATCC 27853 and A. baumannii ATCC 19606. The y axis indicates the MIC measured directly from the tubes during the serial passages (mg l−1) and the x axis is the number of passages. Antibiotics used as comparisons are indicated (colistin and meropenem). In a, b, the curves show typical examples of n = 2 biologically independent experiments. c, In vitro killing kinetics of 3 and 8 against K. pneumoniae SS3010 and resistance development of 8 by serial passage against K. pneumoniae SSI3010. The y axis indicates the MIC measured directly from the tubes during the serial passages (mg l−1) and the x axis is the number of passages. The asterisks represent the clones taken for whole-genome sequencing. Antibiotics used as comparisons are indicated (colistin and meropenem). The curves show representative examples of n = 2 biologically independent experiments. d, In vivo efficacy of peptide 3 in a mouse model of septicaemia against E. coli 5799. Each point represents the percentage of survival of n = 6 mice. e, f, In vivo efficacy of 3 and 8, in mouse models of peritonitis, against E. coli AF45 (mcr-1, colistin resistant) after a single subcutaneous administration (reduction in CFU counts in peritoneal wash fluid and blood). The mean and s.e.m. of n = 6 mice are shown. g, In vivo efficacy of 3, 7 and 8, in mouse models of peritonitis, against K. pneumoniae SSI3010 after a single subcutaneous administration (reduction in CFU counts in peritoneal wash fluid). The mean and s.e.m. of n = 4 (n = 6 for vehicle) mice are shown. Start of treatment and vehicle were repeated in three experiments. h, In vivo efficacy of 3 and 8, in mouse models of peritonitis, against E. coli mcr-3 SNT R36B6 (colistin resistant) after a single subcutaneous administration (reduction in CFU counts in peritoneal wash fluid). The mean and s.e.m. of n = 4 mice (n = 6 for vehicle) are shown. i–k, In vivo efficacy of 8, in mouse models of thigh infection, against E. coli ATCC BAA2469 (NDM-1 strain), P. aeruginosa PA14 and A. baumannii NCTC 13301 (extensively drug resistant, OXA-23 strain). The total daily dose (TDD) indicated was administered in 2 doses over the course of 24 h (q12h). The mean and s.e.m. of n = 6 mice are shown (n = 4 mice for start of treatment). On each mouse, two technical replicates were done
Source data.


Extended Data Fig. 2 Macromolecular synthesis assays.
Relative incorporations of 3H label into macromolecules in E. coli from the labelled precursors shown over 20 min, at 37 °C, with increasing concentrations of peptide 3 and peptide 4. The incorporation is relative to a control with no addition of antibiotic (100%). The results show no inhibition of protein, RNA, DNA biosynthesis or cell-wall polysaccharide. In control experiments, the expected effects of known antibiotics (tobramycin, rifampicin, ciprofloxacin or ceftriaxone, on protein, DNA, RNA or cell-wall biosynthesis, respectively, were observed (data not shown)). The red dotted line indicates the MIC of each antibiotic. The results shown are representative of n = 3 biologically independent experiments
Source data.


Extended Data Fig. 3 Permeabilization assays.
a, b. Membrane permeabilization elicited by 3, 4 or PMB monitored by uptake of SYTOX-Green, and increase in fluorescence intensity. a, Permeabilization with E. coli ATCC 25922. b, Permabilization with PMB-resistant E. coli 926415 strain. No fluorescence increase is seen from cells in the presence of SYTOX-Green without antibiotic. The change in cell density (OD600) in the cuvette over 1 h is shown on the right. For experimental methods, see Supplementary Information. In a, the curves represent the mean of n = 3 biologically independent experiments (except for PMB on the left, and peptide 4 (0.8 μg ml−1), for which n = 2 biologically independent experiments). The error bars are s.d. In b, the curves represent the mean of n = 3 biologically independent experiment (except for PMB (40 μg ml−1), peptide 3 (0.3 μg ml−1) and peptide 4 (0.3 μg ml−1), for which n = 2 biologically independent experiments). The error bars are s.d. c, d, Release from E. coli of β-lactamase (c) and of β-galactosidase (d) in the presence of 3, 4 or PMB, monitored by enzymatic assays. Ciprofloxacin does not cause detectable release of either enzyme from cells, whereas protegrin I caused rapid and complete release of both enzymes (100% value corresponds to enzyme released by sonication of cells). For experimental methods, see Supplementary Information. The curves represent the mean of n = 3 or 4 biologically independent experiment. The error bars show the s.d
Source data.


Extended Data Fig. 4 Analysis of lipid A.
Thin layer chromatography (TLC) and mass spectrometry analyses of lipid A. a, TLC analysis of lipid A extracted from E. coli K12 (1), ATCC 25922 (2) and PMB-resistant strain 926415 (3). b, Matrix-assisted laser desorption/ionization–time of flight (MALDI–TOF) mass spectrometry of the lipid A mixture isolated from each strain. c, Individual lipid A species identified in the lipid A extracted from strains ATCC 25922 and 926415 by TLC-MALDI–TOF mass spectrometry. All lipid A in sample 3 contains phosphoethanolamine and/or l-4-amino-4-deoxyarabinose units. For experimental methods, see Supplementary Information. The results shown are representative of n = 2 biologically independent experiments.


Extended Data Fig. 5 Scanning electron microscopy.
Scanning electron microscopy of E. coli ATCC 25922 cells untreated or grown with 3 or 4, at concentrations that cause a growth inhibition of about 50% (about 0.1 mg l−1). Scale bars, 1 μm. The scanning electron microscopy scans were in completed in duplicate, and one typical result is shown. For experimental methods, see Supplementary Information.


Extended Data Fig. 6 Photo-affinity interaction mapping.
a, Western blots (10% SDS–PAGE gel, blotted to a PVDF membrane) of membrane protein extract from PAL-3- (4 mg l−1), PAL-4- (10 mg l−1) and PAL-7- (4 mg l−1) labelled E. coli ATCC 25922 with chemiluminescence detection of biotinylated macromolecules. For gel source data, see Supplementary Fig. 1. b, Volcano plot showing relative abundance of proteins captured by streptavidin, and quantified by mass spectrometry, from E. coli cells photolabelled with PAL-7 versus control cells treated with 7 (n = 3 biologically independent samples each). Protein abundance changes (expressed in log2) were calculated by linear mixed-effect model and tested for statistical significance using a two-sided t-test. P values obtained were further corrected for multiple comparisons using Benjamini–Hochberg method. Proteins are represented on the basis of the UniProt annotated subcellular location as dots (outer membrane) or crosses (no, or other, location); symbol size is scaled according to statistical significance. Significantly enriched proteins (abundance ratio ≥ 1.5 and adjusted P ≤ 0.05, shown as blue lines) are coloured in green. Outer membrane proteins that were also enriched in PAL-3 and PAL-4 photo-affinity interaction mapping experiments are highlighted. BamA is among the most significantly upregulated proteins, and is the only common outer membrane interaction candidate that was identified by all three photoprobes. A full list of proteins quantified by mass spectrometry in these experiments is supplied as Source Data
Source data.


Extended Data Fig. 7 Binding assays.
a, Left, titration of BamA(POTRA1–5) to peptide Cy3-3, monitored by fluorescence anisotropy. Measurements were performed in triplicates; s.d. around the mean is shown. No interaction is detected. Right, titration of LDAO detergent with Cy3-3. Measurements were performed in triplicates; s.d. around the mean is shown. No interaction is detected in the range up to 6% LDAO. The binding experiments between peptide Cy3-3 and BamA-β were carried out at 0.6% LDAO concentration. b, Left, SDS–PAGE gel of purified OmpX and LamB in LDAO and octyl glucoside (OG) micelles, respectively. Samples in lanes 2 and 4 were boiled, and samples in lanes 1 and 3 were not boiled, before the electrophoresis run. The resulting difference in migration indicates the presence of folded protein in the unboiled samples. For gel source data, see Supplementary Fig. 1. Middle, titration of LamB and OmpX to Cy3-3 peptide as monitored by fluorescence anisotropy. No interaction was observed compared to BamA-β. Error bars are s.d. around the mean from triplicate measurements. Right, titration of BamA-β to Cy3-9 (scrambled) peptide as monitored by fluorescence anisotropy. No interaction was observed compared to Cy3-3. Error bars are s.d. around the mean from triplicate measurements. c, Binding of Cy3-3 to BamA-β (left) and to BamA(POTRA1–5) (right) by microscale thermophoresis. Measurements were performed in triplicate with s.d. around the mean shown. For thermophoresis studies of Cy3-3 with BamA(POTRA1–5), a constant concentration of Cy3-3 (10 nM) was titrated with BamA(POTRA1–5) in 20 mM HEPES buffer with 150 mM NaCl, pH 7.5, at room temperature, from 107.5 mM to about 3.2 nM. No thermophoresis signal was observed (right).


Extended Data Fig. 8 Interaction-site mapping of BamAext with peptide 3, peptide 8 and peptide 9.
a, Interaction-site mapping of BamAext with peptide 3 (n = 1 experiment). Chemical shift perturbations of amide moieties plotted against the BamA residue number upon addition of 600 μM peptide 3 to 300 μM of BamAext. A threshold of 0.07 ppm is indicated by a red dashed line. Three residues, at which the signal goes into intermediate exchange upon peptide titration, are indicated by red lines and their Δδ(HN) was arbitrarily set to 0.1 ppm for visualization. b, Chemical shift perturbations of amide moieties plotted against the BamA residue number upon addition of 500 μM peptide 8 to 250 μM of BamAext (n = 1 experiment). A threshold of 0.1 ppm is indicated by a red dashed line. Six residues, at which the signal goes into intermediate exchange upon peptide titration, are indicated by red lines and their Δδ(HN) was arbitrarily set to 0.2 ppm for visualization. c, Interaction-site mapping of BamAext with peptide 9 (n = 1 experiment). Chemical shift perturbations of amide moieties plotted against the BamA residue number upon addition of 700 μM peptide 9 to 350 μM of BamAext. No statistical tests were done for data shown in this figure.


Extended Data Fig. 9 Chimeric-antibiotic binding to the BamA β-barrel.
The interaction of 8 with the BamA β-barrel domain was characterized using NMR spectroscopy (n = 1 experiment). a, Two-dimensional [15N,1H]TROSY spectra of 250 μM [U-2H,15N]BamAext (red) titrated with 0.5 (yellow), 1 (magenta) or 2 (blue) stoichiometric equivalents of peptide 8. b, Close-up views of selected residues from the titration in a, and from a corresponding titration with BamA-β. c, Representation of the interactions of peptide 8 on the BamA β-barrel structure viewed from the top and from the side of the barrel. Labelled residues have substantial chemical shift perturbations or intensity changes upon peptide binding (crystal structure from PDB 6FSU). d, Overlays of two-dimensional [15N, 1H]TROSY spectra of titrations points of BamAext + scrambled peptide 9. BamAext 350 μM (apo), red; +0.5 equivalent of 9, yellow; +1 equivalent of 9, pink; and +2 equivalent of 9, blue.


Extended Data Fig. 10 Building blocks (BB1–BB6) used in this study.
The structures of building blocks BB1 to BB6 used to produce the peptides listed in Extended Data Table 1. For methods of synthesis, see Supplementary Information.


Extended Data Table 1 Peptides used in this studyFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Information Sections 1-12, including Supplementary Tables 1-5 and Schemes S1-5. Section 13, Proteins quantified in photoaffinity interaction mapping experiments, is provided as 2 separate Excel files - Source Data for Fig.3 and Source Data for Extended Data Fig.6b.


Reporting Summary.

Supplementary Figure 1
This file contains the uncropped blots.
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