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Chimeric peptidomimetic antibiotics 
against Gram-negative bacteria
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Milon Mondal2, Alessandra Vitale5, Jean-Baptiste Hartmann3, Timothy Sharpe3,  
Fabio Lo Monte2, Harsha Kocherla2, Elizabeth Cline2, Gabriella Pessi5, Parthasarathi Rath3, 
Seyed Majed Modaresi3, Petra Chiquet1, Sarah Stiegeler1, Carolin Verbree1, Tobias Remus1, 
Michel Schmitt1, Caroline Kolopp1, Marie-Anne Westwood1, Nicolas Desjonquères1,  
Emile Brabet1, Sophie Hell1, Karen LePoupon1, Annie Vermeulen1, Régis Jaisson1,  
Virginie Rithié1, Grégory Upert1, Alexander Lederer1, Peter Zbinden1, Achim Wach1,  
Kerstin Moehle2, Katja Zerbe2, Hans H. Locher1, Francesca Bernardini1, Glenn E. Dale1,  
Leo Eberl5, Bernd Wollscheid4, Sebastian Hiller3, John A. Robinson2* & Daniel Obrecht1*

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.

The rapid emergence of antimicrobial resistance is now a matter of 
global concern, and public awareness of an emerging crisis has been 
highlighted in several recent reports1–3. According to the World Health 
Organization (WHO), A. baumannii, P. aeruginosa and Enterobacte-
riaceae (which are Gram-negative members of the so-called ESKAPE 
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter 
spp.) pathogens1) that are resistant to carbapenem or third-generation 
cephalosporins are of particular concern. Novel antibiotics against 
Gram-negative bacteria are urgently needed, particularly because resist-
ance against colistin—an antibiotic of last resort—is on the rise globally4.

The outer membrane of Gram-negative bacteria comprises an asym-
metric bilayer, with glycerophospholipids in the inner leaflet and lipopol-
ysaccharide (LPS) in the outer leaflet5. This unique permeability barrier 
protects the bacteria from toxic environmental factors (such as antibi-
otics) and contains many integral β-barrel outer membrane proteins 
(OMPs), which are required for biogenesis of the outer membrane6. One 
family of new macrocyclic β-hairpin peptidomimetic antibiotics has 
previously been reported that target the β-barrel OMP LptD, specifically 

in Pseudomonas spp.7,8. Murepavadin (formally, POL7080) (Fig. 1) is the 
first OMP-targeting antibiotic to enter late-stage clinical development.

Here we report the discovery of a family of chimeric peptidomimetic 
antibiotics that possess broad-spectrum antimicrobial activity against 
Gram-negative bacteria. We provide evidence that these antibiotics have 
a mechanism of action that involves binding to LPS and the essential OMP 
BamA, which is the main component of the β-barrel folding complex 
(BAM) that promotes folding and insertion of β-barrel proteins into the 
outer membrane in Gram-negative bacteria6,9.

Discovery and antibacterial activity
Screening cyclic peptides related to murepavadin (1, Fig. 1) on a panel 
of Gram-negative ESKAPE pathogens resulted in initial hits (including 
peptide 2) with promising antimicrobial activities (range of minimal 
inhibitory concentrations (MICs) of 2–8 mg l−1) (Table 1). These hits 
also showed activity against colistin-resistant strains, but not against 
Gram-positive bacteria (S. aureus) and fungi (Candida spp.). However, 2 
exhibited substantially higher MICs in the presence of 50% human serum 
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(Supplementary Table 2, Supplementary Information), and residual 
membrane lytic activity against human red blood cells was also observed 
(Supplementary Table 3). We therefore synthesized a series of chimeric 
molecules (see Supplementary Information for experimental details), 
in which the β-hairpin macrocycle was linked to the peptide macrocycle 
of polymyxin B (PMB) and colistin10. Because the peptide macrocycles 
in PMB and colistin bind to the lipid A portion of LPS11, we hypothesized 
that this property might synergize with the OMP-targeting activity of 
a β-hairpin motif, if both components were combined into chimeric 
molecules.

Promising results were obtained with chimaeras 3 and 4 (Fig. 1; residue 
numbering is the same as is used in 1 and 2, to aid with comparisons), 
which showed potent activity against a panel of Gram-negative ESKAPE 
pathogens (Table 1, Supplementary Table 2). However, peptide 5 and 
PMB nonapeptide (6) (Fig. 1), which represent the individual parts of 
peptide 4, showed no antimicrobial activity (MICs > 32 mg l−1). The 
enantiomer of 4 (e-4) showed about 30-fold lower activity, suggesting 
a chiral target (Supplementary Table 2). Compound 4 was not investi-
gated further, owing to relatively high protein binding (Supplementary 
Table 3) and unfavourable pharmacokinetic and pharmacodynamic 
properties in vivo. By contrast, compound 3 showed favourable in vitro 
and in vivo properties (Table 1, Extended Data Fig. 1, Supplementary 
Table 2), maintained its activity in the presence of 50% human serum 
(MIC shift ≤ 4-fold) (Supplementary Table 2), and showed excellent 
in vivo efficacy in several mouse models of infection (Extended Data 
Fig. 1). Compound 3 was active against the wild-type A. baumannii strain 

as well as an isogenic LPS-deficient strain (ΔlpxA) (Supplementary 
Table 2), consistent with an interaction with both LPS and an alterna-
tive interaction target on these cells.

A substantial medicinal-chemistry effort resulted in the synthesis of 
a family of compounds in which the hairpin structure is stabilized by 
a disulfide bond, as represented by 7 and 8 (Fig. 1). Both 7 and 8 show 
excellent in vitro activity against Gram-negative ESKAPE pathogens, 
including multidrug-resistant, extensively drug resistant and colistin-
resistant isolates, with a MIC at which 90% of the isolates were inhibited 
(MIC90) in the range 0.06–0.25 mg l−1 (Table 1, Supplementary Table 2).  
A control, peptide 9 (Extended Data Table 1), with a scrambled sequence 
was inactive (MIC ≥ 64 mg l−1). The activity of enantiomer e-8 was even 
lower than that of e-4 (Supplementary Table 2). No activity was observed 
against Gram-positive S. aureus or against strains that are intrinsically 
resistant to antimicrobial peptides, such as Proteus spp. and Serratia 
marcescens.

Peptides 3 and 8 showed a rapid bactericidal activity, with more than 
three log10 reductions in colony-forming units (CFUs) observed within 
2 h at 1–4× MIC (Extended Data Fig. 1). The potential for resistance  
development against 8 was assessed by plating 109–1010 CFUs of differ-
ent strains on Mueller–Hinton (MH) agar with antibiotic concentrations 
up to 64 mg l−1. As no mutants with increased MICs could be obtained, 
serial passage experiments in liquid medium were performed with 
increasing concentrations of 8. In this way, some resistant mutants of 
K. pneumoniae SSI3010 with an increased MIC against 8 were isolated 
(Extended Data Fig. 1c).
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Fig. 1 | Structures of the chimeric antibiotics. The structures of murepavadin 
and polymyxin B1 are shown in the boxes, along with cartoons that represent 
these structures. For structures of all of the peptides used in this work, see 

Extended Data Fig. 10 and Extended Data Table 1. The corresponding cartoons 
are also used to represent the structures of peptides 2–8.
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Biological profile
Peptides 3, 7 and 8 displayed low toxicity toward mammalian cells (HeLa 
cells) (Supplementary Table 3a). No general membrane lytic activity was 
observed towards red blood cells, and all three compounds showed 
favourable plasma protein binding and human plasma stability (Sup-
plementary Table 3a). The in vivo tolerability and pharmacokinetics 
profile in mice of peptides 7 and 8 were also favourable (Supplementary 
Table 3b).

Compounds 3, 7 and 8 were evaluated in various neutropenic mouse 
models of infection, including septicaemia, peritonitis and thigh infec-
tions of A. baumannii, Escherichia coli, K. pneumoniae and P. aeruginosa.  
Compound 3 showed potent in vivo efficacy, in a mouse model of 
septicaemia, against the E. coli 5799 clinical isolate (Extended Data 
Fig. 1d). The in vivo efficacy of 3 and 8 was demonstrated, in neutro-
penic mouse models of peritonitis, against K. pneumoniae SSI3010 and 
E. coli SNTR36B6, which contains mcr-3 (Extended Data Fig. 1g, h). A 
good efficacy of 8 was shown in a mouse model of peritonitis with the 
colistin-resistant E. coli AF45 isolate, which contains mcr-1 (Extended 
Data Fig. 1e, f). The dose response of 8 was investigated in neutropenic 
mouse models of thigh infection, in which the potent efficacy of 8 was 
confirmed against P. aeruginosa PA14 and the extensively drug-resistant 
A. baumannii NCTC 13301 (Extended Data Fig. 1j, k). Similar results were 
observed for E. coli ATCC BAA 2469, an NDM-1 carbapenem-resistant 
isolate (Extended Data Fig. 1i). The propensity to generate nephrotox-
icity was assessed in vivo in an acute mouse model12. Whereas 7 and 8 
showed zero-to-mild nephrotoxicity (scores of 1 and 2, respectively), 
colistin—as expected—showed a higher nephrotoxicity, with a score of 
24 (Supplementary Table 3c).

Mechanism-of-action studies
No effects of 3 and 4 were detected on protein, RNA, DNA or cell-wall 
biosynthesis in E. coli ATCC 25922 (Extended Data Fig. 2). However, 3 and 
4 permeabilized the E. coli cell envelope, as shown using the nucleic-acid 
stain SYTOX-Green7 in cells treated with 3 or 4 (Extended Data Fig. 3a). 
These permeabilizing effects of 3 and 4 were also seen for the clini-
cal E. coli strain 926415, which is resistant to PMB and colistin (MIC for 

PMB > 32 mg l−1)—although PMB lost its cell-envelope permeabilizing 
effect on this strain (Extended Data Fig. 3b).

The chimaeras 3 and 4 caused the rapid release of periplasmic 
β-lactamase and cytoplasmic β-galactosidase (Extended Data Fig. 3c, 
d), which confirms that 3 and 4 permeabilize both the inner and outer 
membrane in E. coli (including in PMB-resistant strains). The major 
forms of lipid A in these PMB-resistant strains were analysed, which 
confirmed the presence of lipid A modified with phosphoethanolamine 
and/or 4-amino-4-deoxyarabinose (Ara4N)13,14 (Extended Data Fig. 4). 
Thus, these lipid A modifications15 are not sufficient to confer resistance 
against the chimeric compounds. We also examined inducible PMB 
resistance in E. coli ATCC 25922 grown in low Mg2+ concentrations16, 
which activates PhoP–PhoQ17. The MICs for 3 and 4 were also unaffected 
by growth in low Mg2+ (Supplementary Table 2e).

Super-resolution stimulated emission depletion (STED) fluorescence 
microscopy was used with E. coli ATCC 25922 that was exposed to the 
antibiotic and the membrane dye FM4-64, the nucleic-acid stain DAPI 
and SYTOX-Green to detect permeabilized cells. The nucleoids stained  
with DAPI were not influenced substantially by 3 and 4 (Fig. 2a–c), 
although many cells treated with 3 or 4 showed strong green fluorescence 
in the presence of SYTOX-Green, which again reveals the permeabilizing 
effects on the inner and outer membrane (Fig. 2a–c). Some of the treated 
cells showed membrane-associated red fluorescence puncta upon stain-
ing with FM4-64, suggesting perturbations to membrane structure.

The coupling of 3 and 4 to Alexa Fluor 488 produced the derivatives 
fl-3 and fl-4 (Extended Data Table 1), which showed good antimicrobial 
activity (MICs versus E. coli ATCC 25922 of 0.1 mg l−1 for fl-3, and 2.0 mg l−1 
for fl-4). STED fluorescent imaging with fl-3, fl-4 and E. coli ATCC 25922 
showed the accumulation of fluorescence into bright green spots in the 
membrane, which suggests a predominant site of interaction of the 
chimaeras with OMP clusters in the cell envelope (Fig. 2d).

E. coli treated with 3 or 4 led to marked changes in membrane structure 
that were revealed by transmission electron microscopy, which showed 
the presence of extra membrane-like material, membrane detachment 
and the appearance of vacuoles (Fig. 2e). For the treatment with 4, the 
appearance of bright areas in the cytoplasm were also noted. Using scan-
ning electron microscopy, cells treated with 3 and 4 showed collapsed 

Table 1 | Antimicrobial activities

2 3 4 7 8 Meropenem Ceftazidime Tobramycin Colistin

A. baumannii A369 1 0.06 0.06 0.06 0.06 >64 >64 8 0.25

A. baumannii 863866 4 0.25 0.06 0.25 0.06 32 >64 4 64

A. baumannii 872842 4 0.13 0.06 0.25 0.06 >8 >8 0.25 >8

P. aeruginosa UU6419 8 0.5 0.5 0.25 0.25 64 >64 >64 0.5

P. aeruginosa 22409 >8 0.5 2 0.5 0.25 32 >64 8 1

P. aeruginosa 401190 2 0.25 0.13 0.13 0.13 >64 >64 >64 0.5

E. cloacae 867213 8 0.13 0.13 0.25 0.13 ≤0.06 >64 16 >64

E. cloacae 950265 1 0.13 0.06 0.13 0.06 0.13 64 >64 8

E. coli 959670 1 0.25 0.25 0.25 0.06 ≤0.06 64 32 4

E. coli 402788 0.5 0.06 0.06 0.06 0.03 64 >64 >64 0.13

E. coli 926415 0.5 0.13 0.13 0.25 0.13 0.03 >8 >8 8

K. pneumoniae 403575 2 0.13 0.13 0.25 0.13 64 >64 16 4

K. pneumoniae 946897 4 0.5 0.5 2 0.25 >64 >64 16 16

K. pneumoniae RV 9959 1 0.13 0.06 0.13 0.06 32 >64 16 1

S. aureus ATCC 29213 64 >64 >64 >64 >64 0.13 >8 >8 >8

The MICs (in mg l−1) of the chimeric antibiotics against the strains indicated were measured by the Clinical and Laboratory Standards Institute (CLSI) microbroth method, along with those of 
a panel of commercial antibiotics as a comparison. Values in bold denote sensitivity; values without bold denote resistance (Methods). No antimicrobial activity for the chimeric antibiotics 
(MICs ≥ 64 mg l−1) was seen against S. aureus.
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membranes and extracellular knob-like structures (Extended Data 
Fig. 5), which suggests that both of the chimaeras perturb bacterial 
membranes.

Photo-affinity interaction mapping was used to search for interaction 
partners for 3, 4 and 7 in the cell membrane. The photoprobes PAL-
3, PAL-4 and PAL-7 (Extended Data Table 1) retain good antimicrobial 
activity against E. coli ATCC 25922 (PAL-3, MIC of about 0.1 mg l−1; PAL-4, 
MIC of about 1 mg l−1; and PAL-7, MIC of about 0.1 mg l−1). For the treat-
ment with PAL-4, photolabelling of whole cells revealed the labelling 
of proteins of about 90 kDa mass, as well as multiple components in 
the range of 25 to 50 kDa. Similar results were obtained with PAL-3 and 
PAL-7 (Extended Data Fig. 6a).

For the identification of PAL-3, PAL-4 and PAL-7 binding proteins, we 
combined photo-crosslinking with target affinity purification, proteo-
lytic digestion and mass-spectrometry-based proteomics, using cells 
that were treated in the same way with 3, 4, or 7 as controls. In total, 1,320 
proteins from E. coli were label-free-quantified with at least two peptides 
at a false discovery rate below 1%. Relative quantitative comparisons 
revealed the specific and photolabelling-dependent enrichment of 
several proteins with a subcellular localization at the outer membrane, 
on the basis of UniProt annotations (Fig. 3). For the treatment with PAL-4, 
the OMPs BamA and LptE were significantly enriched, whereas for PAL-3 
treatment BamA, BamD and LamB were significantly enriched. Similarly, 
PAL-7 labelling studies confirmed that BamA, BamD, LptE and LamB 
were significantly enriched OMPs (Extended Data Fig. 6b); BamA was the 
only outer membrane protein that was consistently labelled by all three 
photoprobes. BamA (about 90 kDa) and BamD (about 28 kDa) are both 
essential components of the BAM foldase complex6. LptE (about 21 kDa) 
is an essential component of the LptD–LptE complex that is required for 
LPS transport to the cell surface18, whereas LamB (about 50 kDa) func-
tions as an outer-membrane maltose transporter. The highly abundant 
OmpA and OmpF porins in E. coli were not significantly enriched in 
these experiments.

The interaction between 3 and BamA was examined using in vitro bind-
ing experiments with Cy3-labelled 3 (Cy3-3) (Extended Data Table 1), the 
BamA N-terminal periplasmic POTRA domains and the BamA C-terminal 
β-barrel domain, each as a recombinant protein19. Although the peptide 
showed no detectable interaction with BamA(POTRA1–5) (Extended 
Data Fig. 7a, c), both fluorescence anisotropy and microscale thermo-
phoresis showed the binding of the antibiotic to the β-barrel domain 
of BamA (BamA-β) with a dissociation constant (KD) in the sub-micro-
molar range (Fig. 4c, Extended Data Fig. 7c). No binding was seen to 
lauryldimethylamine oxide (LDAO) micelles (Extended Data Fig. 7a), 
and no binding of Cy3-3 was observed with LamB and OmpX (Extended 
Data Fig. 7b). Additional fluorescence-anisotropy binding experiments 
were performed between a Cy3-labelled control peptide 9 (Extended  
Data Table 1) and BamA-β, but again no binding was detected (Extended 
Data Fig. 7b).

The interaction site of peptide 3 with BamA was mapped by high- 
resolution nuclear magnetic resonance (NMR) spectroscopy. BamA 
in LDAO detergent and lipid bilayer nanodiscs populates a dynamic 
ensemble of open and closed states that can be detected by NMR spec-
troscopy19. The binding site of peptide 3 was determined by chemical 
shift perturbations in two-dimensional [15N,1H]transverse relaxation-
optimized spectroscopy (TROSY) spectra with BamAext (a variant of 
the BamA barrel that is locked in the closed state19). Significant ligand-
induced chemical shift perturbations for selected resonances were 
observed in the extracellular loops L4, L6 and L7 of BamAext, but none 
of these perturbations was observed within the β-barrel domain (Fig. 4, 
Extended Data Fig. 8). A titration of peptide 3 with non-stabilized BamA-β 
showed that the interaction of the peptide shifted the conformational 
ensemble, stabilizing the closed form of BamA (Fig. 4). Analogous experi-
ments with 8 and the inactive, scrambled peptide 9 revealed similar 
chemical shift perturbations for 8, which were localized mainly in the 
extracellular loops (L4, L6 and L7) of BamAext; these experiments also 
confirmed the ability of compound 8 to stabilize the closed state of 
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or with chimaera 4 (0.6 mg l−1) (c). Cells grown without drug in MH-II and stained 
with the fluorescently labelled antibiotics (fl-3 or fl-4) are shown in d. A Leica 
CLSM SP8 gSTED microscope was used. Scale bars, 4 μm. a and c show a 

representative example of n = 3 biologically independent experiments; b and d 
show a representative example of n = 2 biologically independent experiments. 
 e, Transmission electron microscopy of E. coli ATCC 25922 untreated or grown 
with 3 or 4 at concentrations causing about 50% growth inhibition (about 
0.1 mg l−1) (n = 3 biologically independent experiments). Scale bars, 200 nm.
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BamA (Extended Data Figs. 8, 9). By contrast, the microbiologically 
inactive scrambled peptide 9 led to only weak chemical shift perturba-
tions (Extended Data Figs. 8c, 9d). In particular, several residues that 
showed strong chemical shift perturbations with the active peptide 
(Fig. 4, Extended Data Fig. 8a, b) showed no chemical shift perturbations 
with the scrambled peptide 9.

Resistant mutants were isolated after multiple passages of K. pneu-
moniae SSI3010 with peptide 8 (Extended Data Fig. 1c). Whole-genome 
sequencing of mutants with increased MICs (Supplementary Table 4) 
revealed that mutants from early rounds with increases in MIC that were 
only modest, contained mutations in genes involved in the regulation 
(phoQ) and formation of modified lipid A (arnC). Mutations in these 
genes lead to high levels of resistance against colistin (MIC = 64 mg l−1); 
however, here they led to only a modest MIC increase against 8 (from 
0.06 to 1 mg l−1) (Supplementary Table 4). When resistant mutants were 
selected with colistin, single mutations in phoQ were sufficient to confer 
high resistance to colistin (MICs increasing from 0.25 to 8 or 64 mg l−1) but 
had only a small effect on the MICs of 8 (increasing from 0.06 to 0.125 or 
0.5 mg l−1) (Supplementary Table 4). In the final passages with 8, two differ-
ent isolates of K. pneumoniae SSI3010 were obtained that showed a large 
increase in MIC (128 mg l−1), and which had different colony morphologies 
on agar plates. These isolates contained (among others) a mutation in 
bamA that corresponds to a D703Y exchange in the external loop L6 of the 

BamA β-barrel (Supplementary Table 4). Complementation experiments 
were conducted with genes that encode wild-type BamA (bamA) and the 
BamA(D703Y) mutant (bamAD703Y). Isolates from passages 8 and 13—as well 
as the parental strain that expresses wild-type bamA—were transformed 
with a plasmid that expresses BamA(D703Y), whereas an isolate from pas-
sage 16 that produces BamA(D703Y) was transformed with a plasmid that 
expresses wild-type BamA. The complementation with wild-type BamA in 
the passage-16 isolate led to a fourfold decrease in MIC, which indicates 
that BamA indeed has a role in the antimicrobial activity of compound 8. 
Complementation with BamA(D703Y) in the isolates from passages 8 and 
13 led to a significant (P > 0.01) increase in the MIC (Supplementary Table 5). 
However, complementation of the parental strain with BamA(D703Y) did 
not lead to a significant (P > 0.01) increase in the MIC, possibly owing to a 
dominant effect of the wild-type gene present in this bacterium. Overall, 
the genetic studies complement our binding studies, and provide support 
for the involvement of BamA as a binding target for compound 8.

Discussion
The compounds 3, 4 and 7 (and the closely related analogue, 8) are bac-
tericidal against a broad panel of Gram-negative ESKAPE pathogens 
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(including multi-drug resistant, extensively drug resistant and colistin-
resistant strains), show low cytotoxicity towards mammalian cells, have 
a low propensity to elicit resistance in all of the bacterial strains that we 
tested, maintain a high potency in the presence of human serum, and 
show favourable safety and pharmacokinetic properties. This trans-
lates into potent in vivo efficacy in various mouse models of peritonitis, 
including infections induced with colistin-resistant E. coli strains that 
contain mcr-1 and mcr-3 resistance genes and mouse models of thigh 
infection with E. coli ATCC BAA 2469 (an NDM-1 strain), A. baumannii 
NTCT 13301 (an extensively drug resistant strain) and P. aeruginosa PA14. 
The low propensity of 7 and 8 to generate renal toxicity, in a comparison 
with colistin, is of particular note.

Exposure of E. coli cells to the chimaeras leads to permeabilization of 
both the inner and outer membrane (Fig. 2, Extended Data Fig. 3) and 
causes substantial perturbations to membrane architecture (Fig. 2, 
Extended Data Fig. 5). A key question is how the permeabilizing effects 
arise, given that the compounds show no general lytic activity on typi-
cal eukaryotic membrane bilayers that are composed of glycerophos-
pholipids.

One interaction target identified by photo-affinity interaction analy-
ses for all of the tested photoprobes was BamA, the main component 
of the BAM complex in E. coli6. Other proteins identified by individual 
photoprobes include β-barrel OMPs (for example, LamB and LptD) or 
lipoproteins that are closely involved in β-barrel OMP folding and outer 
membrane biogenesis (for example, BamD and LptE). Indeed, both LamB 
and LptD–LptE are heavily dependent on the BAM complex for folding 
and insertion into the outer membrane20,21. The appearance of multiple 
OMPs in the pull-down experiments could be the result of diffusion 
of the photo-activated probe within OMP clusters that are known to 
predominate in the outer membrane22.

The identification of BamA as a binding target for the chimaeras was 
confirmed conclusively by in vitro studies, in which 3 was shown to  
bind with high selectivity to BamA-β (Fig. 4, Extended Data Fig. 7).  
Furthermore, chemical shift mapping by NMR spectroscopy shows  
that 3 and 8—but not control 9—interact with the BamA β-barrel domain 
through the external loops L4, L6 and L7 (Fig. 4, Extended Data Figs. 8, 
9). The binding interaction also changes the conformational ensemble 
in the β-barrel lateral gate between open or closed states, and locks 
BamA in its closed state.

Further work will be necessary to determine how the binding of the 
chimaeras to BamA causes downstream bactericidal activity. One pos-
sibility is that binding inhibits the foldase activity of the BAM complex. 
The resulting incorrectly folded OMPs, when mislocated to the inner 
membrane, may lead to cell permeabilization and death23. Precedence 
for a link between BamA binding and bactericidal activity comes from 
a recently described monoclonal antibody (known as MAB1), which 
binds an epitope in the external loop L4 on BamA from E. coli and causes 
downstream bactericidal effects24. Previous genetic studies have shown 
that deletions in the L7 and L8 loops of BamA can lead to severe defects 
in membrane integrity and outer membrane permeability25, and point 
mutations in external loops can have marked effects on the activity of the 
BAM complex26, probably by also influencing conformational changes in 
BamA that facilitate OMP folding27. However, it is so far unclear whether 
the chimaeras inhibit BamA function or just use BamA as a binding site. 
Another possibility is that binding of the chimaeras to BamA provides 
an additional binding site in the outer membrane that enhances a per-
meabilizing effect mediated by the polymyxin macrocycle, and helps 
these antibiotics to avoid LPS-modification resistance mechanisms. On 
the other hand, the polymyxin macrocycle alone (for example, 6) (Fig. 1) 
shows no antimicrobial activity and the mechanism(s) of membrane 
permeabilization caused by the polymyxins and colistins are presently 
not known in detail28.

A lead candidate based on these derivatives has—pending future clini-
cal studies—the potential to address life-threatening infections caused 

by Gram-negative pathogens, and thus to resolve a considerable unmet 
medical need.
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Methods

MICs
Clinical isolates (collected between 2012 and 2017) were obtained from 
the University Hospital Basel and from the IHMA collection (IHMA 
Europe Sarl). E. coli strains containing the mcr-1 gene were obtained from 
P. Nordmann. LPS-deficient strains of A. baumannii were obtained from 
J. Moffatt. Reference strains were obtained from the American Type Cul-
ture Collection (ATCC), the Deutsche Sammlung für Mikroorganismen 
und Zellkulturen (DSMZ) and the National Collection of Type Cultures 
(NCTC). The strains were stored at −80 °C as 30% (v/v) glycerol cultures. 
Large numbers of colistin-resistant isolates, as well as isolates resistant 
to carbapenems and third-generation cephalosporins, were included 
in the test panels. All isolates were tested by the CLSI broth microdilu-
tion method (M07-A10) in cation-adjusted MH broth (CAMHB), and the 
EUCAST interpretive criteria were used to determine susceptibility for 
comparators. The compounds were tested in sterile 96-well microtitre 
plates in the range from 8 to 0.0078 mg l−1 in the presence of polysorb-
ate-80 (P-80 or Tween-80, sterile-filtered) at 0.002% v/v final concentra-
tion. For comparison, the commercial antibiotics were tested in the range 
from 64 to 0.06 mg l−1 without P-80, according to the CLSI guidelines. 
In some experiments, MICs were determined in MH broth, non-cation-
adjusted. MICs in serum were measured by addition of pooled human 
serum (Blutspendezentrum Basel) to a final concentration of 50% (v/v) in 
CAMHB. Supplementary Table 2 provides: (a) MIC at which at least 50% 
of the isolates were inhibited (MIC50), MIC at which at least 90% of the 
isolates were inhibited (MIC90) and ranges (mg l−1) against A. baumannii 
(30 isolates, 57% multidrug resistant), Enterobacter spp. (28 isolates), 
E. coli (28 isolates, 30% multidrug resistant), K. pneumoniae (31 isolates, 
50% multidrug resistant) and P. aeruginosa (29 isolates, 31% multidrug 
resistant); (b) MICs (mg l−1) with and without 50% human serum against 
representative Gram-negative strains; (c) MICs (mg l−1) against selected 
LPS-less A. baumannii mutant (lpxA deletion) compared to wild-type 
parent strain29; and (d) MICs ( mg l−1) of 4 and 8, and their enantiom-
ers (e-4 and e-8, respectively), against representative Gram-negative 
strains and S. aureus.

Kill-curve kinetics
MIC values were determined by a macrodilution method in 6-well plates 
(3 ml) in CAMHB. After 18–22 h at 35 °C, the first well without growth 
was taken as the MIC value used for kill-curve experiments. Time–kill 
assays were done in tubes (in 1.5 ml of CAMHB) and antibiotics at 1×,  
2× and 4× the MIC. Tubes were inoculated with bacteria from exponen-
tially growing cultures and incubated at 35 °C under shaking. At 0, 2, 4, 8 
and 24 h, CFUs were enumerated on MH agar plates. The concentration 
and time to reach a ≥3 log10 reduction with no re-growth at 24 h was 
recorded. Results are shown in Extended Data Fig. 1.

Serial passage
Resistance development during serial passage exposure was assessed 
in tubes containing 1 ml of twofold dilutions of antibiotics in CAMHB. 
Tubes were inoculated 10% v/v with a bacterial suspension adjusted to 
0.5 McFarland standard. Tubes were incubated for 24 h at 35 °C under 
shaking. After each passage, the tube with the lowest drug concentra-
tion showing no growth was recorded as the passage (tube) MIC, and the 
tube with the highest drug concentration showing substantial growth 
was used to inoculate the tubes of the next passage (1% of a suspension 
adjusted to 0.5 McFarland standard). Experiments were stopped after 
21 serial passages or when the passage MIC exceeded the resistance 
breakpoint for 3 consecutive passages. At selected passages and at the 
end of the experiments, samples from tubes showing bacterial growth 
at the highest antibiotic concentration were plated on MH agar plates. 
Single colonies were isolated, passaged once on drug-free agar and 
subjected to standard MIC testing against chimeric and reference anti-
biotics (see ‘MICs’).

Haemolysis
To test their haemolytic potential, compounds were incubated in the 
presence of phosphate-buffered-saline (PBS)-washed human red blood 
cells (Blutspendezentrum Basel). After 1 h incubation at 200 mg l−1 and 
37 °C, the samples were centrifuged at 3,220g and the supernatants 
were diluted in Dulbecco’s PBS (DPBS) followed by spectrophotomet-
ric measurement (optical density at 540 nm (OD540)). The haemolysis 
induced by the compound was calculated versus a 100% lysis control 
prepared with 2.5% Triton X-100. Biological replicates were used for 
haemolysis determination (Supplementary Table 3).

Cytotoxicity
Cytotoxicity of compounds was determined using WST-8 (Sigma Cell 
Counting Kit-8). Exponentially growing HeLa and HEP G2 cells were 
seeded in 96-well microtitre plates in appropriate cell culture medium. 
After 24 h incubation at 37 °C and 5% CO2, medium was replaced with 
fresh, phenol-red-free medium containing dilutions of compounds. 
Maximum assay concentrations were 100 mg l−1 for HeLa cells and 
200 mg l−1 for HEP G2-cells. Following 48 h incubation, cell viability was 
monitored by addition of WST-8 solution and measurement of optical 
density at 450 nm (OD450) after 1 h. The experiments were performed 
using biological replicates (Supplementary Table 3).

Plasma stability
Compounds were incubated in K3EDTA-stabilized plasma (mixed  
gender) of human and CD-1 mouse (Seralabs). Their stability was assessed 
in triplicate at 10 mg l−1 and after an incubation at 37 °C. Samples were 
taken at 0, 15, 30, 60, 120 and 240 min and extracted by precipitation 
with 3 volumes of acetonitrile + 0.5% TFA. Sample quantitative analysis 
was performed by high-performance liquid chromatography (HPLC) 
with tandem mass spectrometry (MS/MS) (Supplementary Table 3).

Protein binding
The binding of compounds to proteins in pooled human and CD-1 
mouse K3EDTA-stabilized plasma (mixed gender) was determined by 
ultrafiltration method using a 30-kDa cut-off filter in filter tubes (Mil-
lipore Centrifre). Compounds were diluted in pH 7.5-adjusted plasma 
to a final concentration of 10 mg l−1 and incubated for 30 min at 37 °C. 
After incubation, the unbound fraction (fu) was separated by ultrafiltra-
tion. Protein binding was determined by subtracting the percentage of  
compound in ultrafiltrate (that is, the fu) from the total amount of com-
pound in spiked plasma (Supplementary Table 3).

In vivo tolerability studies
The ‘Autonomic Signs’ study design was used to determine the toler-
ability of compounds after single or multiple dosing. The goal was to 
assess a dose that does not produce mortality or overt clinical signs of 
toxicity to be used for pharmacokinetics studies and in vivo efficacy. 
Test substances were administered subcutaneously to a group of three 
male ICR mice. The mice were observed for the presence of acute toxic 
symptoms and autonomic effects during the first 30 min. The mice were 
then observed again for mortality at 3, 24, 48 and 72 h after compound 
administration (Supplementary Table 3).

Pharmacokinetic analysis
Adult CD-1 male mice were injected subcutaneously with a single dose of 
10 mg/kg of a 0.9% saline test item formulation adjusted to pH 6.5–7.6. 
Plasma samples were taken from 9 mice for single administration in 
each treatment group at 0.25, 0.5, 1, 2, 3, 4, 8 h post-dose. Blood samples 
(in Li-heparin as anticoagulant) were collected from the retrobulbar 
venous plexus under short isoflurane anaesthesia. Plasma samples were 
obtained by centrifugation for 10 min at 3,000g and 4 °C. The protein-
free supernatant was analysed by LC–MS/MS using a Q Exactive hybrid 
quadrupole Orbitrap mass spectrometer coupled with an Accela UHPLC 
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system and an AS Open autosampler (Thermo Fisher Scientific). After 
separation on an Accucore phenyl–hexyl reverse phase column using an 
acetonitrile–water gradient, peaks were analysed by mass spectroscopy 
using electrospray ionization. The mean plasma concentration and the 
standard deviation from all three mice within each time point were cal-
culated, and pharmacokinetics parameters of test agent were calculated 
with a non-compartmental analysis model based on WinNonlin, using 
a trapezoid area calculation (Supplementary Table 3).

Mouse model of systemic infection
To evaluate the in vivo efficacy of peptide 3, adult male CD-1 mice  
(6 per group) were infected by intraperitoneal administration of 9.2 × 105 
CFU/ml E. coli 5799. The peptide 3 was dosed at 6.25, 3.13 and 1.56 mg/kg, 
at 1 h post-infection. The survival at day 7 (%) was recorded (Extended 
Data Fig. 1d).

Mouse models of peritonitis
To evaluate the in vivo efficacy of peptides 3 and 8, adult male CD-1 
mice (6 per group) were rendered neutropenic with injections with 
cyclophosphamide on day −4 and day −1. On day 0, mice were infected 
by intraperitoneal administration of either 1.4 × 107 CFU/ml E. coli AF45 
(mcr-1), 1.4 × 107 CFU/ml of K. pneumoniae SSI3010 or 3.3 × 107 CFU /ml 
E. coli SNTR36B6 (mcr-3). The CFUs in the blood and/or in the peritoneal 
wash were counted at the start of treatment and at the end of treat-
ment. The compounds were dosed at 30 mg/kg (E. coli AF45 (mcr-1)) and  
10 mg/kg (K. pneumoniae SSI3010 and E. coli SNTR36B6 (mcr-3)) and 
the control antibiotics for the studies were for these three strains  
tigecycline (40 mg/kg), ciprofloxacin (13 mg/kg) or meropenem  
(40 mg/kg), respectively (Extended Data Fig. 1e–h).

Mouse models of thigh infection
To evaluate the in vivo efficacy of 8, adult male CD-1 mice (6 per group) 
were rendered neutropenic with injections with cyclophosphamide on 
day −4 and day −1. Mice were infected 24 h after the second dose of immu-
nosuppressive agent by intramuscular instillation of bacterial inocula 
(about 2 × 107 CFU/ml, corresponding to about 1 × 106 CFU per thigh). 
Treatments were administered twice in total, at 2 and 14 h after infection. 
Additional groups were included that were euthanized pre-treatment  
(2 h after infection) or treated with vehicle only. The vehicle control 
group was treated with 0.9% saline, also at 2 h and 14 h after infection. 
At 26 h post-infection, the clinical condition of all mice was assessed 
and the mice were humanely euthanized by pentobarbitone overdose 
(Extended Data Fig. 1i–k). Mouse weight was determined before the 
thighs were removed and weighed. Thigh-sample homogenates were 
quantitatively cultured onto agar for determination of the counts of 
CFU per thigh.

Mouse renal toxicity
Adult male CD-1 mice (5 per group) were dosed subcutaneously at 12 
mg/kg, 6 times a day (every 2 h) and clinical signs were monitored (Sup-
plementary Table 3). At termination, all mice were subjected to gross 
necropsy and tissues were examined macroscopically. The kidneys were 
histopathologically examined, semiquantitative scoring of the kidneys 
was performed and lesions were rated as follows: mild acute tubular 
damage with tubular dilation, prominent nuclei and a few pale tubular 
casts (grade 1); severe acute tubular damage with necrosis of tubular 
epithelial cells and numerous tubular casts (grade 2); and necrosis and/
or infarction of tubules and glomeruli, with or without papillary necrosis 
(grade 3). Subsequently, the overall kidney histology score was calcu-
lated as the product of percentage score and grade score. These scores 
were then expressed as a semiquantitative score (SQS) on a scale of 0 to 
5 for renal histological changes. These scores were assigned as follows: 
SQS 0, no substantial change (overall score, <1); SQS 1, mild damage 
(overall score, 1 to <15); SQS 2, mild-to-moderate damage (overall score, 
15 to <30); SQS 3, moderate damage (overall score, 30 to <45); SQS 4, 

moderate-to-severe damage (overall score, 45 to <60); and SQS 5, severe 
damage (overall score, >60).

Photo-affinity interaction mapping
E. coli ATCC 25922 cells grown in MH-II broth (50 ml) to an optical den-
sity at 600 nm (OD600) of 1.0 were collected, washed once and taken up 
in PBS (50 ml) and incubated for 30 min at 37 °C with shaking at 200 
r.p.m. in the dark with 4–10 μg/ml photoprobe. Photo-activation was 
achieved by UV irradiation at 350 nm in a Rayonet Reactor (16 × 8 W 
Sylvania blacklight lamps) for 30 min at 30 °C. Cells were then collected 
and washed twice with PBS. Cell pellets were stored at −20 °C. The cell 
pellet was resuspended in PBS, with protease inhibitor cocktail (cOm-
plete, Roche) and lysed by 3 cycles of sonication using a Branson digital 
sonifier equipped with a microtip (80 W, 30% intensity, 20 s on with 20 
s off for 2 min) under cooling on ice. To remove unbroken cells and cell 
debris, the lysate was centrifuged (20 min at 4,000 r.p.m., 4 °C). The 
supernatant was subjected to ultracentrifugation (45,000g, in a Sorvall 
T-875 rotor, 1 h, 4 °C). The pellet was washed with PBS and collected again 
by ultracentrifugation (1 h, 4 °C).

Membrane protein fractions in SDS loading buffer containing DTT 
(100 mM) were boiled for 5 min at 100 °C, before SDS–PAGE under 
standard Laemmli conditions. Proteins were blotted to PVDF mem-
brane (0.45-μm pore size, Immobilon-P, Merck) using a 1:1 mixture of 
Tris–glycine–SDS (12 mM Tris, 96 mM glycine, 0.1% SDS) and phosphate–
SDS–urea buffer (10 mM Na2HPO4, 1% SDS, 6 M urea). Blotting of proteins 
from gel onto the membrane was achieved using a Pierce G2 Fast Blot-
ter (Thermo Fisher) for 2 h at 0.5 A and 10 V. For chemiluminescence 
detection, the blocked membrane was incubated with neutravidin–HRP 
conjugate (Pierce, diluted 1:30,000 in PBS, 1% BSA, 0.2% Tween-20) for 
1 h. The membrane was washed 4 × 5 min with PBS and developed with 
WesternBright Sirius (Advansta) HRP substrate. Chemiluminescence was 
detected on a ChemiDoc MP Imaging System (Bio-Rad) over the course 
of 1–10 min. The results are shown in Extended Data Fig. 6.

E. coli cells were photolabelled with PAL-3 (n = 3), PAL-4 (n = 3) or PAL-7 
(n = 3), or treated the same way with 3 (n = 4), 4 (n = 4) or 7 (n = 3) with n 
being biologically independent samples. Cells were washed with PBS and 
lysed in ice-cold 50 mM (NH4)HCO3 (AmBic) containing protease inhibi-
tor cocktail (Roche, 11704900) and 0.1% RapiGest (Waters, 186002122) by 
4 intervals of 15-s ultrasound sonication in a vial tweeter (Hielscher Ultra-
sonics) at a power of 170 W and 80% cycle time. Protein concentration 
was determined using a Nanodrop 2000 Spectrophotometer (Thermo 
Fisher Scientific) and 15 mg protein of each sample was subjected to 
automated purification and processing of biotinylated proteins. For 
this, in-house-packed tips containing 80 μl Streptavidin Plus UltraLink 
resin (Thermo Fisher Scientific) were linked to a Versette liquid handling 
robotic system (Thermo Fisher Scientific) and incubated with the cell 
lysate for 2.5 h at room temperature by pipetting up and down. In an 
automated fashion, bead-bound proteins were subsequently washed 
with 5 M NaCl, StimLys buffer (50 mM Tris pH 7.8, 137 mM NaCl, 150 mM 
glycerol, 0.5 mM EDTA, 0,1% Triton X-100), 100 mM NaHCO3 and AmBic, 
reduced with 5 mM Tris(2-carboxyethyl)phosphine (TCEP) in 3 M urea 
and AmBic for 30 min at 37 °C and alkylated with 10 mM iodoacetamide 
in 3 M urea and AmBic for 30 min at 37 °C. Bead-bound proteins were 
proteolytically digested with 0.5 μg lysyl endopeptidase Lys-C (Wako,  
125-05061) in 3 M urea and AmBic for 2 h at 37 °C before diluting to 1.5 M 
urea and AmBic, and adding 0.8 μg sequencing grade modified trypsin 
for 14 h at 37 °C. Eluted peptides were acidified to pH <3 by the addi-
tion of formic acid and subjected to C18 purification using 5–60 μg  
UltraMicroSpin Columns (The Nest Group, SEM SS18V) according to the 
manufacturer’s instructions.

Peptide samples were separated by reversed-phase chromatogra-
phy on a HPLC column (75-μm inner diameter, New Objective) that was 
packed in-house with a 15-cm stationary phase (ReproSil-Pur C18-AQ, 1.9 
μm) and connected to a nano-flow HPLC with an autosampler (EASY-nLC 
1000, Thermo Scientific). The HPLC was coupled to a Q-Exactive plus 



mass spectrometer (Thermo Scientific) equipped with a nano electro-
spray ion source (Thermo Scientific). Peptides were loaded onto the 
column with 100% buffer A (99.9% H2O, 0.1% FA) and eluted at a constant 
flow rate of 300 nl/min with a 70-min linear gradient from 6–28% buffer 
B (99.9% MeCN, 0.1% FA) followed by a 4-min transition from 28 to 50% 
buffer B. After the gradient, the column was washed for 10 min with 
98%, 4 min with 10% and again 8 min with 98% buffer B. Electrospray 
voltage was set to 2.2 kV and capillary temperature to 250 °C. In data-
dependent acquisition mode, the mass spectrometer automatically 
switched between precursor- and fragment-ion detection. Following a 
high-resolution survey mass spectrum (from 300 to 1,700 m/z) acquired 
in the Orbitrap with resolution R = 70,000 at m/z 200 (automatic gain 
control target value 3 × 106), the 15 most-abundant peptide ions with a 
minimum intensity of 2.5 × 104 were selected for subsequent higher-
energy collision-induced dissociation fragmentation, with an isolation 
window of 1.4 Da, and fragments were detected by MS/MS acquisition in 
the Orbitrap at resolution R = 35,000 (automatic gain control target value 
1 × 106). Target ions already selected for fragmentation were dynamically 
excluded for 30 s. Acquired raw files were subjected to protein identi-
fication using Comet (v.2015.01) and Trans Proteomic Pipeline v.4.7 
(SPC/ISB Seattle) by matching ion spectra acquired in data-dependent 
acquisition mode against a SwissProt (UniProt consortium) reviewed 
E. coli protein database (downloaded November 2016) containing com-
mon contaminants. Peptides were required to be fully tryptic with a 
maximum of two missed cleavage sites, carbamidomethylation as fixed 
modification and methionine oxidation as a dynamic modification. 
The precursor and fragment mass tolerance were set to 20 ppm and 
0.02 Da, respectively. Proteins identified by at least two proteotypic 
peptides were quantified by integration of chromatographic traces of 
peptides using Progenesis QI v.4.0 (Nonlinear Dynamics). Contaminant 
hits were removed and proteins filtered to obtain a false discovery rate of 
< 1%. Raw protein abundances were exported based on non-conflicting 
peptides. Within the R computing environment, protein abundance 
changes (expressed in log2) were calculated by linear mixed-effect model 
and tested for statistical significance using a two-sided t-test by using 
the R package MSstats v.3.5.330. The P values obtained were further cor-
rected for multiple comparisons using Benjamini–Hochberg method. 
Subcellular-localization annotation was retrieved from UniProt database 
using R package UniProt.ws v.2.14.031. Significantly enriched, outer-
membrane-annotated E. coli proteins (abundance fold change ≥ 1.5 and 
adjusted P ≤ 0.05) were considered to be bona fide PAL-3-, PAL-4- or 
PAL-7-interacting candidates.Mass spectrometry data are available at 
the ProteomeXchange Consortium (http://www.proteomexchange.
org/) with the dataset identifier PXD010174.

Interaction-site mapping with BamAext

The available sequence-specific resonance assignments of BamAext have 
recently been reported and deposited in the BMRB database, with acces-
sion code 2743119. For NMR binding studies, [U-15N, 2H]-labelled BamAext 
in LDAO micelles was prepared in 20 mM HEPES pH 7.5, 150 mM NaCl 
and 0.1% LDAO. Spectra were recorded on a Bruker Avance-700 spec-
trometer equipped with a cryogenic probe. Two-dimensional [15N,1H]

TROSY spectra were acquired at 37 °C with 24 or 80 scans and 128 and 
1024 complex points in the δ1(

15N) and δ2(1H) dimension, respectively. 
Peptides were titrated from a stock solution to the protein. The chemi-
cal shifts of the titrated form were tracked by a stepwise titration, which 
was—in most cases—possible without ambiguity. Combined chemical 
shift perturbations upon peptide addition for amide moieties were 
calculated as Δδ(HN) = (Δδ( H)) + (0.2 × Δδ( N))1 2 15 2 . Residues were 
considered to be significant interactors when they had a chemical shift 
perturbation of Δδ(HN) > 0.07 ppm or if their signal intensity vanished 
owing to chemical exchange upon peptide addition (Extended Data 
Fig. 8).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Mass spectrometric data are available at the ProteomeXchange Con-
sortium (http://www.proteomexchange.org/) with dataset identifier 
PXD010174.
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Extended Data Fig. 1 | See next page for caption.



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.
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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.



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.
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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.
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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.



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).
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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.
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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 study

The amino acid residues or other building blocks (BB1 to BB6) (Extended Data Fig. 10) at each position indicated in the structures in Fig. 1. Glu* and Dab* indicate peptide linkage through the side 
chain of Glu and Dab, respectively (Fig. 1). Dap, l-2,3-diaminopropionic acid. The letters T, U, X, Y and Z indicate variable positions. For methods of synthesis, see Supplementary Information.
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