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            Abstract
Gram-negative bacterial infections are a significant public health concern, and the lack of new drug classes for these pathogens is linked to the inability of most drug leads to accumulate inside Gram-negative bacteria1,2,3,4,5,6,7. Here, we report the development of a web applicationâ€”eNTRywayâ€”that predicts compound accumulation (in Escherichia coli) from its structure. In conjunction with structureâ€“activity relationships and X-ray data, eNTRyway was utilized to re-design Debio-1452â€”a Gram-positive-only antibiotic8â€”into versions that accumulate in E. coli and possess antibacterial activity against high-priority Gram-negative pathogens. The lead compound Debio-1452-NH3 operates as an antibiotic via the same mechanism as Debio-1452, namely potent inhibition of the enoyl-acyl carrier protein reductase FabI, as validated by in vitro enzyme assays and the generation of bacterial isolates with spontaneous target mutations. Debio-1452-NH3 is well tolerated in vivo, reduces bacterial burden in mice and rescues mice from lethal infections with clinical isolates of Acinetobacter baumannii, Klebsiella pneumoniae and E. coli. This work provides tools for the facile discovery and development of high-accumulating compounds in E. coli, and a general blueprint for the conversion of Gram-positive-only compounds into broad-spectrum antibiotics.
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                    Fig. 1: Overview of eNTRyway molecule processing.


Fig. 2: Debio-1452-NH3 mode-of-action studies.


Fig. 3: In vivo efficacy of Debio-1452-NH3.
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Extended data

Extended Data Fig. 1 Overview of eNTRyway functionality and examples of visual outputs.
eNTRyway classifies molecules that are likely capable of accumulating in E. coli. eNTRyway calculates physiochemical properties of molecules and compares to a training set of compounds. SMILES strings for this analysis are generated in Open Babel using canonicalized atom order. Compounds containing an ionizable nitrogen (primary amines are most favorable), low three-dimensionality (globularityâ€‰â‰¤â€‰0.25), and low flexibility (rotatable bondsâ€‰â‰¤â€‰5) have a significantly higher probability of accumulating in E. coli. It is important to note that localized polarity and sterics about the amine are important considerations when implementing the eNTRy rules as these factors are not explicitly included in the eNTRYway results. Previously, it was found that increased amphiphilic moment (vsurf_A) correlated with increased accumulation while sterically encumbered primary amines displayed decreased accumulation14. Using eNTRyway to reanalyze the diverse compound collection published in Richter et al14 (Tables S2-S4; 188 compounds), we found that the accuracy is 84% (Supplementary Table 6).


Extended Data Fig. 2
Docking of Debio-1452-NH3 in S. aureus FabI.


Extended Data Fig. 3 Synthesis of modified naphthyridinones.
Boc2O, di-tert-butyl dicarbonate; DIPEA, diisopropylamine; LHMDS, Lithium bis(trimethylsilyl)amide; THF, tetrahydrofuran.


Extended Data Fig. 4 Synthesis of amine- containing derivatives of Debio-1452.
Cy, cyclohexyl; DIPEA, diisopropylamine; DMA, dimethylacetamide.


Extended Data Fig. 5 Time-course accumulation of Debio- 1452 and derivatives in E. coli MG1655.
Bacterial cells were washed with and suspended in PBS. Cells were exposed to compound (50â€‰ÂµM final concentration) and incubated at 37â€‰Â°C with shaking for 10â€‰min, 30â€‰min, 1â€‰h, and 2â€‰h. All cells were viable at these time points. Extra-cellular compound was removed, cells were lysed, and amount of compound in lysate was quantified by LC-MS/MS. Accumulation reported in nmol per 1012 colony-forming units (CFUs). Data shown represents the average of three independent experiments. Error bars represent the standard deviation of the mean. Measurements were compared by ordinary two-way ANOVA. Tukeyâ€™s multiple comparisons test was used to compare compounds at each timepoint. Statistical significance from Debio-1452 is indicated with asterisks (ns, not significant when pâ€‰>â€‰0.05 (Debio-1452-NH3, 10â€‰min, pâ€‰=â€‰0.1719; Debio-1452-NH3, 0.5â€‰h, pâ€‰=â€‰0.5522), *** pâ€‰<â€‰0.001, **** pâ€‰<â€‰0.0001).

Source data



Extended Data Fig. 6 Time-course accumulation of Debio- 1452 and derivatives in E. coli BW25113 and E. coli Î”tolC JW5503.
a. Debio-1452 accumulation over time. b. Debio-1452-NH3 accumulation over time. c. Compound 2 accumulation over time. d. Compound 3 accumulation over time. Bacterial cells were washed with and suspended in PBS. Cells were exposed to compound (50â€‰ÂµM final concentration) and incubated at 37â€‰Â°C with shaking for 10â€‰min, 30â€‰min, 1â€‰h, and 2â€‰h. All cells were viable at these time points. Extra-cellular compound was removed, cells were lysed, and amount of compound in lysate was quantified by LC-MS/MS. Accumulation reported in nmol per 1012 colony-forming units (CFUs). Data shown represents the average of three independent experiments. Error bars represent standard deviation of the mean. Measurements were compared by ordinary two-way ANOVA. Sidakâ€™s multiple comparisons test was used to compare compounds at each timepoint. Statistical significance of E. coli Î”tolC data points relative to E. coli BW25113 data points is indicated with asterisks (ns, not significant when pâ€‰>â€‰0.05 (b, 2.0â€‰h, pâ€‰=â€‰0.0897; c, 10â€‰min, pâ€‰=â€‰0.3571; c, 1.0â€‰h, pâ€‰=â€‰0.9728; c, 2.0â€‰h, pâ€‰=â€‰0.9894; d, 2.0â€‰h, pâ€‰=â€‰0.0791), ** pâ€‰<â€‰0.01, *** pâ€‰<â€‰0.001, **** pâ€‰<â€‰0.0001).

Source data



Extended Data Fig. 7 Time-course accumulation of Debio- 1452 derivatives in P. aeruginosa PAO1.
Bacterial cells were washed with and suspended in PBS. Cells were exposed to compound (50â€‰ÂµM final) and incubated at 37â€‰Â°C with shaking for 30â€‰min, 1â€‰h, and 2â€‰h. All cells were viable at these time points. Extra-cellular compound was removed, cells were lysed, and amount of compound in lysate was quantified by LC-MS/MS. Accumulation reported in nmol per 1012 colony-forming units (CFUs). Data shown represents the average of three independent experiments. Error bars represent the standard deviation. Measurements were compared by ordinary two-way ANOVA. Tukeyâ€™s multiple comparisons test was used to compare compounds at each timepoint. Statistical significance from novobiocin, a negative antibiotic control, is indicated with asterisks (ns not significant when p > 0.05 (Debio-1452-NH3, 0.5â€‰h, pâ€‰=â€‰0.3609, * pâ€‰<â€‰0.05, *** pâ€‰<â€‰0.001, **** pâ€‰<â€‰0.0001).

Source data



Extended Data Fig. 8 Location of mutated residues that confer resistance to Debio- 1452 and Debio-1452- NH3.
a. Structural alignment of E. coli FabI (periwinkle, PDB 4JQC) and S. aureus FabI (turquoise, PDB 4FS3). Residues mutated in E. coli are highlighted in red. Residues mutated in S. aureus are highlighted in blue. Debio-1452 from E. coli structure is green and from S. aureus is magenta. NADPH from S. aureus structure is pink. b. Same poses as a but without cartoon representation of protein backbone and NADPH. c. Distances from mutation sites and Debio-1452, either between centers of mass (COM) or the minimum pairwise distance between atoms within mutated residues and Debio-1452.


Extended Data Fig. 9 Pharmacokinetic analysis of Debio-1452- NH3.
C57BL/6 mice were treated with 50â€‰mg/kg Debio-1452-NH3 via intraperitoneal injection, with three mice per time point (0, 15, 30, 45, 60, 120, 240 480, 960, and 1440â€‰min). After the indicated time points, mice were sacrificed and the serum concentrations of Debio- 1452-NH3 were determined by LC-MS/MS. Data are shown as mean and represent the average of three independent experiments. The pharmacokinetic parameters shown in the figure above were calculated with a one-compartment model using a nonlinear regression program (Phoenix WinNonlin Version 8.1, Certara USA Inc., Princeton, NJ 08540 USA).

Source data



Extended Data Fig. 10 In vivo efficacy of Debio-1452-NH3 with strains that are less susceptible in cell culture.
a. Acute pneumonia infections initiated in CD-1 mice with A. baumannii M13100 (2.1x108 CFU/mouse, intranasal) were treated with vehicle (8 mice) or FabI inhibitor (8 mice per group) 6.5 and 23â€‰h post-infection (IV, 50â€‰mg/kg), and the bacterial burden was evaluated 48â€‰h post-infection. b. Acute pneumonia infections initiated in CD-1 mice with K. pneumoniae S20595 (1.9x108 CFU/mouse, intranasal) were treated with vehicle (8 mice) or FabI inhibitor (8 mice per group) 6.5 and 22.5â€‰h post-infection (IV, 50â€‰mg/kg), and the bacterial burden was evaluated 48â€‰h post-infection. c. Acute pneumonia infections initiated in CD-1 mice with K. pneumoniae BAA2473 (3.4x108 CFU/mouse, intranasal) were treated with vehicle (8 mice) or FabI inhibitor (8 mice per group) 6 and 22.5â€‰h post-infection (IV, 50â€‰mg/kg), and the bacterial burden was evaluated 48â€‰h post-infection. d. Acute pneumonia infections initiated in CD-1 mice with K. pneumoniae AR0347 (2.5x108 CFU/mouse, intranasal) were treated with vehicle (8 mice) or FabI inhibitor (8 mice per group) 6 and 23â€‰h post-infection (IV, 50â€‰mg/kg), and the bacterial burden was evaluated 48â€‰h post-infection. Drugs were formulated in 20% sulfobutyl ether(7) Î²-cyclodextrin from solid immediately before treatment. For the bacterial burden studies (aâ€“d), data are shown as mean and error bars represent standard deviation. Significance was determined by one-way analysis of variance (ANOVA) with Tukeyâ€™s multiple comparisons. Statistical significance is indicated with asterisks (ns, not significant when pâ€‰>â€‰0.05 (a, pâ€‰=â€‰0.8582; b, pâ€‰=â€‰0.1019; c, pâ€‰=â€‰0.7600; d, pâ€‰=â€‰0.7536), **** pâ€‰<â€‰0.0001). Debio-1452-NH3 has an MIC of 16â€‰Âµg/mL for all four strains used in these mouse models.

Source data
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