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Bacterial cell envelopes are diverse, but rules are the same:
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1: Active efflux is synergistic with the limitations on transmembrane 
diffusion but only if the two fluxes occur across the same membrane 
(the cytoplasmic membrane too!)
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Krishnamoorthy et al., mBio, 2017 

Fold change in MICs

Species AZI GM LEVO RIF NOVO

Ecoli/Ec-D9-Pore 64 1 8 16 1000

Abau/Ab-D3-Pore 16 1 4 8 1024

Pae/Pae-D6-Pore 8000 1 64 32 4000
Bthai/Bthai-D2-
Pore 4000 128 128 512 64



2: Transporters are synergistic with transporters in the other membrane 
and additive with transporters acting across the same membrane
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Rybenkov et al., Chem. Rev., 
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Paradox #1: synergistic not in clinics, but additive are



3: Enzymatic inactivation of an antibiotic could be either additive or 
synergistic with efflux and transmembrane diffusion

Beta-lactamases

CAT

Other
ωTigecycline

ωPolymyxin B

Efflux plus 
other 

mechanisms

ωBeta-lactams

ωChloramphenicol

ωFluoroquinolones

ωAminoglycosides

Efflux 

ωMacrolides (azithromycin and 
erythromycin)

ωTetracycline

ωCoumarins (novobiocin)

ωZeocin

Leus et al., Mol. Microbiol., 2020



Take home message #1

ÅEfflux pumps in combination with diffusion barriers and 
enzymatic inactivation can generate either additive or 
multiplicative changes in intracellular concentrations of 
antibiotics and hence, their antibacterial activities.



Major contributors to clinical antibiotic resistance: polyspecificResistance-
nodulation-division (RND) efflux transporters

Structural studies by Martin Pos, Akihito Yamaguchi, Satoshi Murakami, Edward Yu, and other groups
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Du et al. Nature, 2014Fabre et al. Structure, 2021
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Shi et al. 2019
Gumbart et al. 2021



Several mechanisms enable polyspecificityof RND pumps

i. Synergy with the OM 
permeability barrier and 
modifying enzymes 
(rules 1-3)

ii. Low affinity substrate 
entry and binding sites

iii. Water-mediated 
translocation

Zgurskaya, Malloci et al., Curr. Opin. Micro. 2021

Structural studies by Martin Pos, Akihito Yamaguchi, 
Satoshi Murakami, Edward Yu groups plus MD studies 
by Paolo Ruggerone, Attilio Vargiu and Guiliano
Malloci
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RND pumps can be inhibited at different steps of assembly and drug 

transport 

MBX2319MC 207,110 (PAbN)

AcrB/MexB
D13-9001

AcrA binders

Rules 1-3 apply to efflux pump inhibitors (EPIs)!
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Paradox #2: there is no clear distinction between efflux substrates and efflux inhibitors

Kobylkaet al., Ann N Y Acad Sci., 2020
Gervasoni et al., mBio, 2023

Antibacterial compound series display a spectrum of recognition by efflux pumps:  
Substrates Inhibitors Avoiders



Chemical library of antibacterials
and efflux pump inhibitors (EPIs)

WT/PE- total barrier ratio

P/PE- efflux impact ratio

E/PE- OM impact ratio

RFU0/RFU16- inhibition ratios
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What is the difference between efflux avoiders, substrates and inhibitors?

Mehla et al., mBio, 2021; Manrique et al., Commun. Chem. 2024



Polarizability
Lipophilicity

Acylindricity

What properties of compounds do correlate with antibacterial and EPI activities?

QSAR

Machine learning



Predictors of permeation across the outer membrane of P. aeruginosa

Manrique et al., Commun. Chem., 2024

Strong permeator

Weak permeator

Maximum prediction accuracy 96%

Å Good Hydrogen-bonding with different layers of OM
Å Hydrophobic surface area
Å Flexible molecular scaffold
Å Interactions with Deep Pocket residues in MexB

Strong permeators:



Predictors of efflux avoidance and recognition

Mehla et al., mBio, 2021

260 Rempex compounds

Discovered by Microcide, 
further developed by 
Rempex, currently Qpex
Biopharma

Å Low/no contacts with Access 
Pocket

Å High H-bond acceptors
Å Hydrophilic -low logD

O
M

Efflux avoiders:



EPIs share interactions with substrates

Gervasoni et al., mBio, 2023

Strains SUB58 EPI18 EPI-S32 AVD108
Vector 200 12.5 200 6.25
MexB 25 12.5 25 6.25

Strains
MIC MPC4 EPI-S32 MPC4 EPI18

NOV TMP NOV TMP NOV TMP

Vector 2 1.6 6.25 25 3.1 6.3

MexB 128 100 0.8 0.8 0.8 0.4

NOV ςnovobiocin; TMP - trimethoprim

MICs of representative Rempex compounds

Potentiation of antibiotic activities

Access pocket Distal pocket



Efflux ligands fit into the substrate-inhibitor spectrum depending on their 
physico-chemical structures and properties

Gervasoni et al., mBio, 2023

Substrates

Inhibitors

Ligands engaging a combination of polar and charged residues in MexBbinding sites are effectively 
expelled into the exit funnel
Ligands engaging aromatic and hydrophobic residues slow down or hinder the next step in the 
transporter cycle and can act as inhibitors



Conclusions
ÅIntegrated antibiotic permeation and resistance model explains laboratory and 

clinical observations

ÅNew experimental tools to assess contributions of efflux, permeation and other 
mechanisms in antibiotic resistance and intracellular accumulation

ÅEfflux pumps make sense only in physiological environments

ÅEfflux pump ligands (EPIs and substrates) have physico-chemical and molecular 
level properties that are distinct from efflux avoiders

ÅLigands fit into the substrate-inhibitor spectrum depending on their physico-
chemical structures and properties

ÅPermeation, efflux avoidance and inhibition models are predictive of such 
properties among unrelated compounds
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Thank you!
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Antibiotic efflux as a penetration barrier Gram-negative bacteria
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Modified from : KobylkaJ. et al. Ann NY Aced Sci, 2019



Antibiotic efflux as a penetration barrier Gram-negative bacteria

Antibiotic 
Entry

Narrow spectrum 
pumps

Broad spectrum 
pumps

EM

IM

Peptidoglyca
n

Lipo-
polysaccharide

Cytosol

RND 
pumps

E. coliat least 6
A. baumannii at least 5

P. aeruginosa - 11 

Modified from : KobylkaJ. et al. Ann NY Aced Sci, 2019
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RND pump AcrAB-TolC architecture

AcrB

AcrA

TolC

Asymmetric Trimer (LTO)
Each protomer in a different configuration



Catalytic cycling of trimeric AcrB pump

Modified from : Seeger MA, et al. Science, 2006

L - Loose T - Tight O - Open

Antibiotic 
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Exit 
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Inhibitors of AcrAB-TolC efflux

PAßN
NMP

Pyridopyrimidines 
D13-9001

Pyranopyridine
MBX series

Non-exhaustive list, 
Other inhibitors also described




