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A B S T R A C T

The drug/proton antiporter AcrB, which is part of the major efflux pump AcrABZ-TolC in Escherichia coli, is the
paradigm transporter of the resistance-nodulation-cell division (RND) superfamily. Despite the impressive ability
of AcrB to transport many chemically unrelated compounds, only a few of these ligands have been co-crystallized
with the protein. Therefore, the molecular features that distinguish good substrates of the pump from poor ones
have remained poorly understood to date. In this work, a thorough in silico protocol was employed to study the
interactions of a series of congeneric compounds with AcrB to examine how subtle chemical differences affect
the recognition and transport of substrates by this protein. Our analysis allowed us to discriminate among
different compounds, mainly in terms of specific interactions with diverse sub-sites within the large distal pocket
of AcrB. Our findings could provide valuable information for the design of new antibiotics that can evade the
antimicrobial resistance mediated by efflux pump machinery.

1. Introduction

Over-expression of multi-drug efflux pumps of the resistance-no-
dulation-cell division (RND) protein superfamily is one of the major
mechanisms of multi-drug resistance (MDR) in Gram-negative bacteria
[1–4]. The paradigm efflux pump of the RND superfamily is the Ac-
rABZ-TolC complex of Escherichia coli [5–8], which is composed of the
outer membrane protein TolC, the membrane fusion protein AcrA, the
small inner membrane protein AcrZ and the RND inner membrane
transporter AcrB. The lattermost protein, which is a secondary trans-
porter with a jellyfish-like structure, is fuelled by the transmembrane
electrochemical gradient and is responsible for the recognition of a
large number of antibiotics (Fig. 1A). The structures of both the sym-
metric and asymmetric conformations of AcrB, which are thought to
represent the resting and active states of the transporter respectively,
have been solved by means of X-ray crystallography [9–12]. In the
asymmetric structure, each protomer assumes a different conformation
corresponding to one of the three states of the proposed functional
rotation mechanism: loose (L), tight (T) and open (O) [5,7,13,14].
Transitions among different states involve structural fluctuations in the
transmembrane (TM) α-helices due to changes in the protonation states
of residues that assist proton flow, as well as the collective movement of

the structural sub-units PN1, PN2, PC1 and PC2 in the periplasmic
domain (Fig. 1A) [11,12,15].

Recognition and transport of compounds by this extremely efficient
protein seem to occur via multiple pathways, depending on the specific
physico-chemical properties of the compounds, although some re-
dundancy is possible [10–12,15–21]. In its simplest form, the functional
rotation hypothesis states that recognition of substrates should be in-
itiated at the affinity site known as the access pocket (AP) in monomer L
[16,19], which is likely the preferred site for high-molecular-mass
(HMM) substrates [19]. After substrate binding, a conformational
change from L to T should trigger the movement of substrates towards a
deeper site named the distal pocket (DP) [10–12,16], which is believed
to be the preferred site for low-molecular-mass (LMM) drugs [19]
(Fig. 1B). The AP and DP are separated by a flexible loop (the F617-,
switch- or G-loop) [16,19,22], the flexibility of which has been shown
to be a pre-requisite for efficient export of some classes of compounds
[16,19,23–25]. The DP contains a phenylalanine-rich region known as a
hydrophobic trap (HP trap), which contributes to the tight binding of
AcrB inhibitors [26–28]. A second conformational change from T to O
should trigger substrate release into the central funnel through the exit
gate (Gate) [12].

Unfortunately, only a few compounds have been co-crystallized
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with AcrB; thus, computational approaches are essential for in-
vestigating the determinants of the interactions between diverse ligands
and this polyspecific protein. Such knowledge would be crucial for the
development of antibiotics (inhibitors) that can evade (inhibit) the ef-
flux machinery. In recent years, a few laboratories, including ours, have
performed several studies to examine the mechanism of substrate re-
cognition of different compounds, putative inhibition pathways, effects
of mutagenesis, mechanism of action, etc. (see e.g. [29,30] for recent
reviews). However, none of these studies addressed the interplay be-
tween the physico-chemical properties of a set of different compounds
and the susceptibility of these compounds to AcrB.

Prompted by this scenario, we determined how subtle chemical
differences within a series of congeneric compounds affect their inter-
actions with AcrB. Namely, we selected seven small molecules (1–7 in
Fig. 2) deriving from a hit-finding and optimization campaign carried
out to discover novel bacterial topoisomerase inhibitors (NBTIs) with
activity against the type IIA topoisomerases (namely, DNA gyrase and
topoisomerase IV) and promising antibacterial activity, particularly
against Gram-negative strains (G. Magarò et al., submitted). Because
DNA gyrase is composed of GyrA2/GyrB2 sub-units and topoisomerase
IV consists of ParC2/ParE2 sub-units, these proteins will be referred to
as GyrA and ParC, respectively. Compounds 1–7 showed minimal in-
hibition concentrations (MICs) ranging from 0.5 to>16 μM against E.
coli. Moreover, the compounds exhibited decreased MIC values in E. coli
strains engineered for deletion of the polyspecific transporter AcrB,
suggesting that all the compounds were substrates of this transporter,
although to different extents (Table 1). However, since fold changes in
MICs often don't correlate with those obtained in experiments that
determine efflux activity directly [31], we performed in silico atomistic
investigations (by means of molecular docking, molecular dynamics -
MD - simulations and free energy calculations) in order to rationalize
the contribution of specific structural motifs to observed biological
data. Because these compounds can be classified as LMM molecules, we
focused on the DP within the T monomer of the transporter, which is

the putative recognition site for these kinds of substrates [14,32]. Our
work provides meaningful insights of the driving forces to AcrB liability
by the different compounds, thus linking their different susceptibilities
to deletion of the acrB gene to the property of being good or poor
substrates of the transporter.

2. Materials and methods

2.1. Chemical compounds

Proprietary compounds were prepared at Angelini as described in
the international patent application WO2016096686A1 [33].

2.2. Pharmacology and microbiology

2.2.1. Gel-based enzyme assays
E. coli DNA gyrase supercoiling and topoisomerase IV decatenation

assay kits were provided by Inspiralis (Norwich, UK). Assays were
performed according to the manufacturer's instructions. Compounds
were serially diluted (1:3 dilutions starting from a final concentration of
300 μM) in the reaction mixture and assayed to obtain concentration-
response curves in two replicate experiments. The final DMSO con-
centration in the assays was 1% (v/v). Each reaction was stopped by the
addition of 30 μl of chloroform/isoamyl alcohol (26:1) and 30 μl of stop
dye (40% sucrose, 100mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.5 μg/ml
bromophenol blue) before loading the samples on a 1.0% TAE
(0.04 mM Tris-acetate, 0.002mM EDTA) gel, which was then run at
80 V for 2 h. Bands were visualized by ethidium staining for 10min,
destained for 10min in water, analysed by gel documentation equip-
ment (Syngene, Cambridge, UK) and quantitated using Syngene Gene
Tools software. Raw gel data (fluorescent band volumes) were con-
verted by the software to a percentage of the control (fully supercoiled
or decatenated DNA band).

The data were then analysed using SigmaPlot Version 12.3 (2013).

Fig. 1. Structural features of AcrB. (A) The AcrB trimer is shown as a grey transparent surface, whereas monomer T is shown as grey ribbons. Subdomains putatively
related to function are shown as coloured ribbons in monomer T (PN1, PN2, PC1, PC2, TM2 and TM8), and key elements such as the exit gate and G-loop are shown
as ice-blue spheres and yellow ribbons, respectively. Transparent spheres indicate the approximate positions of the AP (green) and DP (magenta). (B) The AP (green)
and DP (magenta) are shown as ribbons, and the exit gate and G-loop are represented in the same manner as in panel A. The residues lining the DP are shown as sticks
coloured according to the type of residue, with the exception of the residues lining the HP trap (subsite of the DP) which are shown as grey balls and sticks
surrounded by a grey surface.
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The global non-linear regression and curve fitting tool was used to
calculate the IC50 values. The results were expressed as average values
obtained after IC50 calculation for each replicate run.

2.2.2. Bacterial strains
The acrB mutant bacterial strain (ORF E. coli clone ID: JW0451 #

OEC4987-200826007-efflux defective DEL-acrB) and its parent strain
(Keio knockout parent strain BW25113 (glycerol stock) # OEC5042)
were obtained from Dharmacon, GE Healthcare, and stored frozen with
10% glycerine at Eurofins Munich.

2.2.3. Antibacterial susceptibility testing
MICs were determined by broth microdilution according to CLSI

guidelines [34,35]. Compounds obtained as DMSO-soluble powders
were used for MIC determination following the scheme suggested by
the CLSI for preparing dilutions of water-insoluble antibacterial agents
[36]. The MIC values of antibiotics used in clinical practice were in-
terpreted according to the susceptibility interpretive criteria reported in
the appropriate CLSI tables [36].

2.3. Computational modelling

2.3.1. Molecular docking
To improve the in silico prediction of the binding modes of the

various compounds at the DP of AcrB, we performed guided ensemble

Fig. 2. Library of compounds considered here. Only the predominant structures under physiological pH are shown.

Table 1
Half maximal inhibitory concentrations (IC50 values) of GyrA and ParC of E. coli
along with the minimal inhibitory concentrations (MICs) of the parent and
mutant (ΔacrB) strains.

Compound IC50 [μM] MIC [μg/mL] Fold difference (parent
vs. mutant)

GyrA ParC Parent
strain

Mutant strain
(ΔacrB)

1 0.19 1.57 0.5 0.03 4
2 40.6 29.3 16 1 4
3 0.80 1.7 2 0.13 4
4 19.5 6.8 > 16 2 >3
5 1.86 0.92 > 16 4 >2
6 1.42 1.34 > 16 4 >2
7 17.1 4.24 > 16 8 >1

I. Malvacio, et al. BBA - Biomembranes 1861 (2019) 1397–1408

1399



docking calculations [37–39] for this site using the commercial package
Schrödinger's Glide [40]. The goal of this step was to identify robust
ligand-AcrB complexes for subsequent computational investigations.

2.3.2. Generation of AcrB conformations
We generated an ensemble of conformations of AcrB featuring the

largest structural variance at the DP of monomer T, which is putatively
involved in the recognition of the congeneric compounds investigated
in this work. Notably, these conformations were either crystallographic
structures or conformations extracted from state-of-the-art MD simu-
lations [41,42]. Specifically, we performed cluster analysis on the fol-
lowing structures: i) 15,000 conformations extracted from previous MD
simulations of AcrB that were free of ligand and embedded in a model
bilayer membrane [32]. These simulations exhibited different geome-
tries of the DP, corresponding to relatively closed pocket conformations
compared to published crystallographic structures. ii) 15,000 con-
formations extracted from a set of MD simulations of AcrB in a 0.15M
solution of benzene, a solvent that is supposed to be expelled by AcrB
[43]. The uptake of benzene is associated with an increase in the vo-
lume of the DP, improving the conformational diversity at this site
compared to that of the partly collapsed geometries sampled along MD
trajectories of the ligand-free transporter [32]. The cluster analysis was
performed on the cumulative set of structures (30,000 conformations)
using the hierarchical agglomerative algorithm implemented in the
cpptraj module of AMBER 16 [44] and the overall heavy-atom RMSD of
the DP of monomer T (see Table S1 for a definition of the residues lining
this as well as other key regions of AcrB) as a parameter with a cut-off
of 1 Å. Despite this cut-off is relatively low, it was so chosen on purpose
because of the known impact of even minor sidechain displacements on
docking results. Structures were aligned to the DP prior to evaluation of
the RMSD of this site to maximize local structural diversity within the
ensemble of cluster representatives. Only the representatives of clusters
with populations higher than 1% were retained in the ensemble, re-
sulting in a total of 30 AcrB structures. Finally, 6 crystallographic
structures of AcrB (corresponding to PDB IDs 2DHH [10], 2GIF [11],
2J8S [12], 3W9H [26], 4C48 [45] and 4DX5 [16]) were added to the
ensemble of conformations derived from MD simulations. These struc-
tures were selected from a pool of 21 crystallographic structures (see
Table S2) [46] that included both asymmetric (LTO) and bound-to-li-
gand symmetric (LLL) structures. The structures were aligned to their
respective DPs, and the RMSDs were calculated for all possible pairs,
resulting in a symmetric 21× 21 matrix. From this matrix, we retained
only the structures that exhibited RMSDs (calculated for all the heavy
atoms of the DP) larger than 1 Å from each other. For pairs with RMSDs
values below this threshold, we removed the structure with the lowest
resolution from the pool, which resulted in the 6 structures mentioned
above being included in the ensemble (Table S2). The total number of
AcrB conformations used in the ensemble docking runs was thus 36.

2.3.3. Ligand preparation and ensemble docking
The ligands used in this study were converted to 3D structures and

prepared with Schrödinger's LigPrep tool [47]. This tool internally calls
another Schrödinger package, Epik [48,49], to assign the most probable
protonation states and tautomers to each molecule; for the purposes of
this work, the software was instructed to consider states that would be
dominant at a pH of 7 ± 2. Chiral centres were enumerated, allowing a
maximum of 32 isomers to be produced from each input structure. A
conformational search was also carried out using ConfGen (version 3.2)
[50]. Overall, the two most likely protonation states were considered
for each ligand and all the structures were docked into the AcrB en-
semble. However, here, only the predominant species at the physiolo-
gical pH, corresponding to the protonated structures, were considered
for the analysis. These minimized structures constituted the input da-
taset for the subsequent studies.

Glide required the identification of an approximate binding site on
all of the 36AcrB structures, which was achieved by centering each of

them on the centroid defined by carefully selected residues (residue
numbers 46, 89, 128, 130, 134, 136, 176, and 620 of the T monomer).
The 'docking box', used to inform Glide of the approximate binding site,
was then specified as a 20×20×20 Å3 box. The ligands were docked
into the active site of each AcrB structure and evaluated by the two
scoring functions built into Glide: standard precision (SP) and extra
precision (XP) [40,51,52]. Since XP performs a more extensive sam-
pling than SP, the structures were first docked and scored using Glide
SP and then passed through Glide XP for re-docking and re-scoring. For
the ensemble docking calculation, two KNIME workflows [53] were
developed. The first workflow was used to generate the grid in the deep
pocket for the 36 complexes. The second workflow was designed to run
the docking calculations using the 36 grids defined in the previous
workflow as receptors. XP docking was performed, and 50 poses were
generated for each ligand structure. The top 10 poses obtained per li-
gand for each receptor grid were selected for the following step.

2.3.4. Clustering of docking poses and re-scoring with the MM/GBSA
approach

The ensemble docking campaign performed on the pool of AcrB
structures selected above resulted in 360 poses per ligand (10 poses per
AcrB structure for each ligand). Considering the whole dataset of 7 li-
gands, a total of 2520 poses were collected, which were scattered across
the whole DP (see Results and Discussion). Therefore, a multi-step
cluster analysis was performed to select a relevant but tractable number
of different binding modes within the DP to be further characterized via
MD simulations. This choice was justified by the consideration that
polyspecific proteins such as AcrB are supposed to favour diffuse
binding of substrates within their multi-functional binding pockets
[14,30,32,54,55]. The hierarchical agglomerative clustering algorithm
implemented in the cpptraj module of the AMBER16 package [44] was
used. The first clustering was carried out using a cut-off of 8 Å for the
overall mass-weighted RMSD of the ligand, in order to identify different
sub-sites within the large and malleable DP of AcrB (Fig. S1). A second
clustering, using a cut-off of 2.0 Å for the overall mass-weighted RMSD
of the ligand, was thus performed on each cluster identified in the first
step, in order to select a representative structure for each different
binding mode. Both the docking score and the population of each
cluster were considered to choose the poses to be used as starting
structures in MD simulations (vide infra). Notably, we used the Emodel
score as a metric to rank the poses, as it is customary for selection of the
best pose of a ligand (pose selection) when using the Glide package
[40]. The average score of the best four poses within each cluster was
considered to rank the clusters obtained from the first step, while the
score associated to the top pose was used in the second step (Fig. S2).
Representative poses of the most populated cluster were selected only if
they were associated with a good score (≤−75). In addition, poses
belonging to low populated clusters were added if they were associated
with very good scores (≤−85). Up to 10 top poses were selected
(depending on clustering results; we did not set the number of clusters a
priori) for each ligand to carry out the subsequent steps. These poses
were re-scored by calculating the pseudo-free energy of binding by the
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) ap-
proach [56] implemented in AMBER16 [44] (see Binding Free Energy
Calculations below for further details). The docking score and binding
free energy values are reported in Table S3.

2.4. Molecular dynamics simulations

Protomer-specific protonation states were adopted according to
[15]: residues E346 and D924 were protonated only in the L and T
protomers, while residues D407, D408, and D566 were protonated only
in the O protomer, of AcrB. The topology and the initial coordinate files
were created using the LEaP module of the AMBER16 package [44].
The proteins were embedded in 1‑palmitoyl‑2‑oleoyl‑sn‑glycer-
o‑3‑phosphoethanolamine (POPE) bilayer patches, and the whole
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system was solvated with a 0.15M aqueous KCl solution. The AMBER
force field ff14SB [41] was used to represent the protein systems;
lipid14 [57] parameters were used for the POPE bilayer; the TIP3P
model was employed for water [58], and the parameters for the ions
were obtained from [59]. The parameters for the substrates were ob-
tained from the gaff2 force field [42] or generated using the tools of the
AMBER16 package when unavailable in the default libraries. In parti-
cular, atomic restrained electrostatic potential (RESP) charges were
derived using antechamber after structural relaxation of the compounds
was performed with Gaussian09 [60] in the density functional theory
framework (b3lyp pseudopotential) and using an implicit solvent de-
scription.

Each system was first subjected to a multi-step structural relaxation
via a combination of steepest descent and conjugate gradient methods
using the pmemd program implemented in AMBER16, as described in
previous publications [22,27,28,32]. The systems were then heated
from 0 to 310 K in two subsequent MD simulations: i) from 0 to 100 K in
1 ns under constant-volume conditions and with harmonic restraints
(k= 1 kcal·mol−1·Å−2) on the heavy atoms of both the protein and the
lipids; ii) from 100 to 310 K in 5 ns under constant pressure (set to a
value of 1 atm) and with restraints on the heavy atoms of the protein
and on the z coordinates of the phosphorous atoms of the lipids to allow
membrane rearrangement during heating. As a final equilibration step,
a series of 20 equilibration runs of 500 ps (total 10 ns), with restraints
on the protein coordinates, were performed to equilibrate the box di-
mensions. These equilibration steps were carried out under isotropic
pressure scaling using the Berendsen barostat, whereas a Langevin
thermostat (collision frequency of 1 ps−1) was used to maintain a
constant temperature. Finally, production MD simulations that were
500 ns in duration were performed for each system. In addition to these
simulations of the complexes formed between AcrB and the congeneric
compounds, the latter were also simulated for 1 μs each in explicit
solvent, following the protocol reported in [61].

A time step of 2 fs was used during these runs, while the production
phase of the MD simulations was carried out with a time step of 4 fs
under an isothermal-isobaric ensemble after hydrogen mass re-
partitioning [62]. During the MD simulations, the lengths of all the R–H
bonds were constrained with the SHAKE algorithm. Coordinates were
saved every 100 ps. The Particle mesh Ewald (PME) algorithm was used
to evaluate long-range electrostatic forces with a non-bonded cut-off of
9 Å.

2.5. Post-processing of MD trajectories

MD trajectories were analysed using either in-house tcl and bash
scripts or the cpptraj tool of the AMBER16 package [44]. Figures were
prepared using gnuplot 5.0 [63] and VMD 1.9.2 [64].

2.5.1. Cluster analysis of MD trajectories
Clustering of the ligand trajectories was carried out using the

average-linkage hierarchical agglomerative clustering method im-
plemented in cpptraj and employing a mass-weighted RMSD cut-off of
3 Å on all the heavy atoms of the ligand. All of the analyses described
below but the free energy calculations were performed on all the con-
formations belonging to the larger cluster populating the second half of
the production trajectory, which in most cases coincides with the most
populated one (see Figs. S3 and S4).

2.5.2. Solvation free energy calculations
The MM/GBSA approach [56] implemented in AMBER16 [44] was

used to calculate the solvation free energy contributions to the binding
free energy following the same protocol used in previous studies
[22,27,28,65,66]. This approach provides an intrinsically simple
method for decomposing the free energy of binding into contributions
from single atoms and residues [67]. The solute conformational entropy
contribution (TΔSconf) was not evaluated [56]. Calculations were

performed on 50 different conformations of each complex, which were
extracted from the larger cluster populating the second half of the
production trajectory (see Figs. S3 and S4).

2.5.3. Ligand flexibilities
The root mean square fluctuations (RMSFs) of the ligands were

calculated using cpptraj after structural alignment of each trajectory
onto the common molecular scaffold (atom numbers 1–22); see Fig. S5
for a comparison of the flexibilities of the most chemically dissimilar
portions of the molecules. This protocol was used to obtain RMSF va-
lues from MD simulations of the substrates in complex with AcrB and
into explicit water solvent. Temperature B-factors were calculated from
the RMSF values using the following formula:

=B 8
3

π (RMSF)2 2

2.5.4. Hydration properties
The average number of water molecules surrounding each substrate

in complex with AcrB and in explicit water was estimated with cpptraj.
For the first (second) hydration layer, we used a distance cut-off of 3.4
(5) Å between the heavy atoms of the ligands and the water oxygens.

2.5.5. Ligand-protein interactions
Analysis of the contacts between each ligand and the hydrophobic,

polar and charged residues of AcrB was performed using an in-house tcl
script run using VMD1.9.2 software. A contact was counted whenever
the distance between any atom of the ligand and any atom of each
residue was<2.5 Å. Hydrogen bond (H-bond) contacts between the
substrate and the transporter were calculated using cut-off values of
3.5 Å for the acceptor-donor distance and of 35° for the donor‑hy-
drogen-acceptor angle.

2.5.6. Structural rearrangements in AcrB
To understand if and to what extent the binding of different sub-

strates induced structural changes in AcrB [68,69], we first evaluated
the RMSD values of the transmembrane region (namely, helices TM2
and TM8) and of the joint PC1-PC2 and PC1-PN2 domains of the pro-
tein. We used a tcl script and calculated structural distortions from both
the T and O protomers of the crystallographic structure with PDB ID
4DX5 (which has the highest resolution reported to date) [16]. Prior to
the calculation, each domain was aligned to the corresponding domain
in the reference structure.

3. Results and discussion

3.1. Biochemical assays

The seven compounds used in this study showed potent dual tar-
geting activity, exhibiting strong inhibition of both the GyrA and ParC
enzymes derived from E. coli (Table 1). The IC50 values were in the
range 0.19–40.6 μM for DNA gyrase and 0.92–29.3 μM for topoisome-
rase IV. The antibacterial activity of these compounds was determined
against a wild-type E. coli strain and a ΔacrB mutant strain engineered
for deletion of the efflux pump protein complex [70–72]. As shown in
Table 1, the susceptibility of the E. coli acrB mutant strain to the dif-
ferent test compounds was higher than that of the parent strain. This
finding suggests that the potency of the test compounds is limited by
the efflux systems in these bacteria.

3.2. Computational modelling

3.2.1. Molecular docking
To consider all the possible binding modes of each compound within

the wide and flexible DP of the polyspecific AcrB transporter [22], an
extensive ensemble docking campaign was performed. For each ligand
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shown in Fig. 2, different conformers were generated, and 36 different
conformations of AcrB (obtained from crystal structures and previous
MD simulations, see Materials and Methods for details) were used in
docking runs. Overall, we obtained 360 poses for each ligand structure.
Visual inspection of the docking results (see Fig. 3 for compounds 1 and
6 as examples) revealed that, for each ligand, the poses were localized
throughout the DP. This finding is consistent with the well-known
ability of AcrB to recognize several different functional groups at multi-
functional sites within the DP (and to allow multiple binding modes of
the same ligand), favouring diffuse binding of substrates
[14,22,30,32,54,73].

Consistent with the visual data, analysis of the pseudo-affinity va-
lues estimated by Glide or via the MM/GBSA approach [56] (Table S3)
did not reveal the existence of a strongly preferred binding mode for
any of the substrates. Moreover, no clear correlation was observed
between any of these pseudo-affinity values and the values of the fold
changes on MIC (parent vs. mutant strains) obtained from the sus-
ceptibility assay (Table S3). Clearly, selection of only a few poses on the
basis of the docking score might be unsuitable for AcrB, not only be-
cause of the well-known limitations of the scoring functions [74,75] but
also because of the polyspecificity of this transporter [14,76]. There-
fore, we hypothesized that a cluster analysis that could capture the
distribution of the docking poses would be the most appropriate
method for pose selection. Based on the above discussion, a two-step
cluster analysis was carried out (see Materials and Methods and Figs. S1
and S2 for more details) by using the cumulative ensemble of all the
poses for each ligand with all the protein structures. Overall, a rea-
sonable number of different binding modes (up to 10 complex struc-
tures) were selected for each compound on the basis of both the cluster
population and docking score (see Fig. 3 and Table S3).

3.3. MD simulations and free energy calculations

MD simulations and post-processing analyses were performed sys-
tematically for all the complexes selected in the previous step and re-
ported in Table S3. Since hydration of hydrophobic cavities in proteins
can be problematic and affect the structure and the dynamics of the
complex, for one ligand (compound 6) we compared the solvation
protocol implemented in LEaP with that available in the program sol-
vate_1.0 (https://www.mpibpc.mpg.de/grubmueller/solvate). Namely,
we compared the number of waters within the first solvation shells of
the ligand along the first 50 ns of the MD trajectories. As expected,

despite the relatively large difference in the initial number of waters
placed around the ligand (thus also at the hydrophobic trap) by LEaP
and solvate_1.0, after a few tens of ns this number converged towards a
similar and constant value irrespectively of the methodology used to
solvate the system (Fig. S6). Therefore, we are confident that the re-
latively long equilibration protocol used in our MD simulations guar-
antees proper hydration of the binding site, including the hydrophobic
trap region.

For the sake of clarity, we compare here the binding features of
compounds 1 and 6 as representatives of good and poor substrates of
AcrB, respectively. This choice allowed us to clearly demonstrate how
our protocol is able to elucidate the biological profiles of the two
compounds on the basis of their different interactions with AcrB
(Table 1). Eight all-atom MD simulations of 0.5 μs in length were per-
formed for each compound.

(see Materials and Methods). While the dynamics did not indicate a
common binding mode for any compound, we noticed large displace-
ments of the ligand 1 in two trajectories (Fig. 4A). In particular, the
docking poses where the ligand was largely embedded in the HP trap
(which is supposedly the preferred binding site for inhibitors
[7,26,27,66,77]) were among the most unstable ones and resulted in
significant displacement of the compound from the trap, with which
only a marginal interaction was maintained (simulations 1.c and 1.g in
Fig. 4A; see also Figs. S3 and S7). The opposite behaviour was observed
for compound 6, which did not move away from the HP trap in the two
docking poses, indicating significant interaction of the ligand with this
site (simulations 6.a and 6.c in Fig. 4B; see also Figs. S4 and S8). This
trend was confirmed by the analyses of the distances between the
centres of mass of the ligands and of the HP trap along the MD simu-
lations 1.c, 1.g, 6.a and 6.c (Fig. S9).

A significantly different behaviour was observed when comparing
the binding affinities of the two compounds (namely, the differences in
solvation free energies estimated through the MM/GBSA method,
which is a computationally cheap alternative to more demanding
methods, though it does not include conformational entropy). The
binding modes of compound 1 had fairly comparable affinities (ranging
from −21.7 to −29.4 kcal/mol, see Table S4) and were distributed
from the bottom to the top of the DP and throughout the upper region
of the AP but did not involve tight binding to the HP trap, from which
the substrate tends to partly escape during MD simulations (Fig. 5A and
Table S4). In contrast, compound 6 exhibited a high degree of variation
in its calculated binding affinities (from −23.3 to −36.7 kcal/mol).

Fig. 3. Distribution of all docking poses (red lines) for compounds 1 (A) and 6 (B). Poses selected for refinement via all-atom MD simulations are shown as sticks
coloured by atom name. The structural elements lining the DP and AP are depicted as magenta and green ribbons, respectively, while ice-blue spheres indicate the
residues lining the Gate.
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Moreover, the binding modes within the AP (6.g) and the HP trap (6.c)
exhibited the highest affinities (Fig. 5B and Table S4).

These results are consistent with and provide a rationale for the
findings reported in Table 1, which indirectly suggest that 1 is a better
AcrB substrate than 6. Indeed, according to the diffuse binding hy-
pothesis recently proposed to explain polyspecificity in AcrB [14,54],
an ensemble of binding modes with similarly low affinities within the
DP should be compatible with efficient export. On the other hand, the
high affinity of 6 for the AP and particularly for the HP trap, which is
known to be a preferred interaction site for inhibitors [22,26–28,77],
should result in an increased dwelling time of this compound within the
protein, thus impairing transport, as observed for some inhibitors or
substrates in mutants with defective AcrB proteins [7,29,78].

In addition to the (solvation) binding free energy, to select the most
likely binding modes for further analysis we also considered the
structural stability of the poses during the MD simulations. Below, we

describe in detail only the highest affinity binding modes that featured
a stable position and orientation of the ligand. For compound 1, the two
binding modes with highest affinity were located at the top (1.e, with
affinity −27.7 kcal/mol) and bottom of the DP (1.g, with affinity
−29.4 kcal/mol), but only the former was stable during the entire
second half of the MD trajectory (Fig. 4A). On the other hand, the
highest affinity binding modes of 6, located in the upper region of the
AP (6.g, with affinity −36.7 kcal/mol) and within the HP trap (6.c,
with affinity −31.8 kcal/mol), were both stable (Fig. 4B).

Here, we compare the features of complexes 1.e and 6.c, 6.g, fo-
cusing on 1) the differences in the structural and physico-chemical
properties of the complexes, 2) the details of the interactions of the
ligands with AcrB, and 3) the key conformational changes induced by
the ligands in AcrB. We first analysed the changes in ligand flexibility
upon binding, evaluated as the differences in the RMSF values of the
ligand in complex with AcrB with respect to the values calculated in

Fig. 4. Ligand RMSDs (with respect to the last frame) along with trajectories of the centres of mass of the ligands during 0.5 μs MD simulations for (A) 1.a-h and (B)
6.a-h. Small spheres represent the centres of mass of the docking poses, while the large spheres represent the final pose.
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water (see Materials and Methods). Very similar ΔRMSF profiles were
obtained (Figs. S5A–C), indicating similar flexibilities of the two mo-
lecules, with only a slight difference observed between the naphthyr-
idine and fluoroisoquinoline groups. In addition, we estimated the ex-
tent of ligand dehydration by calculating the relative loss of water
molecules from the first and second solvation shells of the substrates
(Table 2). A slightly greater desolvation was observed for 6.c and 6.g,
an effect related to the higher lipophilicity of this ligand (compared to
1) imparted by the greater number of fluorine atoms in its structure,
leading to the prevalence of hydrophobic contacts made by this ligand.
According to the recently proposed water-mediated transport me-
chanism for AcrB, substrate transport from the DP to the funnel domain
of AcrB should occur within a channel, allowing fairly constant hy-
dration of compounds [79]. Therefore, the higher hydration of 1
(Table 2) than that of 6 within AcrB should facilitate smoother diffusion
of the former compound through the protein channels.

Next, we analysed the structure, dynamics and energetics of the
interactions between the two compounds and AcrB in detail. Fig. 6
(bottom panel) summarizes the percentages of contacts of each com-
pound with different residue types, as well as those mediated by water.
A balanced distribution of contacts with hydrophobic, polar and
charged residues in addition to H-bonds and water-mediated interac-
tions (Fig. 6A) was observed for 1.e, which is consistent with the
smooth interactions established by this compound with many different
sub-sites within the DP. Notably, similar results were obtained from the
analysis of per-residue contributions to ΔGb (Table S5). Thus, in addi-
tion to the relatively low and similar affinities of 1 to different subsites
within the DP of AcrB, in its preferred binding mode, this compound is
unable to form strong interactions of one particular type. This feature is
desirable for a substrate because strong specific interactions could
hinder the diffusion of the substrate away from the recognition site

[79]. In contrast, a clear prevalence of contacts with hydrophobic re-
sidues was observed for both 6.c in the HP trap and 6.g within the AP
(Fig. 6B-C). In addition, hydrophobic residues are the greatest con-
tributors to binding affinity, as shown in Table S5.

Binding affinity is frequently found to be associated with hydro-
phobic interactions and can be optimized by incorporating this kind of
interactions in place of H-bonds [80]; thus, the fluorine substituents
present in 6 led to slight enhancement of the binding affinity (Table S4)
due to increased lipophilicity [80–82]. Notably, a similar percentage of
H-bonds and water-bridged interactions were observed for 1.e and 6.g,
while in 6.c, the number was considerably reduced. This decrease was
also expected due to the large fraction of hydrophobic residues lining
the HP trap [26]. Fig. 6 (top panel) shows representative conformations
of complexes 1.e, 6.g and 6.c, highlighting the main interactions
formed between the ligands and AcrB in the highest affinity binding
modes. In 1.e, the compound established two long-lived H-bonds: one
between N6 of naphthyridine and the guanidinium group of the R620
side chain (present for 62% of the total simulation time) and another
between the ammonium group of the ligand and the side-chain carboxyl
group of E130 (present for 76% of the time). In addition, several water-
bridged interactions were formed (in Fig. 6A, we show two of these
interactions, involving Q125 and L177). In 6.g, the ligand established a
highly conserved H-bond (present for 91% of the time) with the side-
chain carboxyl group of E673 via its pyrrole NH and ammonium
groups, which was strengthened by a water-bridged H-bond formed by
the N atom of isoquinoline (Fig. 6B). Finally, hydrophobic contacts with
residues F136, F178 and F628 were prevalent in the binding of 6.c
within the HP trap (Fig. 6C).

The conformational changes induced on AcrB in 1.e, 6.c and 6.g
were evaluated by monitoring the RMSDs of important domains along
the MD trajectory. In particular, because it is accepted that the binding
of substrates activates transport by triggering conformational changes
in AcrB [6], we evaluated the evolution of the RMSD of selected do-
mains (TM helices 2 and 8 and joint domains PC1-PC2 and PC1-PN2)
with respect to the T and O conformations found in the highest re-
solution crystallographic structure of the transporter [16]. No sig-
nificant differences were observed in the structural changes induced on
the protein by the two ligands, with the exception of the changes in-
duced on the TM8 helix. Indeed, this helix underwent an appreciable
conformational change in 1.e, for which similar RMSD values were
obtained from both the T and O conformations (Fig. 7 and Table 3),
whereas the helix remained much closer to the T state in both 6.c and
6.g. The structure assumed by TM8 in 1.e could represent a transient

Fig. 5. Distribution and binding affinities of the poses of (A) 1 and (B) 6 within the DP and the AP of AcrB. The spheres represent the centre of mass of the ligand
structure closest to the average during the stable part of the trajectory and are coloured by ΔGb value according to the colorimetric scale shown in the middle of the
figure. The DP and AP are depicted as cartoon representations in magenta and green, respectively. The Phe residues of the HP trap are shown as grey surfaces, and the
residues lining the exit gate are shown as ice-blue sticks.

Table 2
Ligand dehydration upon binding to AcrB.

Ligand
Binding
mode

Average number of water molecules Number of lost
water molecules

Ligand-water Ligand-AcrB

1st shell 2nd shell 1st shell 2nd shell 1st shell 2nd shell

1.e 20 ± 3 75 ± 4 5 ± 1 12 ± 3 15 63
6.c 22 ± 3 79 ± 4 4 ± 1 8 ± 2 18 71
6.g 3 ± 1 6 ± 2 19 73
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conformation between the two crystallographic states associated with
binding to and unbinding from the DP [7,15].

Because the initial structures of AcrB in the highest affinity binding
modes 1.e and 6.g were different, we decided to validate our findings
by also comparing the behaviour of TM8 in simulations starting from
the same AcrB structure. Two examples of such complexes are 1.g and

6.c, in which the crystallographic structure 4DX5 [16] was used as the
receptor. Even though both binding modes featured the compounds
within the HP trap, only 1.g induced a significant conformational
change in TM8, leading this helix to assume an intermediate con-
formation between the T and O states (RMSDT from 0.4 to 2.7 Å and
RMSDO from 4.5 to 3.5 Å), whereas in 6.c, the ligand induced only a

Fig. 6. Representative binding modes (top) and percentages of contacts (bottom) of A) 1.e in the upper region of the DP, B) 6.g in the AP and C) 6.c in the HP trap.
Residues within 2.5 Å of the ligand are shown as thick and are coloured by residue type (polar: green, hydrophobic: white, negatively charged: red, and positively
charged: blue). The DP and AP are exhibited as magenta and green ribbons, respectively, while the residues lining the gate are shown as ice-blue spheres. The
percentages of contacts with hydrophobic, polar and charged residues are shown in cyan, green and blue, respectively; H-bonds are shown in yellow, and water-
bridge interactions are shown in orange.

Fig. 7. Conformational changes induced in TM8 (after
alignment of the whole transmembrane region of AcrB)
by the binding of different substrates to AcrB. The
structures of the helix in the T and O states are exhibited
as blue and red ribbons, respectively, whereas the initial
(transparent) and final (solid) conformations in 1.e. (A),
6.c (B), and 6.g (C) are shown as green, cyan and orange
ribbons, respectively.
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small rearrangement (RMSDT from 0.4 to 1.7 Å and RMSDO from 4.5 to
4.9 Å), confirming previous findings. Clearly, due to the relatively short
timescale affordable with all-atom MD simulations of these systems (up
to a few μs [30]) compared with the timescale associated with efflux by
AcrAB-TolC (a few ms, see e.g. [6,66,77]), we expected to see no further
structural movement, such as those observed for the entire functional
cycle.

4. Concluding remarks

In this work, we studied the interaction of a series of congeneric
compounds with the major RND transporter AcrB of E. coli.
Microbiological and pharmacological experiments showed that despite
the large degree of chemical and structural similarity among the seven
compounds considered in this work, the interactions of these molecules
with AcrB differed significantly. As AcrB is the paradigm RND-type
multi-drug efflux transporter in Gram-negative bacteria, elucidation of
the subtle differences in the physico-chemical parameters of com-
pounds that determine their suitability as protein substrates has crucial
implications for both basic research and drug design. While a generic
requirement for a certain degree of lipophilicity has been proposed
since the discovery of AcrB [6], the link between the structural and
chemical fingerprints of compounds and the peculiar physico-chemical
properties of the multi-drug binding sites in this and homologous pro-
teins has been investigated quantitatively only in recent years [32,83].

With the aim of rationalizing the experimental findings at the mo-
lecular level, we used a multi-disciplinary computational protocol that
allowed us to identify a series of specific molecular determinants that
are crucial for the interactions between compounds and AcrB. We fo-
cused our computational efforts on two molecules, named 1 and 6,
which are representative of a good and poor substrate of AcrB, re-
spectively. An ensemble of binding modes with similar and relatively
low affinities was identified for compound 1 within the DP, which
should be compatible with efficient export based on the diffuse binding
hypothesis proposed a few years ago to rationalize the polyspecificity of
AcrB [14]. Indeed, a balanced distribution among different interaction
types was observed between AcrB and this compound, which is con-
sistent with the smooth interactions it established with many different
sub-sites within the DP. On the other hand, the high affinity of 6 for the
AP and particularly for the HP trap (due to the slightly higher lipo-
philicity of this compound, resulting in the prevalence of hydrophobic
interactions within the binding pocket), should result in an increased
dwelling time of this compound within the protein, thus, impairing
transport as observed with some inhibitors or substrates in mutants
with defective AcrB [7,78]. In addition, the greater hydration of 1
compared to 6 within AcrB should facilitate smoother diffusion of the
former compound through protein channels [79]. Finally, 1 induced
conformational changes in TM8 [15] of AcrB, leading to a state partly in
T and partly in O, whereas this transporter remained much closer to the
T state in the presence of 6. Such conformational changes have been
hypothesized to be part of the concerted movements that trigger the

functional rotation of AcrB.
Clearly, in view of the partial overlap among the pool of AcrB

substrates and those of other transporters such as AcrD and AcrF [6,7],
we cannot rule out a role for these additional proteins in altering the
susceptibilities of E. coli to the congeneric compounds investigated
here. Nonetheless, we believe that this work contributes to the under-
standing of how the subtle balance among different physico-chemical
features reflect on their interaction with AcrB and identifies the para-
meters that can be tuned to regulate the strengths of such interactions.
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