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The drug/proton antiporter MexB is the engine of the major efflux pump MexAB-OprM in Pseudomonas
aeruginosa. This protein is known to transport a large variety of compounds, including antibiotics, thus
conferring a multi-drug resistance phenotype. Due to the difficulty of producing co-crystals, only two
X-ray structures of MexB in a complex with ligands are available to date, and mechanistic aspects are
largely hypothesized based on the body of data collected for the homologous protein AcrB of
Escherichia coli. In particular, a recent study (Ornik-Cha, Wilhelm, Kobylka et al, Nat. Commun., 2021,
12, 6919) reported a co-crystal structure of AcrB in a complex with levofloxacin, an antibiotic belonging
to the important class of (fluoro)-quinolones. In this work, we performed a systematic ensemble docking
campaign coupled to the cluster analysis and molecular-mechanics optimization of docking poses
to study the interaction between 36 quinolone antibiotics and MexB. We additionally investigated
surface complementarity between each molecule and the transporter and thoroughly assessed the
computational protocol adopted against the known experimental data. Our study reveals different
binding preferences of the investigated compounds towards the sub-sites of the large deep binding
pocket of MexB, supporting the hypothesis that MexB substrates oscillate between different binding
modes with similar affinity. Interestingly, small changes in the molecular structure translate into
significant differences in MexB—quinolone interactions. All the predicted binding modes are available for
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1 Introduction

Molecular recognition between protein and ligand complexes is
driven by inter-molecular forces and shape complementarity.
In the case of non-covalent bonds, binding can have either a
polar (electrostatic interactions and hydrogen bonds) or an
apolar (van der Waals and hydrophobic interactions) charac-
teristic.” In general, the higher the complementarity between
polar and apolar surfaces, the higher the affinity of a compound
to a protein target.>” For this reason, a detailed molecular-level
knowledge of binding pockets of target proteins and binding
modes of ligands is crucial.® Molecular docking is a computa-
tional technique that, starting from a protein and a ligand alone,
predicts putative structures of their complexes.” In this work, we
applied such a technique to the urgent issue of antimicrobial
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resistance.® The massive use of antimicrobials in clinics and
farms has made them increasingly ineffective, leading to the
compromised treatment of bacterial infections.”*> The World
Health Organization pointed nosocomial ESKAPE pathogens'""?
with growing multidrug resistance (MDR) as high-priority.**
Gram-negative ESKAPE pathogens such as Pseudomonas
aeruginosa are of particular concern and new antibiotics are
urgently needed.'®> Among the different mechanisms of resis-
tance developed by bacteria, the ability to expel antimicrobial
compounds out of the cell represents one of the major causes of
the MDR."® Efflux pumps belonging to the resistance-nodulation-
division (RND) superfamily of proteins play a key role in the
MDR phenotype of Gram-negative bacteria.'”'® The major
RND efflux pump of P. aeruginosa is MexAB-OprM,"**° which
extends from the inner membrane to the outer membrane, and
has been found to capture and expel various ligand classes with
different physico-chemical properties.*! Among them, (fluoro)-
quinolones (FQs) represent one of the most used drugs in the
treatment of Gram-negative infection®” (Fig. 1); however, the
synergistic action of the outer membrane (i.e., permeation
barrier) and efflux pumps, in combination with an increasing

This journal is © the Owner Societies 2022


https://orcid.org/0000-0002-5731-3396
https://orcid.org/0000-0002-5985-257X
https://orcid.org/0000-0001-6300-5712
https://orcid.org/0000-0003-4013-8867
https://orcid.org/0000-0001-8929-4727
https://orcid.org/0000-0003-0825-0824
https://www.dsf.unica.it/dock/mexb/quinolones
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cp00951j&domain=pdf&date_stamp=2022-06-01
https://doi.org/10.1039/d2cp00951j
https://doi.org/10.1039/d2cp00951j
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp00951j
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP024027

Open Access Article. Published on 29 June 2022. Downloaded on 2/18/2026 1:15:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

(A) (B)

HiC

(©) (D)

(E) (F)
Fig.1 Examples of FQ structures: (A) levofloxacin (LFX), (B) ofloxacin
(OFX), (C) nadifloxacin (NFX), (D) pazufloxacin (PFX), (E) flumequine
(FMQ), and (F) orbifloxacin. The molecular scaffold common to all quino-
lones and the fluorine atom characterizing fluoroquinolones are high-
lighted in blue and green, respectively.

frequency of target mutations, limits the therapeutic effects of
these compounds.>***

The engine of the MexAB-OprM complex is represented by
the homo-trimeric inner membrane transporter MexB, homo-
logous of the prototypical bacterial RND transporter AcrB from
Escherichia coli.”® The two proteins share the same tertiary and
quaternary structures with an overall sequence identity and
similarity of 69.8 and 83.2%, respectively.”” The available crystal
and cryo-EM studies of AcrB and MexB provided insights into
the complex structure and dynamics of these systems,"®>%*%3°
including the information about putative entry channels (see,
e.g.,>**%) and the knowledge of ligand binding sites. According to
the available crystal structures, the three monomers, although
identical in their sequence, may adopt three different states, the
so-called loose (L), tight (T), and open (O) (Fig. 2, see, e.g.,"****%).
The two main binding sites were identified, a proximal pocket in
the L monomer and a distal cavity in the T monomer*® (called the
deep binding pocket, in the following DPy). It is thought that all
compounds extruded by the transporter pass through the DPr,
which is characterized by a cluster of phenylalanine and other
hydrophobic residues, called hydrophobic trap (HT)."**° Similar
to AcrB,'® the pocket can be divided into three different sub-
regions: an interface separating the DPy from the proximal pocket
and containing the switch loop,>* a wide cave region, and a
narrow groove located in the deeper portion (Fig. 2).

For AcrB, several crystal structures in a complex with anti-
biotics of different classes are available. In particular, the first
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Fig. 2 MexB structure: the left panel highlights L, T, and O monomers of
MexB colored in green, cyan, and magenta, respectively (PDB Id: 3W9J2°).
The detailed visualization on the right shows the different DPt sub-regions
of MexB considered in this work: the interface is colored in gray (residues
S79, T91, K134, F573, F617, M662, and E673), the cave is colored in red
(residues Q46, T89, T130, N135, F136, V139, Q176, K292, Y327, V571, R620,
and F628) and the groove is colored in blue (residues K151, F178, G179, R180,
D274, S276, 1277, A279, S287, P326, F610, V612, F615, and V47; S48, Q125,
G126, R128, Q163, D174, F175, and Q273 that are located near the exit gate,
colored in orange). The switch loop is represented as a yellow cartoon.

crystal structure of a FQ molecule (levofloxacin, LFX) bound to
the DPy of AcrB has been recently published.?? In contrast, only
two crystal structures of MexB in a complex with a ligand (the
inhibitor ABI-PP*® and the substrate LMNG®’) are available.
Computational studies can provide the detailed atomistic
information on the binding of compounds to MexB.*®?’
In the absence of structural data, in this work, we performed
a systematic investigation on 36 FQs targeting MexB (the list of
compounds is reported in Table S1, ESIt). Given the mentioned
experimental evidence of the prominent role of DP; in the
binding of MexB and AcrB substrates, here we focused only on
this binding pocket. Ensemble docking followed by cluster
analysis and molecular-mechanics optimization of docking
poses were conducted to gain insights into the details of
molecular recognition and found characteristic binding modes
of FQs to MexB. Special emphasis has been placed to LFX and
very similar compounds, differing only for small substitutions.
We analysed the distribution of docking poses in the three sub-
regions and the overall complementarity between the different
FQs and the transporter. We found that all compounds can
assume vastly diverse binding modes within the pocket, a result
consistent with the highly promiscuous nature of MexB*' and
the diffusive binding (or oscillation) hypothesis.?”*® According
to this hypothesis, AcrB/MexB substrates oscillate between
different binding modes with similar affinity within the DPr.
The PDB files of the predicted binding modes of each FQ can be
downloaded and visualized online at the web address https://
www.dsf.unica.it/dock/mexb/quinolones.

2 Materials and methods

We combined ensemble docking with the cluster analysis
of docking poses followed by energy minimization at the

Phys. Chem. Chem. Phys., 2022, 24, 16566-16575 | 16567


https://www.dsf.unica.it/dock/mexb/quinolones
https://www.dsf.unica.it/dock/mexb/quinolones
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp00951j

Open Access Article. Published on 29 June 2022. Downloaded on 2/18/2026 1:15:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

molecular-mechanics (MM) level and hydrophobic/hydrophilic
surface matching calculations.

2.1 Molecular docking

Molecular docking calculations were performed using two
different packages: the latest version of AutoDock VINA 1.2.3,>%*
implementing a stochastic global optimization approach, and
the recently developed GNINA software,*' whose scoring func-
tion is based on convolution neural networks. For consistency,
the same input files, structures, and settings were employed in
both programs. Since AutoDock VINA 1.2.3 was applied using
two scoring functions, VINA and AutoDock4 (AD4), three sets of
independent runs were performed for each compound. The
default settings were used in all cases, except for the exhaustive-
ness parameter (giving a measure of the exhaustiveness of the
local search), for which we tested different values (ranging from
64 to 1024, default 8, see below). The protein and ligand input
.pdbqt files were prepared using AutoDock tools.*”> We used a
rectangular box of size 30 x 30 x 30 A%, centered at the center of
mass of the DPy of the RND protein. While AutoDock VINA has
proven to yield reliable results in previous studies of bacterial
RND transporters,*>** to assess the overall quality of the three
docking scoring functions adopted in this study, we first per-
formed re-docking calculations on the only available co-crystal
structure of MexB (PDB Id: 3W9J in a complex with ABI-PP*°) and
on two AcrB crystal structures: that with the highest resolution
(PDB 1d: 4DX5, in a complex with minocycline®®) and the one in
a complex with the FQ molecule, LFX (PDB Id: 7B8T*?). The
receptor and ligand were kept frozen at the crystallographic
conformation and hydrogen atoms were added according to
physiological pH using the pdb2pqr*® and Marvin ChemAxon®”
programs, respectively. Given the presence of the basic piper-
azine group, LFX was considered in two different protonation
states: with a total net charge of —1 and in the zwitterionic
form.*® For minocycline, we considered the zwitterionic form
depicted in Fig. S1 (ESIT). We tested four different exhaustive-
ness values (i.e., 64, 128, 512, and 1064) and the performance of
the protocol was evaluated by computing the ligand root-mean-
square-displacement (RMSD) between the docking poses and the
corresponding crystal structure. As shown in Table S2, (ESIf),
highlighting docking poses with RMSD < 2.5 A, the poses
reproducing the crystal structures were mainly ranked in the
top positions in all cases. For the different protonation states of
LFX, we found similar results, with a slightly better RMSD values
for the zwitterionic form. The increase of the exhaustiveness
parameters seems to be significant when increasing from 64 to
128, while values greater than 128 do not yield better results.
Therefore, an exhaustiveness of 128 was chosen as the reference
value for all the following runs.

Docking calculations using the ensemble of conformations
of both the receptor and ligand make it possible to account
indirectly for docking partner flexibility, generate multiple
binding modes, and pinpoint the most frequently contacted
protein residues.*>*>>° Before applying systematically the
ensemble docking protocol to the full set of FQs, we tested its
ability to reproduce the co-crystal conformations used for
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re-docking calculations. Specifically, for LFX and minocycline,
we considered the AcrB crystal structures with PDB Ids 2GIF,>'
2J88°? (AcrB apo), 4DX5*® (AcrB - minocycline), 4DX7*° (AcrB -
doxorubicin), 5JMN>? (AcrB - fusidic acid) and 3W9H>° (AcrB-
ABI-PP). For ABI-PP, we used a combination of three crystal
structures of MexB (PDB Ids: 2V50,°* 3W9I, and 3W9J*°) and
three conformations extracted from molecular dynamics (MD)
simulations.?” Given the importance of the membrane environ-
ment for the correct folding of transmembrane proteins,” >’ in
these simulations, MexB was embedded in a double layer
membrane made of phosphatidylethanolamine (POPE) and
phosphatidylglycerol (POPG). This latter set of MexB structures
combining X-ray conformations and MD snapshots was employed
for the systematic investigation of FQs. For all considered ligands,
FQs, minocycline and ABI-PP, we used ten conformations
obtained from the cluster analysis of 1 ps-long all-atom MD
simulations in water.”® For 11 FQs containing the piperazine
group, we considered the two protonation states. In each
docking run, we generated 10 poses obtaining a total of 1800
conformations per compound (3 docking protocols x 6 MexB
structures x 10 FQ configurations x 10 poses). A summary of
protein and ligand ensembles and docking settings is reported
in Table S3 (ESIT).

2.2 Clustering, MM and surface-matching calculations

Following the same protocol used in a previous study,** all 1800
docking poses generated by ensemble docking were clustered
using a hierarchical algorithm,> yielding 10 structural clusters.
Using the Amber18 package,®® ten cluster representatives were
energy optimized to refine protein-ligand interactions. The
force field of ligands was retrieved from the freely available
database AB-DB,*® while the protein was parameterized using
the ff14SB force field.°" The resulting complexes were re-scored
by the VINA affinity score®® and each representative was
assigned to a DP; sub-region (i.e. interface, cave, and groove)
according to the frequency of contacts to protein residues
lining each sub-pocket (cut-off distance 3.5 A). For compounds
in which the number of contacts of two regions were the same,
we splitted the contribution into the two regions. The visual
inspection of all cluster representatives enabled distinct binding
modes to be identified.

Finally, to further gain insights into the affinity of each
compounds to the DPy of MexB, we used the PLATINUM web-
server® to obtain a quantitative characterization of the hydro-
phobic/hydrophilic surface match (SM). This method is based
on empirical molecular hydrophobicity potential (MHP), which
is used to calculate molecular hydrophobic/hydrophilic proper-
ties. Namely, the MHP at any point j, due to N atoms, is defined
as follows:**%*

MHP; = "fi-d(ry), (1)
i=1

where 7 and f; are the atom number and the corresponding
hydrophobicity constant and d(r;) is the distance function
between the atom i and the point j. In this work, we adopted

This journal is © the Owner Societies 2022
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Fig. 3 Computational workflow used to investigate the binding of FQ
antibiotics to the multidrug efflux transporter MexB of P. aeruginosa.

the same settings used in previous studies**®* to compute the

fraction of the total (lipophilic and hydrophylic) SMor and the
lipophilic SMy, surface matches. Further technical details can
be found in the ESI.T The weighted average affinity and surface
match values were associated with each cluster representative
using its population as weight. The workflow used in this study
is schematically represented in Fig. 3. Energy-minimized clus-
ter representatives for each compound can be downloaded and
visualized online through the NGL-viewer.®® All graphics are
rendered using PyMOL.®’

3 Results and discussion

We first applied our protocol to a reduced set of systems for
which co-crystal structures are available, including the AcrB-
LFX complex.** The same methodology was then systematically
extended to all FQs.

3.1 Available co-crystal structures

Table 1 presents the outcomes of our ensemble docking /
cluster analysis / energy minimization and re-scoring for the
ABI-PP-MexB, minocycline-AcrB, and LFX-AcrB complexes. For
each conformational cluster, we report the corresponding
population and the RMSD with respect to the co-crystallized
ligand.

As shown in Table 1 and Fig. 4, in all considered benchmark
cases, our protocol was able to find the binding mode of the co-
crystal structure with reasonable accuracy. More specifically,
the second and third populated clusters of minocycline and
ABI-PP correspond to the experimental structures (RMSD
3.3 and 6.1 A, respectively). The relatively high value found
for ABI-PP is partly due to the high flexibility of this compound
(13 rotatable bonds vs. 2 for minocycline) and the high RMSD of
the ten fixed input conformations used for docking with respect
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Table 1 Validation of the computational protocol — RMSD values with
respect to the corresponding crystal structure are expressed in A. Cluster
population (%) is reported in parenthesis. Only the results of the top five
most populated clusters are reported. LFX (0) and LFX (-1) refer to
levofloxacin in the zwitterionic and non-zwitterionic (net charge —1)
states, respectively

AcrB MexB
Cluster LFX (0) LFX (—1) Minocycline ABI-PP
0 1.3 (43) 1.8 (51) 14.8 (21) 13.9 (19)
1 3.3 (26) 3.4 (22) 3.3 (21) 12.7 (15)
2 4.8 (22) 6.5 (14) 9.0 (18) 6.1 (14)
3 9.1 (4) 8.3 (9) 6.4 (16) 9.2 (13)
4 16.5 (2) 10.6 (1) 15.4 (11) 11.8 (13)

(A) (8)

l\, Yy |
R128 A
F6.-. 4

© (D)

Fig. 4 Superimposition between the crystal structure (colored in green)
and the docking poses: (A) zwitterionic LFX in violet, (B) non-zwitterionic
LFX (net charge —1) in magenta, (C) minocycline in yellow, and (D) ABI-PP
in orange. LFX and minocycline are in a complex with AcrB (PDB
Ids: 7B8T>? and 4DX5,%° respectively), while ABI-PP is in a complex with
MexB (PDB Id 3W9J%°). Protein-ligand interactions are represented as
dotted lines.

to the crystal structure (Table S4, ESIt). A better agreement was
found in the case of the less flexible LFX (2 rotatable bonds),
although the co-structure of AcrB with this compound (PDB Id:
7B8T) was not included in the AcrB ensemble. The most
populated clusters of the zwitterionic and —1 charged forms
(43 and 51%, respectively) were found to reproduce the experi-
mental conformation (RMSD 1.3 A and 1.8 A). Similar to
re-docking (see the Methods section), even though the differ-
ence between the two protonation states is small, slightly better
performance was found by using the zwitterionic form. This
suggest that the zwitterionic form is the most likely protonation
state of LFX under the crystallization conditions.

Phys. Chem. Chem. Phys., 2022, 24, 16566-16575 | 16569
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Table 2 Autodock VINA affinity score obtained by rescoring and PLATINUM surface matching, both associated to each DP+ sub-region and weighted on
the cluster population — SMro refers to the total surface match (lipophilic and hydrophilic), and SM|_ to the lipophilic match

Weighted score (arbitrary units)

Weighted SMror

Weighted SMy,

Interface Cave Groove Interface Cave Groove Interface Cave Groove
AcrB
LFX (0) —0.9 —4.4 —2.5 0.1 0.3 0.1 0.1 0.4 0.2
LFX (71) —0.1 —5.4 —2.6 0.0 0.5 0.2 0.0 0.6 0.2
Minocycline —-1.9 —2.7 —-3.6 0.1 0.2 0.2 0.1 0.2 0.2
MexB
ABI-PP —0.9 —-3.7 —2.7 0.0 0.2 0.2 0.1 0.3 0.2

The weighted averages of AutoDock VINA re-scores and
surface complementary indexes reported in Table 2 are consis-
tent with the above findings and the localization of the three
molecules in the corresponding crystal structures.*” In detail,
we found that LFX and ABI-PP bind preferentially in the cave,
while minocycline is a groove-binder. Surface-matching data
follow the overall trend of the docking scores suggesting that
the binding affinity is primarily driven by shape and surface
complementarities.

In particular, focusing on the multiple binding modes found
for LFX in AcrB, while most populated clusters (with a fraction
of > 10%) are located in the same region of the crystal
structure, the least populated clusters (ie., population <
10%) spread from the groove to the exit gate. These findings
are quantitatively supported by the heat map generated from
the statistical contact analysis of all docking poses (Table 3).
Interestingly, the most contacted residues are amongst those
found in the crystal structure and whose prominent role was
confirmed by site-directed mutagenesis experiments: F178,
Y327, F610 and F628.>* In addition, other residues appear to
be relevant in the map, such as R620 and V571 of the cave, and
G179, N274 and P326 of the groove. We speculate that additional
binding modes involving these residues represent further steps in
the efflux pathway.

3.2 Systematic application to FQs

For each FQ, we first looked at the fractional population of
docking poses in the three sub-regions of the DPr (Fig. 5).
Overall, almost all compounds were found to bind MexB
preferentially in the groove, with the exception of flumequine
and sarafloxacin that were found mostly in the cave. Conver-
sely, marbofloxacin was not found in the cave region, and
pazufloxacin, nadifloxacin, grepafloxacin, trovafloxacin and
prulifloxacin were found for less than 1% in this region. The
distribution of all other compounds varied in these three
regions. Similarly, Fig. S2 (ESIt) reports the weighted average

docking affinity, normalized to the molecular weight, asso-
ciated with each sub-region. As expected from the poses dis-
tribution, the groove sub-region is the one with the higher
affinity, while the scores of the interface and cave are compar-
able. Sarafloxacin presents both the lowest and the highest
scores in the groove and the cave, respectively. Conversely,
marbofloxacin and trovafloxacin have the highest scores in
the groove and the lowest in the cave. The distribution of the
scores at the interface is more homogeneous as compared to
that observed at the cave and the groove (standard deviation:
0.5, 0.9 and 1.1, respectively). As mentioned above, 11 FQs were
simulated in two different protonation states: one with a net
charge of —1, and one in the neutral zwitterionic form. Fig. 5
highlights the differences in the distribution of the protonation
states. In some cases, we found the same trend (i.e., cipro-
floxacin and norfloxacin), while in the majority of FQs we found
little differences (e.g., difloxacin, enrofloxacin, and fleroxacin).
Generally, the groove is the most populated sub-region and the
differences between the interface and the cave are minimal.
This could suggest that, inside the distal pocket, different
protonation states can find multiple binding modes. Taken
together, the above results highlight that there is no common
pattern through the compounds, and even small changes in the
structure lead to differences in the binding modes. Therefore,
from the general overview of docking poses spatial distribution
and binding affinity, it is interesting to identify prevalent,
distinct binding modes. In the following, we focused first on
LFX, for which the co-structure with AcrB is available,®* moving
then to four FQs structurally similar to LFX, namely ofloxacin
(OFX), nadifloxacin (NFX), pazufloxacin (PFX) and flumequine
(FMQ).

3.2.1 Levofloxacin. The fractional population of the LFX
docking poses in MexB reflects the general trend discussed
above: 68, 12, and 20% for the groove, cave, and interface,
respectively. Looking at all cluster representatives, we identified
three main binding modes. The first binding mode (BM1)
is located in the groove, where the central aromatic core is

Table 3 Heat map of contacts (%) between all poses of LFX with the DP; of AcrB — Contacts within 3.5 A found in the experimental structure (PDB Id:

7B8T*2) are reported in red boldface

Interface Cave

Groove

L79 T91 S134 M573 F617 E673 S46 H89 E130 F136 V139 F176 K292 Y327 V571 R620 F628 Q151 F178 G179 S180 N274 D276 1277 A279 S287 P326 F610 V612 F615

LFX(©) 0 o 0 6 i 1 0 1 1 8 58 10, 0 21 3
LFX(-1) 0 o 0 7 8 1 0 0 0 8 160 11 0 22 3
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Fig. 5 Sub-region distribution of the docking poses (%): gray bars refer to the interface, red to the cave, and blue to the groove. FQs are in ascending
order according to the molecular weight. FQs containing the piperazine group are reported in two net charges (i.e., 0 and —1). LFX and related

compounds (Fig. 1) are highlighted in boldface.

involved in a m-m stacking interaction with F178, F615 and
F628, the carboxyl group faces K151 and the 7-piperazyl ring
points towards the HT (Fig. 6C). In the second binding mode
(BM2), the ligand lies in the groove interacting by n-rn stacking
interactions with both F178 and F615, and by an electrostatic

interaction with D274 through the protonated amine of the
7-piperazyl ring (Fig. 6B). Finally, the third binding mode (BM3)
is in the deeper portion of the groove, near the exit gate
(Fig. 6A). Here, LFX contacts R128 by a cation-n interaction
and is involved in H-bonds with Q46 and Q273. Noteworthily,

1) _a027s

573

Fig. 6 LFX binding modes in MexB: left panel: BM1 is colored in green, BM2 in yellow and BM3 in magenta. The switch loop is represented as a yellow

cartoon, and the superimposition of LFX co-crystallized in AcrB (PDB Id:

7B8T*?) is red and semi-transparent. Right panel: Detailed visualization of

interactions (reported as dotted lines) between LFX and MexB in (A) BM3, (B) BM2 and (C) BM1.
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Table 4 Heat map of contacts (%) between the DP+ residues in MexB and all poses of LFX, OFX, NFX, PFX and FMQ
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although we found analogous binding modes of LFX in both
AcrB and MexB, in the former LFX was mainly docked accord-
ing to BM1, and only a small percentage explored the rest of the
pocket, in particular the deep portion of the groove (BM3).
In contrast, in MexB, 19% of the poses were found interacting
as BM3. The distal pockets of AcrB and MexB are well con-
served; however, even minor changes can modify the electro-
static properties, thus affecting protein-ligand interactions.*”
Most of the key residues of BM3 are conserved, with the
exception of R128, which in AcrB is S128.

3.2.2 FQs structurally similar to levofloxacin. We investi-
gated how small modifications of LFX affect the prevalent
interactions within the DPt of MexB by analysing FQs structu-
rally similar to LFX (Fig. 1). Like Table 3 for AcrB, Table 4
presents the percentage of contacts of LFX and the similar FQs
with the DPr of MexB. For LFX, amongst the residues with the
highest percentage of contacts (>10%), F178 and F628 were
found to be relevant in the binding of AcrB according to X-ray
and mutagenesis,** suggesting their role in MexB as well. In
addition, the heat map reveals the importance of other residues
for LFX and related compounds, such as Q176, 1277, F573,
F610, F615, and F617. To the best of our knowledge, point
mutation studies on the impact of the DP residues of MexB on
resistance to LFX and similar compounds are not available to
date. In silico simulations coupled with experimental muta-
tional analyses could help elucidate the role of these residues.
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Focusing on the differences in Table 4, we found that OFX is
the FQ most similar to LFX, followed by NFX, PFX and FMQ
(overall differences in contacts: 0.14%, 0.76%, 0.94%, and
3.25%, respectively). Afterward, we carefully compared the
main binding modes of OFX, NFX, PFX and FMQ with BM1,
BM2, and BM3 of LFX. OFX results are largely comparable to
those of LFX, in terms of both binding modes (BM1, BM2 and
BM3) and contacts, suggesting that the distal pocket of MexB is
large enough to overcome the specificity towards enantiomers.
NFX differs from LFX mainly for the lacking of a basic proto-
nated group, which is replaced by hydroxyl piperidine. Despite
this, we found NFX poses in BM1, BM2 and BM3 (Fig. 7A).
Differently, PFX possesses a basic amine group, but it lacks the
piperazine ring which is replaced by cyclopropane, leading to a
smaller steric hindrance. As a result, BM1 for PFX is rotated by
90°, with the cyclopropane moiety inserted into the HT, the
aromatic rings involved in a stacking interaction with F178 and
F628, and the carboxyl group pointing in the opposite direction
of the HT. In BM2, we found the same interactions with F178
and F615, but the molecule is rotated by 180° forming a salt
bridge between the carboxyl moiety and K151. BM3 was present
only in small percentages, while the interface localization, in
proximity to the switch loop, is more populated (20%) (Fig. 7B).
FMQ contains the central core of NFX and lacks both the
piperazine ring and the basic group. This yielded to the
accumulation of docking poses at the HT, with a similar orientation

Q273

D274
1 \/\\)\;Rlzs
K151 S
ﬁ,\Q:“G K151
F178 F178
F615_ =

{/ ¥V F628

8
Ek F573

(©)

Fig. 7 Binding modes of (A) NFX, (B) PFX and (C) FMQ. BM1 is colored in green, BM2 is colored in yellow, and BM3 is colored in magenta. BM3 was not

found in FMQ. The switch loop is represented as a yellow cartoon.
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Table 5 Surface matches between MexB DPt and FQs, for different
binding modes — SM+ro refers to the total surface match (lipophilic and
hydrophilic), and SM| to the lipophilic match. The population (%) of the
corresponding structural cluster is also reported

BM1 BM2 BM3
% SMror SM; % SMpor SM;, % SMpor SM,
LFX 31 03 0.5 13 04 0.5 18 0.3 0.0
OFX 22 0.6 0.8 16 0.4 0.5 17 0.3 0.2
NFX 13 0.7 0.8 36 0.6 0.7 12 0.3 0.2
PFX 43 0.4 0.6 13 04 0.5 9 0.5 0.2
FMQ 50 0.8 0.9 25 0.9 0.9 5 0.5 0.5

of PFX not only in BM1, but also in BM2. Meanwhile, the poses
placed in BM3 were not found (Fig. 7C).

The representatives of each binding mode, after the energy
refinement, underwent a surface matching calculation by PLA-
TINUM (see Materials and methods). The results are listed in
Table 5. Overall, the higher lipophilic matches (SM;) were
reached in BM1, followed by BM2, reflecting the hydrophobic
characteristic of the two sites, which are rich in aromatic
residues (e.g., HT). In contrast, BM3 presents several hydro-
philic residues (e.g, Q46, R128, and Q273); therefore, the
matches are guided by polar interactions. Given the small
and rigid shape of FMQ, the docking protocol was able to
maximize the surface complementarity, especially with aromatic
rings. Therefore, FMQ obtained the highest matching score.

Furthermore, we compared LFX with orbifloxacin (Fig. 1F),
which was reported as a competitive inhibitor of MexB.*® The
structure of orbifloxacin differs from LFX also in the central
core, and we found indeed some differences in the binding
modes. Specifically, some of the most populated clusters are
located at the interface (33%, score: —2.1 kcal mol ') with
different orientations, near the switch loop and the residues
S79 and T91. BM1 and BM2 are also present, while BM3 is
poorly explored.

4 Conclusions

Computational methods allow the molecular recognition pro-
cess in biological systems, such as protein-ligand complexes,
to be investigated. The binding is guided by weak interactions
and surface complementarity between the two molecules, and
molecular docking can be exploited to study these phenomena.
In this work, we applied this method to systems strongly
involved in the appearance of the MDR, which is an urgent
issue to world public health. Among these systems, efflux
pumps are transmembrane protein complexes that are able to
extrude a wide range of antibiotics out of the bacterial cell.
Here, we focused on MexB, the major RND transporter of
P. aeruginosa, for which only one co-crystal structure with an
inhibitor is available to date. Given the high sequence identity
with the homologous protein AcrB of E. coli, we used the AcrB-
LFX crystal structure as a reference. First, we validated
the computational protocol by reproducing the experimental
conformations of AcrB and MexB complexes (Fig. 4). Then, we

This journal is © the Owner Societies 2022
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performed a systematic ensemble docking campaign of 36
different FQs within the DP; of MexB, followed by cluster
analysis, re-scoring and surface-matching calculations. Our
findings suggest that multiple binding modes in different
sub-pockets of the DPy are possible, supporting the diffusive
binding hypothesis.>”*® In particular, focusing on LFX, we
identified three main binding modes (i.e., BM1, BM2 and
BM3, Fig. 6), which were found also in other FQs with similar
structures (namely OFX, NFX, PFX and FMQ, Fig. 7). However,
compounds with different structures compared to LFX were
found to assume diverse modes of binding (e.g., orbifloxacin).
Given the lack of MexB experimental structures co-crystallized
with FQs, we made available the binding modes of each
compound at https://www.dsf.unica.it/dock/mexb/quinolones,
where users can both directly visualize the complexes and
download the corresponding PDB files. Our results constitute
a solid starting point for further studies making use of more
advanced techniques®®® aimed at investigating the dynamics
of compounds inside the transporter and rationalize the avail-
able microbiology data.>*
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