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The resistance-nodulation-division (RND) family efﬂux pumps are important in the
antibiotic resistance of Gram-negative bacteria. However, although a number of bacterial
RND efﬂux pump inhibitors have been developed, there has been no clinically available
RND efﬂux pump inhibitor to date. A set of BSN-coded 2-substituted benzothiazoles were
tested alone and in combinations with ciproﬂoxacin (CIP) against the AcrAB-TolC overexpressor Escherichia coli AG102 clinical strain. The results indicated that the BSN compounds did not show intrinsic antimicrobial activity when tested alone. However, when
used in combinations with CIP, a reversal in the antibacterial activity of CIP with up to
10-fold better MIC values was observed. In order to describe the binding site features of
these BSN compounds with AcrB, docking studies were performed using the CDocker
method. The performed docking poses and the calculated binding energy scores revealed
that the tested compounds BSN-006, BSN-023, and BSN-004 showed signiﬁcant binding
interactions with the phenylalanine-rich region in the distal binding site of the AcrB
binding monomer. Moreover, the tested compounds BSN-006 and BSN-023 possessed
stronger binding energies than CIP, verifying that BSN compounds are acting as the
putative substrates of AcrB.
Keywords: AcrAB-TolC; AcrB docking; benzothiazoles; ciproﬂoxacin; E. coli AG102;
EPI

1. Introduction
Multidrug resistance (MDR) of human pathogenic bacteria is an emerging problem for global
public health [1]. Bacterial efﬂux pumps, which cause drug extrusion, serve as an important
mechanism of MDR among the general mechanisms of antibiotic resistance including
target alteration, drug inactivation, and decreased permeability of bacterial cell. The resistance
mediated by the efﬂux pumps is often associated with the overproduction of membrane
transport proteins, which are able to pump antibiotics, chemotherapeutics, detergents, dyes,
toxins, and organic solvents out of the bacterial cell [2–5]. Besides owing a broad range of
antibiotic resistance to their poly-substrate speciﬁcity, efﬂux pumps also drive additional
resistance mechanisms by lowering intracellular antibiotic concentration and elevating
mutation accumulation [6].
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Bacterial efﬂux pumps are found in almost all bacterial species, and they are classiﬁed
into ﬁve families according to their composition (number of transmembrane-spanning regions,
energy sources and substrates) [7–10]. Depending on the speciﬁc classes they belong to, the
resistance-nodulation-division (RND) family pumps, which are only found in Gram-negative
bacteria, have a tripartite composition. RND-type efﬂux pumps contain an inner membrane
transporter protein (RND pump), an outer membrane protein (OMP) channel, and a periplasmic membrane fusion protein (MFP) [1,11], which allow direct extrusion of various antibiotics from the cytosol or periplasmic space to the outside of the bacterial cell, and have been
found to be associated extensively with clinically signiﬁcant antibiotic resistance [4,8].
In the Gram-negative bacterium Escherichia coli, the tripartite efﬂux system AcrAB-TolC
is in charge of the efﬂux of multiple antibiotics including chloramphenicol, beta lactam antibiotics, tetracycline, novobiocin, rifampin, fusidic acid, nalidixic acid and ﬂuoroquinolones
[3,4,8]. As an example, a high level of ﬂuoroquinolone resistance in 50 screened clinical
E. coli strains isolated from human clinical samples in Sapporo, Japan, revealed a strong correlation with the overexpression of the AcrAB efﬂux pumps [12]. Overexpression of MDR
efﬂux pumps, which causes resistance against several different classes of antibiotics by
increasing their minimum inhibitory concentration (MIC) values, has been frequently found in
clinical isolates. Recent studies suggested that MDR efﬂux transporters have a major role in
the efﬁcacy of both new and old antibiotics [13].
As shown in Figure 1(a), the tripartite AcrAB-TolC RND efﬂux pump system in E. coli
possesses a transporter protein (RND pump) AcrB acting as a proton/drug antiporter, an outer
membrane channel protein TolC, and a periplasmic membrane fusion protein AcrA, which
serves as a linker between TolC and AcrB [1,3,4,14]. The newly elucidated asymmetric structure of trimeric AcrB reveals three different monomer conformations representing consecutive
states in a transport cycle (Figure 1(b)). The monomers show tunnels with occlusions at different sites, and the structural changes create a hydrophobic deep binding pocket in one
monomer (binding monomer), which is not present in the other two monomers at the functional rotation transport mechanism [2–4]. Minocycline, doxorubicin, and ciproﬂoxacin (CIP)
are AcrB substrates, and speciﬁcally bind to this deep binding site, substantiating its role as
drug-binding pocket [3,4,15].
Studies on the structures of RND efﬂux pumps have not only provided essential evidence
for the mechanisms of multidrug binding and extrusion, but have also shed light on the structure-based approach to discover RND efﬂux pump inhibitors (EPIs). Several classes of EPIs,
such as peptidomimetics and arylpiperazines, have been extensively characterized to date
[1,4,13,16,17]. Phenylalanyl arginyl beta-naphthylamide (PAβN) was the ﬁrst identiﬁed peptidomimetic, which inhibits P. aeruginosa efﬂux systems [2,4,16–18], and it successfully
reduced the emergence of levoﬂoxacin resistance in a P. aeruginosa strain [19]. PAβN also
shows activity against the AcrAB-TolC efﬂux system in E. coli [3,4,16,18]. PAβN was
described as being not an inhibitor of RND efﬂux pumps, but rather a competitor [20].
Recently, new data has shown that it acts as an inhibitor of AcrAB and AcrEF efﬂux systems
when used in low concentrations. At higher concentrations this compound showed not only
inhibitory activity towards the mentioned efﬂux pumps, but also an effect in destabilizing the
outer cell membrane [1,21], and in many cases the observed antibiotic synergism of PAβN
could be attributed to non-speciﬁc damage to the bacterial membrane [1]. Therefore, the
general use of this molecule remains questionable because of the induction of undesirable
resistance proﬁles by reducing drug penetration [3].
Arylpiperazines are the other type of RND inhibitors that could be used to target efﬂux
pumps [1,22]. Speciﬁcally, 1-(1-naphtylmethyl)-piperazine (NMP) was found as the most
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Figure 1. Schematic representations of the RND AcrAB-TolC efﬂux pump with the view of different
conformational stages of the ligand extrusion mechanism in AcrB. (a) Side view schematic representation of tripartite structure of the RND AcrAB-TolC efﬂux pump system viewing the locations of AcrB,
AcrA and TolC proteins. (b) Top view schematic representation of the AcrB three monomers
(protomers) that demonstrates the alternating site functional rotation stages of the transport mechanism.
In the ﬁrst stage of the cycle, the monomer representing as the loose (L) conformation, which is deﬁned
as the access monomer, possesses a passage that permits potential substrates to enter the protomer. The
other monomer has the tight (T) conformation stage, which is named as the binding monomer, and comprises the binding pocket in the interior of the periplasmic porter domain that achieves the binding of
potential substrate to the hydrophobic binding pocket. Finally, the monomer representing as the open
(O) conformation, which is deﬁned as the extrusion protomer, releases the substrate in the funnel toward
TolC. The conversion from the O conformation stage to the L conformation is a proton-motive forcedependent step and requires a proton from the periplasm. The conversion from the T monomer stage to
the O monomer is accompanied by the release of a proton to the cytoplasm. This ﬁgure is adapted from
Misra and Bavro [61].

potent EPI active compound among the other derivatives of arylpiperazines, and exhibits an
enhanced action for the accumulation of several antibiotics in the intracellular region of the
RND efﬂux pump overexpressor bacterial cell [4,23,24]. However, arylpiperazine derivatives
were found to be toxic for clinical use because of their ‘serotonin agonist’ properties [3,17].
Even though signiﬁcant efforts have been realized in the development of EPIs to date, none
of these EPIs are suitable for use in clinics currently. One main reason is that the mechanisms
of action of most EPIs remain unknown.
Recently, the BSN-coded 2-substituted benzothiazoles were synthesized and tested by
our research group in combinations with ciproﬂoxacin (CIP) against the A. baumanii
SbMox-2 clinical isolate, which is an AdeABC RND efﬂux pump overexpressor. Some of
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our synthesized benzothiazole derivatives supplied reversal of the antibacterial activity of
CIP against the AdeABC overexpressor A. baumannii strain, contributing sensitivity on the
MIC value of CIP of 20-fold double dilution better antibacterial activity, providing a MIC
value below the EUCAST susceptibility MIC breakpoint for CIP versus Acinetobacter spp.
for use in clinical treatment [25]. The generated 3D-common feature pharmacophore
hypothesis revealed that the conformational properties of the compounds were signiﬁcant
for the AdeABC efﬂux pump inhibitory activity against the MDR A. baumannii SbMox-2
strain, and compounds possessing 2-[4-(4-substituted-2-phenyl-acetamido)phenyl]benzothiazole and/or 2-[4-(4-substituted-3-phenylpropionamide)-phenyl]benzothiazole structures were
found important for improving the AdeABC efﬂux pump inhibitor potency, rather than the
2-[4-(4-substitutedbenzamido)benzyl]benzothiazole structure in these tested 2-substituted
benzothiazoles.
MDR can be considered as the new challenge for the 21st century48, and the increased
level of MDR to antimicrobial agents has revealed serious problems in the treatment of pathogens [26]. Global organizations, initially such as the World Health Organization, have designated their concern on this issue, suggesting that increased focus and efforts are required to
address this challenge [27]. In particular, the emergence of MDR strains of Gram-negative
bacteria pathogens such as the RND-type AcrAB-TolC efﬂux pump overexpressor clinical
isolate of E. coli is a problem of ever increasing signiﬁcance [4]. Interestingly, this efﬂux
pump decreases the antibacterial activity of dissimilar antibiotic structures, which can be considered a MDR mechanism [11]. Because bacteria become insensitive to different classes of
antibiotic therapy, new therapeutic approaches must be looked for, with new molecules to
block efﬂux, to restore drug susceptibility to resistant clinical strains.
The goal of the present study is (i) to observe the EPI activity of the previously synthesized BSN-coded 2-substituted benzothiazoles to develop potential new AcrAB-TolC efﬂux
pump inhibitors in E. coli, to reverse the antibacterial activity of antibiotics, particularly CIP,
in the AcrAB-TolC efﬂux pump overexpressor E. coli AG102 clinical isolate, and (ii) to
examine the structure–activity relationships by describing the binding site features of these
BSN-coded 2-substituted benzothiazole derivatives on RND efﬂux pump protein (AcrB) in
E. coli by using molecular docking studies.

2. Materials and methods
2.1 Tested compounds
In order to investigate the bacterial RND-type AcrAB-TolC efﬂux pump inhibitory activity in
the E. coli AG102 isolate, we tested our 14 previously synthesized BSN-coded 2-substituted
benzothiazole derivatives fused heterocyclic compounds [28,29], which hold different atoms
and/or atom groups on X, Y, and R positions in their structure, as shown in Table 1.
2.2 Bacterial strain
The RND-type AcrAB-TolC efﬂux pump overexpressor clinical isolate E. coli AG102
[30–34] was tested. The tested strain E. coli AG102 was previously derived from AG100
[30,32] and it is MDR due to a mutation in MarR (marR1), which increases the expression of
MarA, a global regulator in the overexpression of the AcrAB-TolC efﬂux system [31,33–36].
The test strain was grown overnight at 37°C in Mueller Hinton Broth (MHB) (Oxoid, UK).
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Table 1. The structures of the tested BSN coded 2-substituted benzothiazoles.
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2.3 Susceptibility testing
A standard microdilution assay was used to determine the MIC of our previously synthesized
BSN-coded compounds and CIP (Sigma-Aldrich, US) [37]. The BSN-coded compounds were
dissolved in dimethyl sulfoxide (DMSO) and the two-fold serial dilutions were prepared using
cation-adjusted MHB at a concentration range between 512 μg/ml and 0.0625 μg/ml. Direct
colony suspension of the tested bacteria from the fresh cultures was prepared in order to have
a turbidity equivalent to 0.5 McFarland standard. The inoculum suspension was then diluted
in MHB to give a ﬁnal cell number of 5×105 cfu/ml. The ﬁnal concentration of the inoculum
was added to two-fold serial dilution of the compounds. The microdilution trays were incubated at 35±2°C for 16–20 h in an ambient air incubator.
MICs of CIP were determined in the presence and absence of the BSN-coded compounds.
Half of the concentrations of the observed MIC values (2-fold dilution lower than the MIC)
of the tested BSN-coded compounds was added into broth microdilution wells in combinations with CIP considered as having a non-inhibitory effect on bacterial growth. An 8-fold or
greater reduction in the MIC value of CIP after addition of BSN-coded fused heterocyclic
compounds, which comprises a MIC value of ≤ 0.008 μg/ml providing the European
Committee on Antimicrobial Susceptibility Testing (EUCAST AST guidelines Version 1.3
December 2010) MIC susceptibility breakpoint for CIP versus E. coli ATCC 25922 strain for
use in clinical treatment [38], was considered as a potential EPI. All susceptibility tests were
performed twice. The observed MIC values of CIP, the tested BSN-coded compounds alone,
and the combinations with CIP against AcrAB-TolC efﬂux pump overexpressor E. coli
AG102 clinical isolate are given in Table 2.
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Table 2. Observed MIC values of ciproﬂoxacin (CIP) and BSN-coded 2-substituted benzothiazoles as
tested alone and in combinations against the AcrAB-TolC efﬂux pump overexpressor Escherichia coli
AG102 strain.
Compound code

MIC (μg/ml)a

Escherichia coli AG102 Combination with CIP

MIC (μg/ml)b

CIP
BSN-001
BSN-002
BSN-003
BSN-004
BSN-005
BSN-006
BSN-008
BSN-010
BSN-016
BSN-017
BSN-018
BSN-019
BSN-020
BSN-023

0.125
256
64
128
256
128
512
256
256
128
128
128
64
256
512

CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+
CIP+

0.03
0.5
0.016
0.008
0.03
0.004
0.125
0.03
0.03
0.03
0.06
0.06
0.016
0.004

a

BSN-001
BSN-002
BSN-003
BSN-004
BSN-005
BSN-006
BSN-008
BSN-010
BSN-016
BSN-017
BSN-018
BSN-019
BSN-020
BSN-023

Observed MIC values of compounds tested alone.
Observed MIC values of CIP tested in combination with BSN compounds.

b

2.4 Computational methods
2.4.1 Molecular structures and optimization
The 3D structures of a set of previously synthesized BSN-coded 2-substituted benzothiazole
derivatives, which are given in Table 1 [22,23], as well as the antibiotics minocycline, doxorubicin, and CIP were sketched using the Discovery Studio (DS) 3.5 [39] Sketch Molecules
module. The geometries of these compounds were subsequently optimized using the Minimization module of DS 3.5 using the CHARMm (Chemistry at Harvard Macromolecular
Mechanics) force ﬁeld. CHARMm provides a vast range of functionality for molecular
mechanics and can be used to diverse areas of research, including protein modelling and
structural biology [40].
2.4.2 Molecular docking
The most straightforward computational approaches for ﬁnding new leads for therapeutic
macromolecular targets are increasingly based on 3D information about proteins. Molecular
docking is an effective method to predict ligands, which are low molecular weight compounds that may interact with a macromolecular target [41]. A primary objective in molecular
docking is the ability to estimate the scoring function and evaluate protein–ligand interactions
as a means of hit identiﬁcation (virtual screening) and lead optimization (to enhance desired
drug properties). This method is also successfully used as a computational tool to assist drug
discovery.
2.4.2.1 Preparation of the transporter. The crystal structure of AcrB (PDB ID: 2DRD) was
retrieved from the Protein Data Bank (PDB) (www.rcsb.org) [15] and further modiﬁed for
docking calculations. For preparation of protein and ligands, DS 3.5 software was used. The
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target protein was taken, hydrogens were added and their positions were optimized using the
all-atom CHARMm force ﬁeld and the Adopted Basis set Newton Raphson (ABNR) method
available in the DS 3.5 protocol until the root mean square deviation (RMSD) gradient was
<0.05 kcal mol−1 Å−2.The minimized protein was deﬁned as the receptor using the binding
site module. The binding site was deﬁned from the current selection method by using the DS
3.5 protocol, which was modiﬁed to accommodate all the important interacting residues at the
binding site of AcrB porter domain due to the resolved crystal structure of AcrB with its
substrate, minocycline.
2.4.2.2 Preparation of ligands. BSN-coded 2-substituted benzothiazole derivatives, minocycline, doxorubicin, and ciproﬂoxacin were sketched, and all-atom CHARMm force ﬁeld
parameterization was assigned and then minimized using the ABNR method as described
above. Conformational searches of the ligands were carried out using a simulated annealing
molecular dynamics (MD) approach. The ligands were heated at a temperature of 700 K and
then annealed to 200 K.
2.4.2.3 Core-constrained docking (CCD) subprotocol. The CCD subprotocol includes
conformer generation, core-constrained docking and scoring. In terms of core-constrained
docking, use of the molecular docking algorithm CDocker is considered since it has been
shown to be a viable research tool [42,43]. CDocker is a CHARMm-based grid-enabled docking method that uses soft core potentials and MD-generated random ligand conformations,
and poses reﬁnement in the active site using a simulated annealing process. In the original
work, CDocker treats the entire ligand as ﬂexible during the initial docking phase. The coreconstrained docking method described here is a modiﬁcation to the CDocker CHARMm
script that allows the scaffold to be locked but the rest of the ligand molecule to be ﬂexible
during initial minimization and the MD conformer generation stage. The core is allowed to
move during ﬁnal reﬁnement with simulated annealing. Current docking tools do a reasonable
job at getting correct poses, but errors occur in a signiﬁcant number of cases [44,45]. Constraining the core to the crystal structure coordinates helps prevent incorrect docking poses. A
grid is deﬁned using the ‘Grid Extension’ parameter visible at the top level of the subprotocol
and has been set to a default 8 Å distance from the ligand’s centre of mass. Details of the
modiﬁed CDocker process begin with creation of the CHARMm set-up ﬁles and generation
of the CDocker protein grid. Ligand partial atomic charges and atom types default to those of
Momany–Rone force ﬁeld [46] as implemented in CHARMm. The typed ligand is ﬁrst run
through an ABNR minimization stage [40]. Ligand conformations are then generated, in the
absence of protein, through high-temperature MD simulations and a speciﬁed number (toplevel parameter, default = 20) of simulations are applied. The starting ligand conformation for
each MD simulation is that of its predecessor. Conformations resulting from each MD simulation are then docked into the protein and minimized using steepest-descent (SD), preparing
them for ﬁnal reﬁnement. It is only during this initial docking and conformer reﬁnement
phase that an energy grid for the ligand is imposed and nonbonded interactions involving van
der Waals and electrostatic potentials are softened, enabling enhanced sampling of conformational space. The core is held ﬁxed throughout the conformer generation and docking phase.
With the core now unconstrained, the docked poses are then further reﬁned in the
receptor active site using a simulated annealing protocol and a full MD minimization (SD +
conjugate-gradient). During this process the protein is held rigid. A user-speciﬁed number of
top poses (top-level parameter), based on the largest minus CDocker scores, and are saved
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for the ﬁnal rescoring step. Many of the advanced CHARMm parameters have been
optimized and do not require changing from their default values.
The docking parameters were as follows: Top Hits: 10; Random Conformations: 10;
Random Conformations Dynamics Step: 1000; Grid Extension: 8.0; Random Dynamics Time
Step: 0.002. The docking and scoring methodology was ﬁrst validated by docking of the
known substrates: minocycline, doxorubicin, and CIP. Afterward, molecular docking studies
were performed on the tested BSN compounds.
2.4.2.4 Calculated binding energy (CBE) subprotocol. The CDocker docked ligands are
rescored using a physics-based implicit solvation model as the ﬁnal step. Within the CBE
subprotocol step, the docked ligand poses are rank scored in terms of their binding energies.
For this study, top CDocker poses of neutral and/or charged ligands were rescored using
Molecular Mechanics-Generalized Born with Molecular Volume (MM-GBMV) and/or Molecular Mechanics-Generalized Born with Simple Switching (MM-GBSW) methods in DS
CHARMm, which approximates the binding energy [47–49]. Bound and unbound ligand
receptor energy terms contained within the CBE include three simulations: free ligand;
apoprotein; and protein–ligand complex. Solute entropy contributions are ignored in these calculations. Standard output includes the binding energy terms for the three simulations and the
net CBE as shown in Equation (1):
DGBind ¼ DGCopmlex  DGLigand  DGProtein

(1)

In the present study, the CDocker method [42] was performed using DS 3.5. All docked
poses were scored by applying the Analyze Ligand Poses subprotocol to analyse receptor–
ligand interactions or a set of poses (the results of a docking run) using a variety of methods.
Binding energies were also calculated by applying the CBE subprotocol in DS 3.5 using the
in situ ligand minimization step (ABNR method) and using generalized born molecular
volume model (GBMV). The lowest binding energy was taken as the best-docked conformation of the compound for the macromolecule. The docking results are given in Table 3.

3. Results and discussion
3.1 Microbiological activity
Substituted benzothiazoles and their analogues such as benzoxazoles and benzimidazoles,
which are the structural isosteres of nucleotides owing to fused heterocyclic nuclei in their
structure, have been the aim of many researchers for many years, because they constitute an
important class of heterocyclic compounds with antitumour [41,50,51], antiviral [52], and
antimicrobial activities [25,53]. Recent observations suggest that these fused heterocyclic
compounds possess potential chemotherapeutic activity with lower toxicities [54,55], and they
are in harmony with the Lipinski’s rule of ﬁve [56].
These observations provided us some predictions to design and evaluate novel lead compounds that are active as RND-type EPIs to reverse the antibacterial activity of antibiotics
against MDR Gram-negative bacteria such as RND-type AcrAB-TolC efﬂux pump overexpressing E. coli.
For the antibacterial activity test against E. coli AG102 clinical isolate, which is an
AcrAB-TolC efﬂux pump overexpressor, BSN-coded 2-substituted benzothiazoles were ﬁrst
tested alone, and it was observed that they did not exhibit any signiﬁcant intrinsic antibacterial activity, showing MIC values between 64 and 512 μg/ml. But when they were tested at
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Table 3. Docking results.
Compound
code

Ebind
[kcal/mol]

BSN-001

-10.7338

BSN-002

24.7148

BSN-003

-8.42626

BSN-004

-7.68639

BSN-005

-8.47374

BSN-006

-17.9724

BSN-008

13.0229

BSN-010

-5.94382

BSN-016

-2.27231

BSN-017

2.69225

BSN-018

-7.4936

BSN-019

-8.54318

BSN-020

-1.1455

BSN-023

-12.7251

CIP

-10.1775

a

Interacting residues[a]
Ser134, Ser135, Gln176(2.42 Å), Leu177, Phe178[b,b], Gly179, Ser180,
Glu273, Asn274, Ile277, Phe615, Phe628[b]
Ser48, Tyr49, Pro50, Thr85, Thr87, Gln125, Ser135, Gln176, Phe178,
Asn274, Asp276, Ile277, Val612, Phe615, Arg620[c], Phe628, Tyr772
Ser48, Pro50, Thr85, Gly86, Thr87, Gln176, Phe178, Asn274, Asp276,
Ile277, Val612, Phe615[b,b], Arg620(1.33 Å, 1.94 Å), Phe628
Ser48, Tyr49, Pro50, Gly51, Thr87, Gln176, Leu177, Phe178[b], Gly179,
Asn274(2.73 Å), Asp276, Ile277, Phe615, Arg620, Phe628
Ser134, Ser135, Gln176, Leu177, Phe178, Gly179, Ser180, Glu273,
Asn274, Ile277, Val612, Phe615[b,b], Phe628[b]
Ser48, Pro50, Gln125, Gln176, Phe178, Gly179, Ser180, Arg185, Glu273,
Asn274(2.49 Å), Ile277, Ala279, Val612, Gly755, Gly756, Tyr772[b],
Met774
Ala47, Ser48, Tyr49, Pro50, Thr85, Gly86, Thr87, Gln125, Leu177,
Phe178, Gly179, Asn274, Asp276, Ile277[d], Val612, Phe615, Arg620[c],
Tyr772
Ser48, Gln125, Phe178, Gly179, Glu273, Asn274, Ile277, Ala279, Val612,
Phe615, Phe628, Lys770(1.78 Å), Tyr772
Thr85, Thr87, Lys163(1.80 Å), Gln176, Leu177(1.94 Å), Phe178, Gly179,
Ser180, Asp276, Ile277, Gly614, Phe615, Arg620[c], Gly621
Ser46, Ala47, Ser48, Gln125, Gly126, Gln176, Leu177, Phe178[b], Ser180,
Glu273, Asn274, Ile277, Ala279, Val612, Phe628, Lys770 (2.44 Å)
Ser48, Pro50, Gln125, Leu177, Phe178[c], Gly179, Ser180, Glu273,
Asn274, Ile277, Ala279, Val612, Phe615, Phe628, Lys770[c,c], Tyr772
Ser48, Gln125, Ser134, Ser135, Gln176, Leu177, Phe178, Gly179, Ser180,
Glu273, Asn274, Ile277, Val612, Phe615[b,b], Phe628, Lys770, Tyr772
Ser48, Pro50, Gln125, Leu177, Gly178, Gly179, Ser180, Glu273, Asn274,
Ile277, Ala279, Val612, Phe615, Phe628, Tyr772
Thr44, Gln89, Glu130, Lys131, Ser132, Ser133, Ser134, Gln176, Leu177,
Phe178[b], Gly179, Ile277, Ala279, Lys292[c,c], Val612, Phe615, Phe628
Thr87, Gln89, Gln176, Phe178, Gly179, Asn274, Asp276, Ile277, Ala279,
Val612, Phe615, Arg620(1.51 Å), Phe628

van der Waals contact distance: <4Å; H-bonds indicated in bold text.
π–π interactions. [c] π–cation interactions. [d] π–σ interactions.

b

half of their concentrations of the observed MIC values (2-fold dilution lower than their MIC
value) in combinations with CIP against the same bacterial mutant, a reversal in the antibacterial activity of CIP with up to 10-fold better MIC values was observed, as shown in Table 2.
As a result of the measured synergism test of the BSN-coded 2-substituted benzothiazole
derivatives, it was found that the compounds holding 4-(4-methylphenylacetamido)phenyl and
4-(phenylpropionamido)phenyl moieties on the 2nd position at the benzothiazole ring,
BSN-006 and BSN-023, respectively, provided the most signiﬁcant contribution in the reversal of antibacterial activity of CIP among the tested compounds.
As shown in Table 2, the tested BSN-coded compounds demonstrated reversal of the
antibacterial activity of CIP against the AcrAB-TolC overexpressor E. coli AG102 strain,
contributing sensitivity on the MIC values of CIP between 2 to 10-fold double dilution better antibacterial activity, except compounds BSN-002 and BSN-008. Among the tested combinations, the compounds BSN-006 and BSN-023 exhibited the most signiﬁcant reversal
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antibacterial activity of CIP against the E. coli AG102, providing a MIC value of 0.004 μg/ml,
which is below the EUCAST susceptibility MIC breakpoint for CIP versus E. coli for use in
clinical treatment [38]. While the tested compound BSN-008 did not achieve any reversal
activity on CIP, interestingly the tested compound BSN-002 determined a MIC value 4-fold
higher than CIP. Compound BSN-002 possesses the most lipophilic substituent on its structure
among the tested compounds, holding a sec-butoxy group (OCH(CH3)C2H5) at the para position of the terminal phenyl moiety. Presumably, this compound’s higher lipophilicity may the
reason for this outlying result by affecting the inner and/or outer bacterial membranes, which
can cause some undesirable effects on the inﬂux of the CIP to the bacterial cell.
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3.2 Description of the binding site features of AcrB using molecular docking
The AcrAB-TolC RND efﬂux pump system of E. coli possess tripartite structural
organization, as shown in Figure 1(a), which is able to transport diverse structures of
compounds out of the bacterial cell, conferring resistance to a broad spectrum of antibiotics.
In the AcrAB-TolC tripartite efﬂux system, AcrB, which cooperates together with TolC and
AcrA, designates the substrate speciﬁcity and the principal multidrug RND exporter. It provides intrinsic drug tolerance to E. coli by extruding a wide variety of compounds directly
out of the cell [15].
The RND protein AcrB is composed of 1049 amino acids, and the resolved crystal structure for the AcrB protein holds three AcrB monomers (protomers) organized as a homotrimer
[4,57]. Within the asymmetric AcrB trimer, each monomer has a different conformation
denoted as loose (L), tight (T), and open (O) (access, binding, and extrusion, respectively)
[58]. Each of the protomers is composed of three different domains: a transmembrane (TM)
domain, a membrane-proximal pore or porter domain, which is formed from an extended loop
connecting TM helices, and a membrane-distal TolC-docking domain (Figure 2(a)). Both the
porter domain and the docking domain present mixed α/β-structures, with the porter domain
being an α+β sandwich with anti-parallel β-sheet, while the docking domains form a unique
folded family [15,16,58,59].
As shown in Figure 1(b), the protomer exists as the tight (T) conformation, and has a
binding pocket located in the porter domain bound with the substrate, indicated as the binding
protomer. The substrate binding pocket examined in the porter domain of the binding protomer revealed that it was enriched with aromatic amino acid residues such as Phe136,
Phe178, Phe610, Phe615, Phe617, Phe628, and Tyr772, which interacted with the substrate
by hydrophobic or aromatic–aromatic (π–π) interactions. There were also several polar residues in this area, such as Asn274, Gln176, Gly179, Asn274, Arg620, Thr87, Ser180, Glu273,
and Asp276, possibly forming hydrogen bonds with the drug molecule [3,4,15,22,60]. This
consequence might provide an explanation for AcrB’s property of broad spectrum of substrate
attraction, whereas different residues were used for binding of different substrates. The second
monomer, which exists as the open (O) conformation after extrusion of the substrate, was
designated as the extrusion protomer. The third monomer, exhibited as the loose (L) conformation and possessing an empty binding site for the binding of the following substrate, was
deﬁned as the access protomer [2–4,15,58,61]. In the access state or the loose (L) conformation, a ‘vestibule’ near the entrance was open to the periplasm, allowing potential substrates
to access the protomer. During the binding, the protomer or tight (T) conformation step,
which comprises the binding pocket in the interior of the periplasmic porter domain, achieves
the binding of potential substrate to the different sites in the binding pocket [2–4,15,58,61].
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The resolved crystal structure of AcrB with its substrates, minocycline (PDB ID: 2DRD)
or doxorubicin (PDB ID: 2DR6) demonstrated that only one of the three protomers (the T or
binding monomer) showed binding through these low molecular mass substrates (LMMS)
within the asymmetric AcrB trimer [3,4,15,61,62]. The minocycline or doxorubicin molecules
were bound in the phenylalanine-rich region (Phe136, Phe178, Phe610, Phe615, and Phe618)
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in the deep binding pocket at the centre of the porter domain between PC1 and PN2 subdomains of the binding monomer [1,2,22]. Substrates possessing high molecular mass (HMMS),
such as rifampicin or erythromycin, bind to the access monomer, and the binding sites are
located between PC1 and PC2 in the substrate translocation channel, which is separated from
the phenylalanine-rich deep binding pocket (distal pocket) by a switch loop or G-loop
(Phe617 loop), and has been shown to be important for substrate adaptation [2,60,62]. Rifampicin or erythromycin ﬁrst bind to the proximal pocket in the access state and are then forced
into the distal pocket in the binding state by a peristaltic mechanism involving subdomain
movements that include a shift of the switch loop or G-loop. The path under the switch loop
is too narrow for the HMMSs to move into the distal pocket. The switch loop swings during
the conformational change from the access stage to the binding stage. HMMSs could be
transferred from the proximal pocket to the distal pocket through the swinging of the switch
loop and proximal pocket shrinking, followed by distal pocket expansion during the transition
from the access to the binding stages [2,62]. Thus, the HMMS binding pocket is referred to
as a proximal pocket, and the LMMS binding pocket is referred to as a distal pocket, and
substrates possessing high molecular mass (HMMSs), such as rifampicin or erythromycin,
ﬁrst bind to the proximal pocket in the access monomer [3,4,63]. In contrast, low molecular
mass substrates (LMMSs), such as CIP, minocycline or doxorubicin, travel through the proximal pocket without speciﬁc binding and immediately bind to the distal pocket in the binding
monomer [2,4,13,58,62]. The presence of two discrete, high-volume multisite binding pockets
contributes to the remarkably broad substrate recognition of AcrB.
Based on this knowledge, we decided to perform our docking studies by using the AcrB
binding monomer crystal structure of AcrB (PDB ID: 2DRD) [15], because the tested BSN
compounds have low molecular weights (MWs) (of between 330 and 402); CIP, minocycline,
and doxorubicin have MWs of 330, 457, and 543, respectively. This is consistent with recent
coarse-grained molecular simulations showing that most of the uptake events of relatively
3
Figure 2. The performed docking poses. (a) The side view of the homotrimer structure of AcrB indicating
three distinct domains performed from the crystal structure of AcrB (PDB ID: 2DRD). (b) The side view protomer structure of AcrB showing the selected binding sphere used in our docking studies. (c) The top cut view
of homotrimer asymmetric structure of AcrB indicating the protomer distal pocket binding site of the tested
compounds BSN-004, BSN-006, and BSN-023 bound at the AcrB binding monomer. (d) The front cut side
view of docked compounds BSN-006 (red), BSN-023 (green), and BSN-004 (blue) bound to the distal pocket
site of AcrB binding monomer. (e) The front cut side view of the docked CIP (yellow), minocycline (purple),
and doxorubicin (cyan) bound to the distal pocket site of AcrB binding monomer. (f) Docked position of CIP:
the hydrogen bond performed between the carbonyl oxygen of carboxyl group and Arg620 (green dashed
lines). (g) Docked position of BSN-006: The hydrogen bond performed between carbonyl oxygen of amide
group substituted to the 2nd position of the benzothiazole ring and Asn274 (green dashed lines) and the π-π
interaction achieved between the terminal phenyl ring substituted to the 2nd position of benzothiazole moiety
and Tyr772 (brown line). (h) Docked position of BSN-023: two π-cation interactions performed between the
benzene and the thiazole rings of the benzothiazole fused system and Lys192 (brown lines) and the π-π interaction performed between the terminal phenyl ring substituted to the 2nd position of the benzothiazole fused
system and Phe178 (brown line). (i) Docked position of BSN-004: the hydrogen bond performed between the
nitrogen atom of the thiazole ring of the benzothiazole fused system and Asn274 (green dashed lines) and the
π-π interaction achieved between the terminal phenyl ring substituted to the 2nd position of benzothiazole
moiety and Phe178 (brown line). (j) The front cut side view of docked compounds BSN-006 (red), BSN-023
(green), BSN-004 (blue), and CIP (yellow) bound to the distal pocket site of AcrB binding monomer.

Downloaded by [Ankara Universitesi] at 01:16 12 November 2015

SAR and QSAR in Environmental Research

865

small substrates by AcrB occur from the binding monomer [60]. The binding sphere (coordinates; 168.735, 127.421, 29.5799, radius; 7.62706) in the porter domain elucidated from the
crystal structure of AcrB binding monomer was selected from the current selection method
by using the DS 3.5 protocol (Figure 2(b)). Our performed docking results have revealed that
the tested compounds BSN-004, BSN-006, and BSN-023, which exhibited the most signiﬁcant potential EPI activities, bound to the distal pocket at the opening edge of the exit channel of the binding site of the AcrB binding monomer (Figure 2(c,d)) similar to how CIP,
minocycline, and doxorubicin were bound (Figure 2(e)). This result is in accordance with the
literature; both the tested BSN compounds and the appropriate docked antibiotics possess
LMMSs bound to the same distal pocket site in the AcrB binding monomer [2,4,15,22,58].
To analyse the binding site features of the tested BSN-coded 2-substituted benzothiazole
derivatives, with CIP used as the reference antibiotic substrate, molecular docking studies
were performed using CDocker [43], and the predicted modes of the interactions between the
BSN compounds and CIP are shown in Figure 2(f–i). As shown in Figure 2(f), the antibiotic
CIP, which is docked into the distal pocket site of the AcrB binding monomer, possessed a
hydrogen bond with the amino acid residue Arg620, and performed interactions with Phe178,
Phe615, and Phe628 in the phenylalanine-rich region of the distal binding pocket, having a
van der Waals contact distance <4 Å (Table 3, CIP Interacting Residues). When the putative
EPI active compounds BSN-006 and BSN-023 docked at the binding site of the AcrB binding
monomer, BSN-006 showed a hydrogen bond with Asn274 and π–π interaction with Tyr772
(Figure 2(g)) while BSN-023 achieved π–π interaction with Phe178 and two π–cation interactions with Lys192 (Figure 2(h)). In addition, the other tested potential EPI active compound,
BSN-004, displayed a hydrogen bond with the amino acid residue Asn274 and a π–π interaction with Phe178 at the distal binding site of the AcrB binding monomer (Figure 2(i)).
The docked pose of BSN-006 displayed a phenyl trap interaction showing π–π interaction
with Tyr772, as well as performing an interaction with Phe178 in the phenylalanine-rich
region in the binding monomer distal binding site, with a van der Waals contact distance <4
Å (Table 3, BSN-006 Interacting Residues). Further, the other two putative EPI inhibitors
BSN-023 and BSN-004 directly performed π–π interactions with the distal binding pocket
phenylalanine-rich region residue Phe178. These performed docking results revealed that the
observed putative inhibitors BSN-006, BSN-023, and BSN-004 had afﬁnity to interact with
the phenylalanine-rich region in the distal pocket identiﬁed in the inhibitor-bound structure of
AcrB [2,58,60,62]. Consequently, these new putative BSN inhibitors overlapped with the
binding site of the LMMS binding pocket in the AcrB binding monomer (Figure 2(d)), which
is CIP, minocycline and doxorubicin bound (Figure 2(e)), while part of the BSN compounds
are inserted into a narrow phenylalanine-rich region in the deep binding pocket, termed the
hydrophobic trap, suggesting that they competitively inhibit substrate binding and hinder the
functional rotation of the efﬂux pump (Figure 2(j)).
When the docking interactions of the tested BSN compounds were compared with the
molecular simulation studies to investigate the putative binding modes of well-known AcrB
inhibitors PAβN and NMP [1,22], both PAβN and NMP were predicted to have interactions
with the switch loop or G-loop [1]. As discussed in the literature, PAβN and NMP are only
partially bound within the hydrophobic trap, and basically are found between this region
and the tip of the G-loop [22]. In contrast, our docking results show that the BSN compounds bind to the distal pocket in the binding monomer of AcrB, interacting with the
phenylalanine-rich region.
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The calculated binding energy scores of CIP, BSN-006, BSN-023, and BSN-004 were
calculated as –10.176, –17.972, –13.023, and –7.686 kcal mol−1, respectively (Table 3).
These calculated scores also show that the tested compounds BSN-006, BSN-023, and
BSN-004 displayed signiﬁcant binding interaction properties, and that BSN-006 and
BSN-023 contained stronger binding energies than CIP; BSN-006 and BSN-023 could be
described as the substrates of the AcrB and competitively inhibited the substrate binding site.
The binding energy obtained from BSN-004 was found to be lower than the binding energy
of CIP. It also showed interactions with the phenylalanine-rich region in the deep distal binding pocket in the AcrB binding monomer, suggesting that it could act as an uncompetitive
inhibitor/blocker at the CIP substrate binding site, which may generate some steric hindrance.
On the other hand, the calculated binding energy differences between the compounds
BSN-006, BSN-023, and BSN-004 may arise from the dissimilar synergistic activity consequences, and/or because the selected docking pose did not reﬂect the binding free energies with
sufﬁcient accuracy, or because of the complexity of the protein structure. An interesting binding
energy range variation was also found among ﬁve tested compounds BSN-001, BSN-005,
BSN-010, BSN-016, and BSN-017; these BSN compounds have a similar synergistic activity,
reducing the MIC value of CIP 4-fold (0.03 μg/ml), as shown in Table 2. This may be because
the synergism observed in many cases could be attributed to non-speciﬁc damage to the bacterial membrane. Compounds that permeabilize the membrane of Gram-negative organisms
always show synergism with antibiotics. It is therefore important that potential inhibitors are
not only identiﬁed on their synergism with antibiotics; additionally subsequent biochemical
assays are needed, in which the compounds will be determined as truly acting with efﬂux
inhibitory activity [1].
To determine the correlation between the calculated binding energy scores evaluated from
the docked compounds and experimental afﬁnities throughout, a linear regression analysis is
adequate, and the quality of the models can be determined on the basis of statistical
parameters such as goodness of ﬁt (r2) [63]. In this context, as shown in the linear regression
analysis plot given in Figure 3, our docking results disclosed that the correlation between the

Figure 3.
The scattergraph showing the correlation between the calculated binding energy scores
evaluated from the docked poses all of the tested BSN compounds versus experimentally measured MIC
values of CIP combined with BSN compounds (r2 = 0.70 (p<0.001)).
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calculated binding energy scores evaluated from the docked poses of all of the tested BSN
compounds given in Table 3 and experimentally measured MIC values of CIP combined with
BSN compounds exhibited a r2 value of 0.70 (p<0.001). The adjusted r2 coefﬁcient revealed
that the calculated binding energy scores of all of the tested BSN compounds exhibited a reliable correlation versus the experimentally observed MIC values of CIP combined with BSN
compounds [63].
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4. Conclusions
Because conventional antibiotics are becoming increasingly ineffective against pathogenic
microorganisms due to the emergence of MDR, there is a crucial requirement to overcome
bacterial resistance. Consequently, there is a necessity to use inhibitors of resistance mechanisms, which are able to potentiate the activity of existing antibiotics. Inhibition of MDR
efﬂux pumps in Gram-negative pathogens can restore the antibiotic susceptibility of resistant
strains, and might provide a reversal of the clinical activity of current antibiotics. Such
inhibitors are expected to decrease the intrinsic resistance of bacteria to antibiotics by using
the co-administered antibiotics with inhibitors that neutralize the resistance and, consequently,
restore the clinical use of antibiotics in resistant microorganisms.
The use of inhibitors of MDR efﬂux pumps (EPIs) in combination with antibiotics in an
adjuvant therapy has revealed some encouraged results in overcoming the MDR caused by
the efﬂux pumps [23]. This combination can be tested by using an EPI or a substrate of a
RND efﬂux pump at a sub-inhibitory concentration or a dosage less than the inhibitory level
(sub-MICs) with an antibiotic [1,64]. Inhibiting/competing with the binding site of the RND
efﬂux pump protein is one of the signiﬁcant procedures in inhibiting the RND efﬂux pumps
[1,4].
In conclusion, the combined use of EPIs with antibiotics appears to be a promising
therapy in the struggle with antibiotic resistance. The development of new inhibitor molecules
based on the models generated by the crystal structure of the efﬂux pumps will allow the generation of more reliable inhibitors which perform a more target-speciﬁc inhibition that binds
directly to the pump, and therefore blocks it, either in a competitive or a non-competitive
manner with the substrates. In accordance with these ﬁndings, among BSN-coded 2-substituted benzothiazole derivatives, the tested compounds BSN-006 and BSN-023 reduced the
MIC value of CIP against AcrAB-TolC overexpressor E. coli AG102 strain 10-fold, while
BSN-004 reduced it 8-fold (Table 2), providing MIC susceptibility breakpoint for CIP versus
E. coli. These results revealed that these tested BSN compounds could be new putative EPIs,
showing the ability to restore the antibacterial activity of CIP in the efﬂux pump of the
overexpressor E. coli AG102 mutant.
The performed docking poses and the calculated binding energy scores given in Table 3
revealed that BSN-006, BSN-023, and BSN-004 demonstrated signiﬁcant binding interactions
in the binding site of the AcrB binding monomer. Moreover, compounds BSN-006 and
BSN-023 possessed stronger binding interaction energies than CIP. These ﬁndings veriﬁed
that BSN-006, BSN-023, and BSN-004 acted as the substrates of the AcrB.
The docking results also revealed that the compounds BSN-004, BSN-006, and BSN-023
bound to the distal pocket site in the AcrB porter domain by inhibiting/blocking the CIP substrate binding site (Figure 2(j)). This may have generated steric hindrance, impairing the
antibiotic binding at its afﬁnity site.
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Finally, it may be concluded that the performed docking studies, which described the
binding site features of tested BSN-coded 2-substituted benzothiazole derivatives on MDR
efﬂux pump AcrB, could provide insights for further studies in order to design new potential
EPIs.
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