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The hydrophobic trap—the Achilles heel of RND efflux pumps
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Abstract

Resistance-nodulation-division (RND) superfamily efflux pumps play a major role in multidrug
resistance (MDR) of Gram-negative pathogens by extruding diverse classes of antibiotics from the
cell. There has been considerable interest in developing efflux pump inhibitors (EPIs) of RND
pumps as adjunctive therapies. The primary challenge in EPI discovery has been the highly
hydrophobic, poly-specific substrate binding site of the target. Recent findings have identified the
hydrophaobic trap, a narrow phenylalanine- lined groove in the substrate-binding site, as the
“Achilles heel” of the RND efflux pumps. In this review, we will examine the hydrophobic trap as
an EPI target and two chemically distinct series of EPIs that bind there.
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1. Introduction

The role of the resistance-nodulation-division (RND) superfamily of efflux pumps in the
multidrug resistance (MDR) of Gram-negative pathogens is well documented [1]. Efflux
pumps in this family contain a polyspecific substrate binding pocket that enables them to
bind and extrude a diverse array of compounds from the periplasm to the exterior of the cell,
including the majority of clinically used antibiotics. Combined with a highly selective outer
membrane, these efflux pumps play a central role in the intrinsic antibiotic resistance of
Gram-negative bacteria. RND efflux pumps are present in all Gram-negative pathogens,
including Escherichia coli, Klebsiella pneumoniae and Pseudomonas aeruginosa. Pathogenic
Gram-negative species encode several distinct RND pumps that contribute significantly to
MDR, each with varied substrate specificity and expression patterns [1]. Mutations that
upregulate RND efflux pump expression result in increased resistance to multiple classes of
antibiotics [2]. In addition, RND efflux pumps play an important role in biofilm formation
[3, 4], virulence [5-9] and the emergence of resistance mutations in antibiotic drug targets
(e.g. gyrA) [10, 11]. Consequently, there is substantial interest in developing efflux pump
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inhibitors (EPIs) that target the RND superfamily as adjunctive therapies to be used in
combination with antibiotics for infections caused by Gram-negative pathogens [12].

Despite the variety of EPIs reported in the literature [13], few preclinical development
programs have been described to date (See Fig. 1). The first notable contribution was from
Microcide (later Essential Therapeutics, then Rempex), who developed a family of
peptidomimetics, including PABN (MC-207 110), as an adjunctive therapy with LVX [11,
14-18]. Peptidomimetic EPIs exhibited potent inhibition of efflux pumps in 2 aeruginosa
and select inhibitors were validated using murine models of infection [15, 16, 18]. However,
the program was ultimately put on hold, presumably due to reported nephrotoxicity in the
lead series [12]. In 2004, a series of pyridopyrimidine EPIs were reported by a collaborative
team from Daiichi Pharmaceuticals and Essential Therapeutics, work that culminated in a
preclinical lead compound (D13-9001, Fig. 1)[19-25]. Unfortunately, pyridopyrimidine
EPIs exhibited a limited spectrum of activity against £ aeruginosa RND pumps, which
limits their clinical applicability and was likely the reason this program was terminated [26].
In 2014, at Microbiotix, we reported the discovery and initial characterization of a
pyranopyridine (MBX-2319, Fig. 1) as a potent inhibitor of the major RND efflux pump of
E. coli (AcrB) [27]. The pyranopyridine series of EPIs are structurally distinct from the
previously reported EPIs, and are active against the pathogens of the Enterobacteriaceae [27,
28], but do not penetrate the outer membrane of £, aeruginosa (unpublished). Optimization
of the pyranopyridine series has resulted in the identification of potent compounds that
exhibit excellent exposure and tolerability in murine models, and a robust lead optimization
program is currently in progress with future preclinical studies planned.

There is a historical perception that EPI drug development is particularly challenging, a
viewpoint that is fueled by the lack of major successes in this area;, however, recent
developments may be changing that perception. A series of recent reports have identified an
“Achilles heel” of the RND efflux pumps, which is likely to spark renewed interest in EPI
discovery and development. The primary difficulty in EPI discovery has been that the target
is the highly hydrophobic polyspecific substrate binding site of RND efflux pumps.
Analyses of previous approaches underscore this hypothesis; the requirement for extensive
hydrophobic interactions has resulted in EPIs characterized either by insoluble or
amphiphilic molecules, with concomitant issues in pharmacokinetics and toxicity.
Additionally, previous efforts have been hampered by issues of selectivity, likely resulting
from a limited knowledge of binding pocket interactions. Recently, however, x-ray crystal
structures of the pyridopyrimidine [29] and pyranopyridine [30] EPIs bound to the major
RND efflux pumps of £. coliand P, aeruginosa have been reported, facilitating a rapid
evolution in our understanding of EPI mechanisms and binding interactions. These studies
revealed that EPIs bind to a unique site within the substrate binding pocket, known as the
hydrophaobic trap, with high affinity and do not appear to be pump substrates. The discovery
of the hydrophobic trap represents a significant advance in the field, potentially enabling the
design of EPIs with increased potency and drug-like properties. In this review, we will
examine the recent literature that identified the hydrophaobic trap as a target for two
chemically distinct series of EPIs, the unique properties of these inhibitors, and potential
mechanisms of action. Finally, we will discuss the potential of the hydrophobic trap as a
target for EPI drug discovery and the current challenges of EPI drug development.
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2.RND superfamily pumps

RND superfamily pumps are integral membrane proteins that span the inner membrane
(IM), periplasmic space and the outer membrane (OM). AcrABZ-TolC of Escherichia coliis
the prototypical RND superfamily pump, as it has been studied most intensively. As implied
by its name, AcrABZ-TolC is comprised of four proteins, each with a distinct function (see
Fig. 2A). AcrB is an integral membrane protein that protrudes into the periplasmic space and
is a permease that uses proton motive force to drive the process of efflux. TolC is a porin-
like protein that extends from the periplasmic space and traverses the outer membrane. AcrA
is a so-called membrane fusion protein (MFP) because it connects AcrB and TolC and
transmits conformational changes from AcrB to TolC [18-20]. AcrZ is a highly conserved
49 amino acid protein [31] that interacts with the transmembrane domain of AcrB [32] and
affects substrate recognition [31]. Recent cryo-EM structures of the entire AcrABZ-TolC
complex confirmed the overall architecture of the pump and the subunit stoichiometry of 3
AcrB: 6 AcrA: 3 AcrZ: 3 TolC [33] (see Fig. 2A). Other orthologous RND pumps that
extrude antibiotics, such as MexAB-OprM of P, aeruginosa, share the same architecture as
AcrAB-TolC.

3.Structure and function of AcrB

The current model for the structure and function of the AcrABZ-TolC efflux pump is shown
in Fig. 2B. AcrB is comprised of three distinct domains (reviewed in [2, 34-36]): 1) a
transmembrane (TM) domain comprised of 12 transmembrane helices, which uses proton
motive force to drive the efflux process [37-39]; 2) a porter (P) domain comprised of the
two large periplasmic loops that bind and extrude substrates; and 3) a dock (D) domain that
binds to AcrA. AcrB assumes three distinct conformations during the efflux process, known
as Loose (L), Tight (T) and Open (O) [40-42], or Access, Binding and Extrusion [40],
respectively. In this review, we will refer to the conformations as L, T and O. In the absence
of substrates, the AcrB homotrimer exists in an Apo form, in which all protomers are in the
L conformation [33]. When substrates are present, AcrB undergoes conformational changes
to form an asymmetric trimer that is transport activated [33]. The activated asymmetric
trimer comprises one protomer each in the L, T and O conformations [33, 35, 40, 43].
Several lines of evidence indicate that each conformation represents a discreet stage of the
efflux process [39, 44, 45]. In the current model, each subunit successively assumes each of
the conformations as substrates first interact with the L conformation at the periplasmic
access binding site. The substrate is moved to the deep substrate binding pocket in the T
conformation. Transport of protons through the TM domain drives the transition to the O
conformation, which is characterized by the collapse of the deep substrate binding pocket,
causing the substrate to be extruded into a central channel that leads to TolC. The T to O
transition and release of the substrate only occurs when a substrate is bound to the adjacent
L protomer [43]. This model suggests that the conformational changes within the LTO
trimer are coordinated by intersubunit interactions, which predicts that one defective
protomer will inactivate the entire trimeric pump. This prediction was verified by an
experiment demonstrating that a single inactive protomer defective in proton translocation in
a covalently-linked AcrB trimer inactivated the entire pump [39].
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4.The substrate binding site of AcrB

The substrate binding pocket of AcrB is polyspecific and is able to bind and pump a diverse
array of chemicals, including many clinically important antibiotics, which complicates the
discovery and design of potent, specific EPIs. Therefore, the structure of the substrate
binding pocket in the T protomer, also known as the distal binding site, is particularly
relevant to EPI discovery and design. The substrate binding pocket is clearly defined in the
three-dimensional crystal structure of an AcrB protomer in the T conformation bound to the
pump substrates minocycline (MIN) and doxorubicin (DOX) [40]. These structures revealed
that the binding pocket is a large cavity lined with hydrophobic (F136 and F178, F610,
F615, F617 and F628) and polar residues (N274 and Q176). Both compounds interacted
mainly with hydrophobic residues through Van der Waals and ring stacking interactions and
made hydrogen bonding interactions with the polar residues. Interestingly, MIN and DOX
interacted with a distinct set of amino acid residues, providing an explanation for the
polyspecificity of the pump, which was supported by the results of docking and molecular
dynamic simulation studies [46, 47]. Substrate binding is characterized by low binding
affinity and interactions based on generalized physical properties, such as hydrophobicity,
resulting in a broad diversity of bound substrates. Consequently, the substrate binding site is
a challenging target for EPI discovery and development, as competitive inhibitors are likely
to have properties similar to those of substrates. This is exemplified by the EP1 PABN (Fig.
1), which is likely to bind within the substrate binding pocket. PABN has been shown to be a
substrate of the RND pumps [11, 48] that binds to AcrB with low affinity, as demonstrated
by the results of a quantitative cell-based efflux assay (K, 17.6 £ 5.0 uM) [48] and by a
surface plasmon resonance binding assay (K4 15 — 28 uM) [49], and was supported by
molecular dynamic simulations [47]. The antibiotic potentiating activity of this EPI is
strongly dependent on the properties (binding site) of the antibiotic [11], suggesting that
PABN inhibits efflux by competing with substrates for binding and transport from
overlapping sites in the binding pocket.

5.The hydrophobic trap

The hydrophobic trap is a unique binding site within the substrate binding pocket of RND
pumps. This site is a narrow cleft lined with hydrophobic residues (F136, F178, F610, F615
and F628), which inspired its name [29]. The hydrophobic trap was identified when the first
3D crystal structures of an efflux pump inhibitor (D13-9001) bound to AcrB and MexB were
reported by Nakashima et al. in 2013 [29]. The hydrophobic tert-butyl thiazolyl
aminocarboxyl pyridopyrimidine (TAP) moiety of D13-9001 (see Fig. 1) interacts with F178
and F628 through m-r interactions. The tetrazole ring and the piperidine aceto-amino
ethylene ammonioacetate (PAEA) moieties of D13-9001 interact with ionic and/or
hydrophilic residues (N274, R620, Q176 and S180) and with aliphatic residues (1277 and
L177) that are in the substrate translocation channel, and extends into the substrate binding
sites of both MIN and DOX. The binding site of D13-9001 in MexB was similar to the
binding site in AcrB, except for differences in the binding of the PAEA moiety in the
substrate translocation channel. D13-9001 binds to AcrB and MexB with Kp values of 1.15
UM and 3.57 uM, respectively, and does not appear to be exported by either pump [29].
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The importance of the hydrophobic trap was confirmed when Sjuts et al. reported the 3D
structures of a series of potent pyranopyridine EPIs bound to AcrBper [30], an engineered
protein comprised of the periplasmic domains (porter and docking) of AcrB that is
structurally identical to the full-length protein. In the co-crystal structure, the
pyranopyridines bind to the hydrophobic trap of the T protomer, where they engage in
multiple hydrophobic interactions with side chains lining the deep binding pocket and
hydrophobic trap. The central, aromatic pyridine ring is oriented parallel to the F628
aromatic side chain, resulting in an extensive rt—m stacking interaction. Similarly, the phenyl
and morpholinyl substituents of the central ring interact with F178 and F615. The F610 side
chain is orthogonally packed against the dimethylene sulfide moiety that connects the
pyranopyridine core to the phenyl group. The side chains of Y327 and M573 interact with
the gem dimethyl group. In addition, the acetamide of MBX-3132 was found to exhibit
interactions with AcrB through a complicated network of hydrogen bonds centered on a
solvent water that is highly coordinated by the conserved A286 carbonyl backbone oxygen
and the Q151 side chain. The dimethylmorpholinyl group protrudes into the substrate
binding pocket and forms a hydrogen bond with a water molecule coordinate by Q176. Like
D13-9001, MBX-3132 is a potent inhibitor of AcrB that completely inhibits efflux at a
concentration of 10 nM [30]. Currently, it is not known whether MBX-3132 is a substrate of
AcrB.

Comparison of the binding sites of MBX-3132 and D13-9001 reveal additional features. The
bound structures of the two compounds exhibit significant overlap and interact with a highly
correlated set of residues (Fig. 3C), as illustrated by MD simulations that quantified
interactions between the EPIs and amino acid residues in and around the hydrophobic trap
(Fig. 3D) [30]. Both compounds make strong hydrophobic interactions with F178 and F628
and extend polar groups into the water filled pocket near the exit of the trap (near Q151).
Additionally, there is a close overlap between the tert-butyl group of D13-9001 and the gem-
dimethyl group of MBX-3132 near Y327. Finally, both compounds make hydrogen bonds to
Q176 (MBX-3132 through a water bridge with the morpholine oxygen, D13-9001 through
the carbamate oxygen). The interactions of the polar substituents near Q151 and Q176 and
the hydrophobic groups at Y327 may anchor the compounds in position, potentially driving
the specificity and potency seen in both series.

In addition to the similarities between the binding interactions of D13-9001 and MBX-3132
with AcrB, there are a few notable differences. The bicyclic core of D13-9001 appears to
maintain stronger -7t interactions with F178 than the pendant phenyl moiety of
MBX-3132. Similarly, the glycine sidechain of D13-9001 maintains a salt bridge with R620
that is entirely lacking in MBX-3132. In contrast, the through-water hydrogen bonding
network between the acetamide of MBX-3132, Q151, S287 and S155 appears to be more
direct than the polar interactions of the tetrazole in D13-9001. The distinctions in binding
interactions provides potential insights and strategies for future iterations of both of these
promising series, as well as potentially providing key strategies for future EPI scaffolds.
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6.Conservation of the hydrophobic trap

The amino acid residues that comprise the hydrophobic trap of AcrB orthologs in the
Enterobacteriaceae are highly conserved (data not shown). However, as shown in Fig. 4, a
comparison of the hydrophobic trap from the RND pumps in £. coli (AcrB, AcrD, AcrF)
and P, aeruginosa (MexB, MexD, MexF and MexY) that transport antibiotics reveals
significant differences in the hydrophobic trap residues of AcrD and MexY, as compared to
the other pumps, with the exception of F628 (which is highly conserved). Substrates of
AcrD and MexY differ significantly from the other pumps, and include hydrophilic
antibiotics, such as aminoglycosides. As mentioned above, D13-9001 is active against
MexB/AcrB, but not MexY [29], which has a Trp (W) residue at position 178 instead of Phe
(F), as is present in the other pumps. A homology model of the three dimensional structure
of MexY predicted that D13-9001 would not bind to the hydrophobic trap because the
F178W substitution would prevent binding by steric hindrance. This model was confirmed
when a site-directed mutant of MexY (W177F) was shown to be sensitive to D13-9001, and
the converse substitution in AcrB (F178W) does not bind the EPI [29]. It is not known
whether D13-9001 is active against AcrD; however, AcrD does not have the F178W
substitution, so it is possible that this compound will inhibit the aminoglycoside pump of £.
coli. Ramaswamy et al. constructed a homology model of the three-dimensional structure of
AcrD and carried out extensive molecular dynamic simulations comparing the substrate
binding pockets of AcrB and AcrD, including the hydrophobic trap [50]. Their results
indicate that the numerous substitutions of hydrophobic residues by hydrophilic residues in
AcrD drastically alter the physicochemical properties of the hydrophobic trap. In addition,
substitutions in the switch loop of AcrD are predicted to alter substrate recognition and
transport, and possibly interactions with inhibitors (see below). Preliminary evidence from
our lab indicates that MBX-3132 is active against AcrB and AcrF, but not AcrD (manuscript
in preparation). Interestingly, several residues in AcrB that interact with MBX-3132 have
non-conservative substitutions in AcrD, including F136N and F615S. Experiments in our lab
are under way to determine the effects of these substitutions on the EPI activity of
MBX-3132. Therefore, the divergence of the hydrophobic trap of AcrD/MexY from AcrB/
MexB is a major challenge for the design of EPIs that are active against all of the major
RND superfamily pumps, especially as structural characterization of AcrD or MexY has not
been reported. While a homology model of AcrD [50] would be useful for evaluating novel
inhibitors, a three-dimensional structure of one of both of these pumps would enable the use
of structure-based drug design methods to improve the spectrum of activity of existing EPIs.

7.Mechanistic implications of the hydrophobic trap

The mechanism of inhibition of EPIs that bind to the hydrophobic trap is still unclear,
although there are several possibilities that are not mutually exclusive. The first and most
obvious mechanism is one of steric hindrance. As shown in Fig. 5, the binding site of
MBX-3132 extends into the substrate binding pocket of AcrB and overlaps with the binding
sites of known substrates minocycline, R6G and doxorubicin [30]. Similarly, the binding site
of D13-9001 extends into the substrate binding pocket and also overlaps with the binding
sites for minocycline and doxorubicin [29]. It is likely that these EPIs bind to the
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hydrophobic trap with higher affinity than efflux substrates and are able to block substrate
binding.

High affinity binding to the hydrophobic trap suggests a second mechanism in which the EPI
freezes the AcrB trimer in an inactive conformation. When cryo-EM was used to determine
the structure of MBX-3132 bound to AcrABZ-TolC, 73% of the complexes comprised AcrB
trimers that were in the TTT conformation [33]. The authors of the paper suggested that this
finding indicates that MBX-3132 binds to AcrB with high affinity [33]. A similar
observation was made by the Pos laboratory: when AcrB is crystallized in the presence of
high concentrations of substrate, AcrB trimers are in the TTT conformation [34]. These
findings indicate that the substrate binding sites in the AcrB trimer can be saturated, which
disrupts the conformation of the functionally rotating AcrB trimer (LTO conformation). The
fate of the TTT trimers is not known. It is possible that lower affinity substrates could be
transported and the AcrB trimer could resume efflux according to the current functional
rotation model. However, this would require each subunit to act independently, which has
not been observed experimentally. It is likely that high-affinity EPIs that bind to the
hydrophaobic trap are not readily removed by efflux, effectively locking the AcrB trimer in
the TTT conformation and disrupting the inter-subunit interactions that coordinate
conformational changes during normal pump function.

A third possible mechanism is that high affinity binding to the hydrophobic trap prevents
conformational changes required for the proper activity of the pump. Nakashima et al.
concluded that D13-9001 binds tightly to the hydrophobic trap and prevents the
conformational changes that are needed for the proper activity of the pump [29]. Indeed, it is
possible that MBX-3132 and D13-9001 prevent the movement of the so-called “switch
loop,” a flexible loop that separates the access and the deep substrate binding sites in the L
and T conformations, respectively [43]. Conformational changes of the switch loop are
required for the movement of substrates from the access site to the deep substrate binding
pocket [43]. Based on the results of molecular dynamic simulations of the EPIs PABN and
NMP binding the substrate binding pocket of AcrB, Vargiu and Nikaido first proposed that
these EPIs inhibit the conformational changes required for the movement of substrates
through the pump by interacting with residues in the switch loop [47]. The co-crystal
structure of MBX-3132 bound to AcrB, and the results of molecular dynamic simulations
demonstrate that MBX-3132 interacts with F615 and F617 of the switch loop [30] (Fig. 3D).
In addition, the co-crystal structure of D13-9001 bound to AcrB shows a strong interaction
with R620 of the switch loop [29] (Fig. 3D). Therefore, it is possible that both of these EPIs
inhibit the movement of substrates into the deep substrate binding pocket.

8.Challenges

The development of a successful EPI inhibitor faces two key challenges beyond those
common to antibiotic development: it is obligated to be an adjunctive therapy, and the
compound binding site is highly hydrophobic. The development of an adjunctive therapy
requires careful titration of pharmacokinetic parameters, including both half-life and
distribution to ensure efficacy as well as consideration of drug-drug interactions (Cyp
inhibition and synergistic side effects among others). Additional considerations will occur
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when considering general applications — the ideal candidate must work with a range of
antibiotics to maximize effect against varying pathogens and strains, adding further
pharmacokinetic constraints into the drug development process. The extremely hydrophobic
nature of the AcrB binding site has historically limited effective EPISs to either insoluble or
amphiphilic molecules, with concomitant issues in pharmacokinetics and toxicity. As
improvements in understanding molecular interactions at this site progress, new strategies
will need to emerge that improve physical properties of EPIs and, ultimately, abrogate this
barrier to development.
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Fig. 1.
Structures of the compounds discussed in this review.
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Fig. 2.

Structure and transport mechanism of the AcrABZ-TolC RND efflux pump. A) A cryo-EM
structure of AcrABZ-TolC bound to MBX-3132 with a resolution of 3.6 A. The entire
complex is comprised of 3 AcrB, 3 AcrZ, 6 AcrA and 3 TolC subunits. The components of a
single functional unit of the trimeric pump are labeled. This image was reproduced with
permission from Wang et al. [33]. B) A cartoon depicting the current model of the RND
efflux pump transport mechanism. In the absence of substrate (right panel), the pumpisin a
resting (apo) state, in which the AcrB trimer is in the LLL conformation and the central
channel of TolC is closed. In the presence of efflux substrates (left panel), the pump switches
to a transport activated state characterized by changes in AcrB that result in three distinct
conformation states (L, T and O), which represent discreet stages of the transport
mechanism. Each subunit cycles from the L to T to O conformation, a process that is driven
by the translocation of protons through the transmembrane domain (TM) of AcrB and is
essential for unidirectional transport. When the substrates have been depleted, the pump
reverts to the apo state. The cartoons depict cross-section views through the length of the
pump in which two protomers of each of the pump components are shown. The cartoons
below depict a view of the molecular axis of the AcrB trimer, which shows conformations of
the AcrB protomers in the apo and transport activated states. Key: OM, outer membrane;
IM, inner membrane; TM, AcrB transmembrane domain; P, AcrB pore domain; D, AcrD
docking domain; L, T and O, Loose, Tight and Open conformations, respectively, of AcrB.
This cartoon was adapted from a figure published by Wang et al. [33].
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Fig. 3.
Potent efflux pump inhibitors D13-9001 and MBX-3132 bound to the hydrophobic trap of

AcrB. A) D13-9001 (green, carbon; red, oxygen; blue, nitrogen; PDB entry 3W9H [29]). B)
MBX-3132 (dark red, carbon; PDB entry 5ENQ [30]). The surfaces have been colored green
and pink to highlight residues within 5 A of D13-9001 and MBX-3132, respectively. Images
were generated with Pymol [51]. C) Superimposition of MBX-3132 (purple, PDB entry
5ENO [30]) and D13-9001 (green, PDB entry 5ENO [30]) bound to the hydrophobic trap of
AcrB shows the differences and similarities of their binding sites. Amino acid side chains of
residues comprising the hydrophobic trap are shown as yellow sticks. Image was generated
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with Pymol [51]. D) The relative per-residue contributions to the free energy of binding
(AGD, kilocalories per mole) were calculated for D13-9001 and MBX-3132 bound to AcrB,
and are compared with estimates calculated for MIN [43]. Residues comprising the
hydrophobic trap [29] are shown in bold. Residues in the switch loop are highlighted in
yellow. The data for MBX-3132 were reprinted from Sjuts et al. [30] with permission and
the data for D13-9001 were kindly provided by Attilio Vargiu (University of Cagliari).
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Fig. 4.

A multi-sequence alignment of the major RND superfamily pumps of £. coliand P
aeruginosa showing conservation of the residues that comprise the hydrophobic trap.
Residues that interact with MBX-3132 and D13-9001 are indicated above the alignment
with green and blue arrows to indicate hydrophobic and polar residues, respectively.
Hydrophobic trap residues are underlined. The residues are numbered according to the £.
coli AcrB sequence. Significant differences between the conserved residues of AcrB/MexB
and AcrD and MexY are indicated by red and yellow circles, respectively. Residue F178 is
highlighted by two asterisks (**) because the F178W substitution in MexY has been shown
to prevent binding of D13-9001 [29]. The secondary structure of AcrB is shown below the
alignment using green arrows to indicate beta strands and red cylinders to indicate alpha
helices. The alignment was generated using Clustal X2 [52].
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Fig. 5.
The MBX compound binding site overlaps with substrate binding sites. Superimposition of

MBX-3132 (cyan, carbon; red, oxygen; blue, nitrogen; yellow, sulfur) bound to AcrB with
substrate compounds. A) MIN (green; PDB entry 4DX5 [43]), B) R6G (magenta; PDB entry
5ENS [30]) and C) doxorubicin (orange; PDB entry 4DX7 [43]). MBX-3132 bound to the
hydrophobic trap sterically hinders substrate binding to the AcrB deep binding pocket. AcrB
side-chains involved in the binding of substrates or EPI are indicated and shown as sticks
(carbon = yellow). Reprinted with permission from Sjuts et al. [30].
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