BMB
Reports

Invited Mini Review

BMB Rep. 2023; 56(6): 326-334
www.bmbreports.org

AcrAB—TolC, a major efflux pump in Gram negative bacteria:
toward understanding its operation mechanism

Soojin Jang”

Department of Discovery Biology, Antibacterial Resistance Laboratory, Institut Pasteur Korea, Seongnam 13488, Korea

Antibiotic resistance (AR) is a silent pandemic that kills millions
worldwide. Although the development of new therapeutic agents
against antibiotic resistance is in urgent demand, this has pre-
sented a great challenge, especially for Gram-negative bacteria
that have inherent drug-resistance mediated by impermeable
outer membranes and multidrug efflux pumps that actively ex-
trude various drugs from the bacteria. For the last two decades,
multidrug efflux pumps, including AcrAB—TolC, the most clin-
ically important efflux pump in Gram-negative bacteria, have
drawn great attention as strategic targets for re-sensitizing bac-
teria to the existing antibiotics. This article aims to provide a
concise overview of the AcrAB—TolC operational mechanism,
reviewing its architecture and substrate specificity, as well as
the recent development of AcrAB —TolC inhibitors. [BMB Reports
2023; 56(6): 326-334]

INTRODUCTION

Antibiotic resistance (AR) is a silent pandemic that kills millions
worldwide. A comprehensive computational modeling based on
globally collected data revealed that in 2019, almost 5 million
deaths were associated with antibiotic resistance, including 1.27
million deaths directly caused by antibiotic resistant bacterial
infections (1). Among these deaths, over 50% were attributable
to drug-resistant Gram-negative bacteria, such as Escherichia coli,
Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudo-
monas aeruginosa, which the World Health Organization has
designated as priority pathogens for the urgent development of
novel therapies (2).

Antibiotic resistance in Gram-negative bacteria is a combi-
nation of acquired resistance developed upon exposure to
antibiotics, and intrinsic resistance resulting from the bacterial

*Corresponding author. Tel: +82-31-8018-8194; Fax: +82-31-8018-
8014; E-mail: soojin.jang@ip-korea.org

https://doi.org/10.5483/BMBRep.2023-0070

Received 16 April 2023, Revised 18 May 2023,
Accepted 30 May 2023, Published online 7 June 2023

Keywords: AcrAB—TolC, Antibiotic resistance, Gram negative bacteria,
Multidrug efflux pumps, RND family

ISSN: 1976-670X (electronic edition)

Copyright (© 2023 by the The Korean Society for Biochemistry and Molecular Biology

physiological characteristics, such as impermeable cell envelop,
efficient drug efflux pumps, and the formation of biofilms that
prevent antibiotics from reaching the bacteria. Acquired resist-
ance, including the alteration of drug targets, inactivation, or
degradation of antibiotics, often renders the bacteria with high
resistance. Conversely, intrinsic resistance facilitates the initial
development of resistance in Gram-negative bacteria via mainly
maintaining drug concentrations at a low level, buying the time
to acquire a high degree of resistance (3-5). Among the resistance
mechanisms, efflux pumps play pivotal roles for both intrinsic
and acquired resistance in Gram-negative bacteria (6, 7).

Efflux pumps are membrane-bound proteins that serve as a
primary defense mechanism via actively exporting toxic sub-
stances, such as antibiotics, detergents, and heavy metals, when-
ever bacteria encounter them. Combining reduced drug pe-
netration via the outer membrane barrier, efflux pumps make
Gram-negative bacteria inherently resistant to many antibiotics.
There are five main families of efflux pumps in Gram-negative
bacteria: the major facilitator superfamily (MFS), the small mul-
tidrug resistance (SMR) family, the multidrug and toxin extru-
sion (MATE) family, the ATP-binding cassette (ABC) superfam-
ily, the resistance-nodulation-division (RND) superfamily, and
the proteobacterial antimicrobial compound efflux (PACE) fam-
ily (8). The tripartite RND pumps are uniquely found in Gram
negative bacteria. Although it has been reported that Staphy-
lococcus aureus, a Gram positive bacterium, possesses FarE
initially described as a RND type of efflux pump, it does not
have a full architecture characterized for the tripartite RND
pumps (9, 10). The tripartite RND pumps are composed of an
inner membrane protein (IMP), a membrane fusion protein (MFP),
and an outer membrane factor (OMF), as a tripartite complex
that enables toxic compounds to be expelled, passing through
the three layers of the cell envelop in Gram-negative bacteria
(inner membrane-peptidoglycan-outer membrane) (Fig. 1A)
(11-13). Several tripartite RND pumps have been identified in
Gram-negative bacteria, such as AcrAB—TolC in Enterobacteria-
ceae, MexAB—OprM, MexCD —OprJ, and MexXY —OprM in
Pseudomonas aeruginosa, AdeABC in Acinetobacter baumannii,
CmeABC in Campylobacter jejuni, and MtrCDE in Neisseria
gonorrhoeae (14-19). AcrAB—TolC is the most studied tripartite
RND efflux pump. AcrAB —TolC has a notorious substrate poly-
specificity that can extrude a wide range of structurally diverse
toxic compounds out of the bacterial cell, including many anti-
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Fig. 1. The architecture of AcrAB—TolC. (A) The cryoEM structures of a fully assembled AcrAB—TolC complex with open form of TolC (PDI ID:
5NG5) and a AcrB trimer (PDI ID: 6BAJ) with several important transmembrane helixes and subdomains in an AcrB protomer (31, 34), and
(B) the conformation cycle of the three distinct protomers within trimeric AcrB, which each protomer goes through the rotation of three states

termed loose (L), tight (T), and open (O) (48-50, 92).

biotics; thus it is often associated with multidrug resistance
(20). In addition to its role in antibiotic resistance, AcrAB—
TolC has been implicated in other cellular processes, such as
bacterial biofilm formation, pathogenicity during infection,
and adaptation to environmental stresses (21-25). For these
reasons, AcrAB—TolC is a significant factor for treatment out-
comes in clinics, which make the pump an attractive target for
the development of therapeutic agents against Gram-negative
bacteria (26, 27). This article aims to provide a concise sum-
mary of the AcrAB—TolC operational mechanism, with a glimpse
of the architecture, substrates, and inhibitors of the pump.

ARCHITECTURE OF AcrAB—TolC

The structure of the whole complex of AcrAB—TolC has been
resolved using various techniques that include X-ray crystallo-
graphy and cryo-electron microscopy, providing insights into
its structure and operational mechanism (28-31). Like other
members of the tripartite RND family, AcrAB—TolC is a tripar-
tite complex consisting of two trimeric proteins, AcrB (IMP)
and TolC (OMF), bridged by hexameric AcrA (MFP) (Fig. 1A).
AcrB is a transmembrane protein with the size of 113.6 kDa
(1,049 aa). In the AcrAB—TolC complex, AcrB exists as a
homotrimer, and the three protomers are arranged in a trian-
gular shape, forming a funnel-like structure that can cope with
a wide range of molecules for their translocation out of the
bacterial cell. Each protomer is composed of three domains:
the transmembrane domain (TMD), the porter domain (PD),
and the funnel domain (FD) (Fig. 1). The TMD of AcrB proto-
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mer is comprised of 12 transmembrane helices (TM1—TM12),
which contain critical residues for proton translocation to
conduct the energy transduction through electrochemical proton
gradient across the membrane (32). A total of 36 TMs of TMDs
in trimeric AcrB form the central cavity in the inner membrane,
and provide a path for drug entrance (33). It has been shown
that the conformational changes of the TMDs in each AcrB
protomer are interconnected, affecting the function of the whole
complex (34). The PD in AcrB consists of two N-terminal and
two C-terminal subdomains (PN1, PN2, PC1, and PC2), and it
is the major domain of AcrB for substrate binding, which du-
ring the drug efflux process, undergoes large conformational
changes. Each PD of the protomer contains two substrate-bind-
ing pockets, the proximal binding pocket (PBP) between PC1
and PC2, and the distal binding pocket (DBP) between PC1
and PN2 (PN1), which are separated by 11 amino acids termed
“a switch loop” (35, 36). The PD is a key structural component
of AcrB that is essential for the recognition, binding, and trans-
location of various molecules (37). The FD, the third domain
of AcrB, is a region located at the tip of AcrB toward the
periplasmic end of the protein. A long loop made with two
N-terminal B-sheets (N 8 and 9) in the FD of each protomer
stretches and penetrates the FD of another protomer, inter-
locking with each other and maintaining the architecture of
the AcrB trimer, while the TMDs and PDs of protomers under-
go conformational changes (Fig. 1) (38). A sequential peptide
affinity tag experiment revealed that AcrZ, a 49 amino acid
long (5.3 kDa) small protein, interacts with AcrB in one to one
ratio (39). As a single helix, AcrZ interacts with MTD of AcrB
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in the inner membrane (28, 31, 40). A recent cryo-EM study
observed that bending of AcrZ around position 16 (P16) is
important for the physical interaction of AcrZ with AcrB (41).
The same study also revealed that AcrZ binding to AcrB mo-
dulates the structural conformation and activity of AcrB through
allosteric changes that is enhanced in a lipid environment
where cardiolipin and palmityloleoyl phosphatidylglycerol are
present (41).

AcrA is the 42.2 kDa (397 aa) periplasmic protein com-
prising MFP in the AcrAB—TolC complex, which bridges the
inner membrane protein AcrB and the outer membrane pro-
tein TolC (Fig. 1). AcrA exists in two conformationally different
types of protomers (protomer | and Il) in a hexameric assembly
of the AcrAB—TolC complex. Each AcrA protomer is subdivided
into four subdomains: the membrane-proximal domain (MPD),
B-barrel domain, lipoyl domain, and o-helical domain (13, 42).
A recent cellular electron cryo-tomography study revealed that
there are two distinct conformations of MPDs in hexameric
AcrA, in which one interacts with both AcrB and the inner
membrane (protomer 1), while the other interacts with only
AcrB (protomer 1) (42). Along with the MPD, the B-barrel do-
mains flexibly linked to the MPDs are also involved in inter-
action with AcrB at its FDs. The lipoyl domains and the a-heli-
cal hairpins are arranged toward TolC in a cylindrical shape,
and play roles in the stabilization of the AcrA hexameric as-
sembly, interacting with each other, and the intermeshing
cogwheel-like interaction with TolC providing the TolC interface,
respectively (40).

TolC is the outer membrane protein of the complex, and
forms a channel across the outer membrane of the bacterial
cell. TolCHlike proteins are ubiquitous in Gram-negative bacteria,
which are involved in various extrusion processes of diverse
molecules that are either produced by bacteria (metabolites,
virulence factors, and toxins), or imported into them (antibio-
tics, biocides, bile salts and organic solvents) (43, 44). Unlike
other Gram-negative bacteria that have several TolC-like pro-
teins, entrobacteriaceae, such as Escherichia coli, express only
one TolC that needs to be recruited to an AcrAB subcomplex
to complete the complex assembly (45). TolC in the AcrAB—
TolC complex exists as a homotrimer with each 53.7 kDa (493
aa) protomer containing periplasmic o-barrels and outer mem-
brane embedded B-barrels. Twelve B-barrels in three TolC pro-
tomers form an outer membrane pore, while o-barrels create a
100 A long channel in the periplasm, which together undergo
open and closed conformational changes in an iris-like manner
that is powered by reorientation of the AcrA interacting with
TolC at its a-helical hairpins during the substance efflux process
(43-45).

GENERAL OPERATION MECHANISM OF AcrAB —TolC

During the efflux process through the AcrAB —TolC drug efflux
pump, substrates move from the AcrB binding pocket through
the TolC channel, and into the extracellular space. The move-
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ments of substrates through this complex have been extensive-
ly studied using a variety of techniques, which include X-ray
crystallography, cryo-electron microscopy, and molecular dy-
namics simulations (28-31, 46). The efflux process is initiated
when a substrate of AcrAB —TolC binds to AcrB, and triggers a
series of conformational changes in the complex (11, 47, 48).
During the drug translocation process, conformational changes
of AcrB occur in a cyclic manner, in which each protomer goes
through the rotation of three states termed access, binding, and
extrusion, or alternatively, loose (L), tight (T), and open (O),
which are adopted from FOF1—ATP synthase (Fig. 1B) (48-50).
The L state, the apo form of AcrB, is presumably the initial
state of the conformation cycle. In the L state of a protomer,
the PBP between PC1 and PC2 subdomains is open, while the
DBP between PC1 and PN2 subdomains is closed in the PD
(31, 51, 52). Upon binding of substrates, the L state shifts to
the T state where the PBP becomes smaller, while the DBP is
open, allowing the substrates to be translocated toward the
FD. At the T state stabilized by substrate binding in the DBP,
the TMD undergoes the conformational change that allows
protons to access the acidic residues (D407 and D408) in the
TMD, which provide the proton translocation driven T to O
transition of AcrB (53). The exit gate between PN1 and PN2
subdomains is open at the O state, while both the PBP and
DBP are closed. As a result, substrates move out through the
FD toward the funnel of AcrA—TolC complex (31, 53). Fi-
nally, the release of protons from the TMD in the O state to
the cytoplasm brings the AcrB to the initial L state, closing the
exit gate, and opening the PBP (54). Of note, a recent study
proposed an alternative explanation for the cyclic conforma-
tional rotation of AcrB, with the hypothesis that the conforma-
tional changes in AcrB trimer are initially triggered by proton
binding, instead of substrate binding. However, this hypothesis
has not yet been verified by others (55).

Prior to substrate binding, the AcrAB—TolC complex is pre-
sumably at the resting state, where the AcrB trimer exists as a
symmetrical structure, with all three protomers in the L state.
In the resting state pump, the symmetrical (LLL) AcrB trimer is
tied to a loosely packed AcrA hexamer that binds to the closed
form of TolC (38). Upon substrate binding, the cyclic confor-
mational change of AcrB occurs, converting its structure from
symmetrical to asymmetrical form. Various asymmetrical AcrB
trimers comprised of combinations of the different states (L—
T—0O, T-T—L, L—T—L) have been found through X-ray and
cryo-EM analyses (31, 49). Since full AcrAB—TolC complexes
with asymmetric AcrB trimers are supposed to be in the active
process for substrate extrusion, the conformations of AcrA and
TolC are adopted to complete the process, providing an open
path for substrates to go through, out of the outer membrane.
At the active stage of an AcrA hexamer, the B-barrels and MP
domains associated with the AcrB trimer are reoriented, and
the o-helical hairpins are tightly packed, sealing the enclosed
cavity that is connected to the TolC (30, 46). The conforma-
tional changes of AcrA lead to relocation of the helices at the
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lower end of the TolC orbarrel in an iris-like opening, event-
ually forming an entire open path from AcrB to TolC toward
the outer membrane (31). Several reviews have provided de-
tailed explanations of the elaborate conformational changes in
AcrAB —TolC complex during the substrate extrusion (11, 13).
Four different substrate access channels (CH1—4) have been
suggested based on computational structure analyses of AcrB,
of which entry sites for substrates toward the PBP and the DBP
in AcrB are found to be either from the periplasm, or the outer
leaflet of the inner membrane. Channel 1 (CH1) is located in
the interface between PC2/TMD (TM8) that allows substrates
to enter AcrB through the outer leaflet of the inner membrane
(56). It has been observed that CH1 is open in the L and T
states, but closed in the O state by the conformational shift of
TM8 and PC2 (33, 56). The periplasmic Channel 2 (CH2) was
observed in the cleft between PC1 and PC2, which leads the
substrate to the PBP of the L and T states (33, 48, 56). The
presence of the third channel (CH3) was observed at the
central cavity, a large cavity at the bottom of the periplasmic
domain and at the top of the TMS domain, formed by the
residues of all three AcrB protomers in the inner membrane
(57-59). It has been suggested that the CH3 can guide sub-
strates directly to the DBP by passing the PBP, as well as the
switch loop (33). Recent molecular modeling studies, followed
by functional and structural analyses, have suggested a fourth
channel (CH4) that begins at the TM1/TM2 groove, and extends
to an interface pathway between PN2 and PC1 toward the DBP
(60, 61). These different substrate access channels in distinct
locations at the AcrB trimer contribute to substrate poly-
specificity of AcrB, providing various routes for the extrusion
of structurally unrelated diverse molecules out of the bacteria.

SUBSTRATE POLY-SPECIFICITY OF AcrAB—TolC

A wide range of substrates that include antibiotics, detergents,
dyes, and other toxic compounds can be recognized and trans-
ported through AcrAB —TolC (Supplementary Table 1). The poly-
specificity of AcrAB—TolC allows structurally diverse molecules
to be transported by the pump, and numerous functional,
structural, and mutagenesis studies have shown that the sub-
strate specificity is initially determined by the access channels
at the PD, which have certain substrate preferences (33, 49,
57, 62). The CH1 in the TMD/PC2 interface at the TM 7/8/9
groove near the vestibule guides substrates from the outer
leaflet of the inner membrane to the PBP and DBP transition
point (57). Phenicols, linezolid, and fusidic acid, as well as
dodecyl B-D-maltoside (DDM) that has been co-crystalized
with AcrB, are found to be preferred substrates for CH1 (36,
56, 60, 62). A mutagenesis study revealed that CH1 can be
also a transport route for amphiphilic B-lactams with larger
partition coefficient, such as nafcillin, cloxacillin, and benzyl-
penicillin, of which the hydrophobic side chains are more
likely to immerse in the outer leaflet of the inner membrane,
while the B-lactam ring would still remain in the periplasm
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(63, 64). In general, it has been proposed that compounds
with low molecular weight and low polar surface area are
likely to enter the AcrB through CH1 (62). The CH2 pathway
starting at the lateral cleft between the PC1 and PC2 interface
is located about 15 A above the putative membrane plane (36,
48, 49, 57). The location of CH2 seems to be suitable for cap-
turing substrates in the periplasm. Although the substrate spec-
ificity of CH2 is still elusive, studies show that CH2 prefers
high molecular weight drugs, such as erythromycin, rifampicin,
minocycline, and doxorubin-dimer, in the classes of microlides,
ansamycins, tetracyclines, and anthracyclines (36, 49, 57, 65).
A site-directed mutagenesis revealed that planar aromatic ca-
tions with low molecular weight, such as ethidium bromide
(EtBr), benzalkonium chloride (BZK), berberine (BER), and rho-
damine 6G (R6G), are the preferred substrates for CH3 in the
central cavity of TMD in the inner membrane (33). The fourth
channel (CH4) comprised of the TM1/TM2 groove has been
proposed based on several molecular modeling studies, as
well as functional and structural analyses, and it has been
shown that carboxylated molecules, such as fusidic acid, oxa-
cillin, cloxacillin, dicloxacillin, and piperacillin, can be trans-
ported through CH4 (60, 62).

The substrate preference or specificity of each access chan-
nel appears to go toward certain physicochemical and struc-
tural properties of the substrates. For example, when some of
the known substrates for AcrAB—TolC are projected in a
principal component analysis (PCA) plot with respect to their
molecular weight, hydrophobicity, and charge distribution, as
well as their size and shape indicated by minimal and maxi-
mal projection areas, the drugs preferred by each channel are
roughly clustered together, implying that the physicochemical
and structural properties of the substrates play an important
role in determining whether they can be recognized and tran-
sported through a certain channel in AcrB (Fig. 2) (11, 13).
Hydrophilic aminoglycosides known to be unfavorable sub-
strates for AcrAB—TolC are clustered away from the well-known
AcrAB —TolC substrates in the plot (66). The PCA plot is made
with 6 chemical features (molecular weight, hydrophilic-lipo-
philic Balance, logP, topological polar surface area, and mini-
mum projection area and maximum projection area obtained
from the UCSF ChimeraX); however, it is apparent that these 6
features are not sufficient to perfectly rationalize the substrate
preference of each channel. For example, tetracycline, mino-
cycline, and doxycycline, the drugs in the tetracycline class,
have been reported as the substrates for CH2 (36). However,
they are instead positioned close to the substrates that more
likely use CH1 (Fig. 2). Piperacillin is also found to be apart
from the other carboxylated B-lactams (oxacillin, cloxacillin,
and dicloxacillin), although it has been shown that these car-
boxylated B-lactams are translocated through CH4 (60). Of note,
piperacillin seems to indeed be somewhat different than other
carboxylated B-lactams, behaving differently in the site-directed
mutant (L300A) that is supposed to have altered CH4 function
(60). To extend our comprehension of each channel’s substrate
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Fig. 2. A principal component analysis (PCA) plot of AcrAB—TolC substrates and inhibitors. A PCA plot made with physicochemical properties
(molecular weight, hydrophilic-lipophilic Balance, logP, topological polar surface area, minimum projection area, maximum projection area ob-
tained from the UCSF ChimeraX, (93, 94)) of 50 molecules that have been tested as substrates as well as 7 inhibitors (bold) for AcrAB—TolC.
Potential access channels are roughly depicted based on the molecules with the reported dedicate access channels (57, 60, 62, 63, 66, 95-97).

specificity, it would be necessary to integrate more chemical
features of the substrates, including the presence of certain
functional groups, such as carboxyl, amino, and hydroxyl groups
that likely affect the substrate preferences between the access
channels (67).

Once the substrates enter the AcrAB —TolC complex through
different access channels, they either move through PBP to
DBP (CH1 and CH2), or directly end up at DBP (CH3 and
CH4) (62). The hydrophobic environment in DBP, comprising
mainly phenylalanine, but also isoleucine, valine, alanine, and
asparagine side chains, seems to be opted for taking in all the
known AcrAB—TolC substrates as an anteroom to enter the
exit funnel connected to AcrA—TolC (11, 68). Overall, the
substrate poly-specificity of AcrAB—TolC is the outcome of a
complex interplay between the physicochemical and structural
properties of the substrate molecules, and the molecular fea-
tures of the AcrAB —TolC complex.

The substrate polyspecificity of AcrAB—TolC with different
drug access channels would be a great benefit, granting them
the capability to simultaneously cope with various structurally
unrelated antibiotics in different classes. Of note, the strong
cooperative efflux between different drugs, such as chloram-
phenicol and cefamandole, and the simultaneous extrusion of
the CH3-preferred drugs and the CH1- or CH2-preferred drugs
have been observed (62, 69). In the current clinical setting,
combination therapies with more than one antibiotic have
become a routine procedure, due to increased antibiotic resis-
tance (70). In-depth understanding of the substrate polyspeci-
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ficity mechanism for AcrAB—TolC, a major efflux pump in
Gram-negative bacteria, might enable the development of a
better strategy for a more effective combination therapy.

AcrAB—TolC INHIBITORS

AcrAB —TolC-associated multidrug resistance has been a sig-
nificant clinical implication for the treatment failure of anti-
biotics against Gram-negative bacterial infections (71-74). In
addition, the involvement of AcrAB—TolC in other cellular
functions, such as biofilm formation and pathogenicity, in
Gram-negative bacteria makes the pump an attractive target for
the development of new strategies to combat antibiotic resis-
tant infections (21-25). As such, inhibition of AcrAB—TolC can
be an effective way to enhance the effectiveness of antibiotics
and reduce the occurrence of antibiotic resistance. Various
AcrAB —TolC inhibitors, including small molecules and peptides,
have been identified (13, 26, 75).
Phenylalanine-Arginine-B-Naphtylamide (PABN) is a broad-
spectrum efflux pump inhibitor that has the inhibitory activity
for various efflux pumps in Gram-negative bacteria, including
MexAB —OprM, MexCD —Opr], MexEF —OprN, AdeABC, and
AcrAB—TolC. PABN was initially identified through a 200,000
small molecule combination screening with levofloxacin against
MexAB—OprM, MexCD—Opr], or MexEF—OprN overex-
pressing Pseudomonas aeruginosa (76). Similar to PAPBN,
D13—9001, a 4-oxo-4H-pyrido[1,2-a]pyrimidine derivative, was
initially identified through high-throughput screening against
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MexAB —OprM of Pseudomonas aeruginosa, and subsequent-
ly shown to have AcrAB—TolC inhibitory activity along with a
co-crystallization with AcrB in DBP (77).

There are also inhibitors that specifically target AcrAB —TolC:
1-(1-naphtylmethyl)-piperazine (NMP), MBX2319, WK2, and
BDMB88855. An arylpiperazine, NMP, was identified in a high
throughput screening against an AcrAB overexpressing E. coli
strain, and has shown over 4-fold reduced MICs for levoflo-
xacin, linezolid, clarithromycin, oxacillin, rifampin, chloram-
phenicol, and tetracycline (78). A 2H-benzo[h]chromene deri-
vative, WK2, is identified as an AcrB targeting inhibitor, con-
ferring increased susceptibility to chloramphenicol, erythromy-
cin, tetraphenylphosphonium, and levofloxacin, but no effect
for rifampicin (79). MBX2319 is a pyranopyridine molecule,
and potentiates various antibiotics, including fluoroquinolones,
B-lactams, and chloramphenicol against a wild-type E. coli strain,
as well as ciprofloxacin resistant strains (80). An electron cryo-
tomography study suggested that the mechanism of AcrAB—
TolC inhibition by MBX2319 was likely due to MBX2319-
mediated restriction of the conformational cycle in the pump
(65). Similarly, the recently identified inhibitor, BDM88855 is
also proposed to prevent the conformational cycle of the pump
that is critical for the function of AcrAB—TolC. BDM88855
aids significant reduction of MIC values for oxacillin, linezolid,
novobiocin, fusidic acid, pyridomycin, and chloramphenicol
in a wild-type E. coli strain (81). The effect of BDM88855 seems
to decrease for erythromycin, ciprofloxacin, piperacillin, tetra-
cycline, triclosan, and ampicillin, and essentially have no
effect for ceftazidime, streptomycin, aztreonam, and gentamicin
(81). Interestingly, the position of BDM88855 is distant from
most of these lesser (or no) effect compounds in the PCA plot
(Fig. 2). Similarly, PABN in particular showed better effects
over NMP for clarithromycin and rifampin, which are posi-
tioned closer to PABN than NMP in the PCA plot (Fig. 2). This
observation implies that consideration of the physicochemical
properties of the inhibitors, as well as antibiotics, potential
combination partners, could provide a good strategy leading to
the successful development of AcrAB —TolC inhibitors.

More recently, new strategies have been explored to identify
AcrAB—TolC inhibitors, such as interfering with the pump
assembly. Recent studies demonstrated that designed peptides
that can mimic TMs of AcrB interrupt AcrB trimerization,
leading to the inhibition of AcrAB—TolC mediated drug efflux
(82). In another way to disrupt the efflux pump assembly, AcrA
binding molecules, such as NSC series compounds, have been
developed, and have shown potentiation activity for certain
antibiotics, including novobiocin and erythromycin (83, 84).
Recent articles have comprehensively reviewed some of the
AcrAB —TolC inhibitors, describing their structure-activity rela-
tionships, chemical synthesis, mode of action, and in vitro and
in vivo activity, as well as their pharmacological properties (26).
Endeavors to develop effective AcrAB—TolC inhibitors are
being carried on continuously identifying new molecules, and
the development will be facilitated with new approaches such
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as molecular docking studies and virtual screenings (85-88).
Further development of new molecules for clinical uses faces
several challenges. Cytotoxicity has been a major reason for
scarce in vivo data that demonstrate efficacy of efflux pump
inhibitors (EPIs) (89, 90). The pharmacokinetics (PK) and phar-
macodynamics (PD) of EPIs are other challenges. As in combi-
nation therapeutics of B-lactams and B-lactamase inhibitors,
EPIs need to be able to reach the site of action, penetrate
bacterial cells, and remain stable in the presence of efflux
pumps along with companion antibiotics, necessitating careful
evaluation of their PK and PD compatibilities (91). Systemic
investigation of all identified AcrAB —TolC inhibitors regarding
their cytotoxicity as well as PK and PD along with physico-
chemical properties will provide crucial information for success-
ful development of effective AcrAB—TolC inhibitors, which will
be of great assistance for antibiotics for the battle against anti-
biotic resistant bacterial infections.

CLOSING REMARKS

The AcrAB—TolC efflux pump is one of the major efflux pumps
found in Gram-negative bacteria, and most likely is the main
efflux pump contributing to multidrug resistance, especially in
Enterobacteriae (11, 13). The pump is capable of extruding a
wide range of structurally diverse compounds from the bacte-
rial cell, including many antibiotics, thus reducing their intra-
cellular concentrations, and rendering them ineffective. Studies
over several decades have greatly extended our understanding
of AcrAB—TolC in terms of its structure, substrates, and opera-
tional mechanism. However, there are many more gaps to fill
to fully understand the nature of its sophisticated operation
mechanism, as we glimpsed in this review, such as its sub-
strate recognition process by the different access channels. The
extrusion of molecules through AcrAB—TolC seems to be
elaborately controlled by certain rules orchestrating the mole-
cular features of the AcrAB—TolC protein complex and the
diverse physicochemical properties of the substrates. In-depth
comprehension of the mechanisms of AcrAB—TolC efflux
pump-mediated antibiotic resistance will lead to the develop-
ment of new strategies to combat antibiotic-resistant infections,
such as the development of inhibitors that can effectively
block the function of AcrAB—TolC, as well as new antibiotics
that are less susceptible to AcrAB —TolC-mediated resistance.
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