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Multidrug Efflux Pumps and Their Inhibitors
Characterized by Computational Modeling

Venkata Krishnan Ramaswamy, Pierpaolo Cacciotto, Giuliano Malloci,
Paolo Ruggerone, and Attilio V. Vargiu

Abstract Antimicrobial resistance is a key public health concern of our era due to
an ever-increasing number of drug-resistant pathogens, including several Gram-
negative bacilli. The latter are endowed with a low permeable outer membrane and
with numerous chromosomally encoded multidrug efflux pumps, which are not only
ubiquitous but also polyspecific, thus recognizing a broad range of compounds.
Efflux pumps are a major defense mechanism of these organisms against antimicro-
bials as they can significantly increase the levels of resistance by allowing time for
the organisms to develop specific resistance mechanisms. One of the potential strate-
gies to reinvigorate the efficacy of antimicrobials is by joint administration with
efflux pump inhibitors, which either block the substrate binding and/or hinder any of
the transport-dependent steps of the pumps. In this chapter, we provide an overview
of multidrug resistance efflux pumps, their inhibition strategies, and the important
findings from the various computational simulation studies reported to date with
respect to the rational design of inhibitors and on deciphering their mechanism of
action.
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30.1 Introduction

Decades ago, when the incidents of bacterial resistance were not widespread and
newer antimicrobial agents were continually being discovered, it was not surprising
to hear that the era of infectious diseases caused by microbes was virtually over [1].
However, over the last two decades, there has been a dramatic surge in the number
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of multidrug-resistant bacteria, yet paradoxically the number of pharmaceutical
companies developing new antimicrobial drugs has dwindled. These coincidences
have collectively made antimicrobial resistance one of the world’s most demanding
health problems [2, 3].

With continuous efforts to develop better antimicrobial agents against such resis-
tant microbes, successful milestones are being reached in the case of infections
caused by Gram-positive organisms [4], while the Gram-negative pathogens (e.g.,
Enterobacteriaceae, Acinetobacter, and Pseudomonas) still prove to be a major
challenge due to their very high intrinsic drug resistance. This intrinsic resistance is
largely attributed to the permeability barrier imposed by the outer membrane (OM)
and to the expression of chromosomally encoded drug efflux pumps [5].

Drug efflux pumps are ubiquitously expressed protein complexes residing in the
membrane to expel a wide range of structurally diverse antimicrobials and toxins,
thereby lowering their concentration inside the cell to sub-toxic levels [6-9]. They
also enjoy a special status of being considered a part of the primary survival kit of
microorganisms as these polyspecific pumps remove most of the xenobiotics from
the cell interior to give the organism time to acquire resistance to agents through
more specific adaptive mechanisms [10, 11]. This way the efflux mechanisms likely
contribute to a rapid emergence of resistance in the presence of antimicrobial selec-
tion pressure. Efflux mechanism also interplays with other resistance mechanisms
to significantly increase the levels and profiles of resistance [12].

The current shortage of new antimicrobials in the development pipeline to
replace the ineffective ones adds to the urgency to protect the efficacy of existing
drugs. One possible way of reinvigorating the previously effective drugs attenuated
by bacterial efflux mechanism is by the combinatorial use of efflux pump inhibitors
(EPIs). This chapter provides an overview of the various multidrug resistance
(MDR) efflux pumps with particular emphasis on computational studies of their
inhibitors that have been reported to date. After a brief introduction on the impor-
tance of efflux pumps for MDR, we describe the major families of multidrug trans-
porters, their mechanism of function, and the various inhibition strategies. Moreover,
we summarize the molecular modeling studies that facilitate our progress in devel-
oping efficacious inhibitors for better management of efflux-mediated MDR. For
any family of MDR pumps, we focus here mostly on studies including the data from
molecular dynamics (MD) simulations when they are present (either in addition to
docking or exploiting experimental information about structures of receptor-inhibi-
tor complexes). The reader is referred to the relevant literature on studies making
exclusive use of molecular docking and other computational methods that are
cheaper compared to MD simulations [13-42].

30.2 Efflux-Mediated Resistance and MDR

Bacteria have evolved a multitude of mechanisms that in solitude or in combina-
tion with each other function to counter the effectiveness of drugs and overcome
the deleterious effect of any antimicrobial agents, thus making the bacteria
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resistant to multiple drugs. These mechanisms [43—45] include (i) the alteration
of the macromolecular drug target either through chemical modification or by
mutation to insensitive variants (e.g., alteration of penicillin-binding protein in
methicillin-resistant Staphylococcus aureus [46]); (ii) the protection of the target
via the production of immunity proteins, alteration of metabolic pathways (e.g.,
elimination of the requirement of para-aminobenzoic acid in sulfonamide-resis-
tant bacteria for the synthesis of folic acid and nucleic acids); (iii) the direct
chemical modification or inactivation of the antibiotics (e.g., enzymatic inactiva-
tion of p-lactams by p-lactamases); (iv) the altered transport of the compounds
into the cell (e.g., reduced membrane permeability barrier with decrease in pro-
duction of porins); and (v) the increased active efflux of drugs out of the cell
through efflux pumps.

Among the aforementioned resistance mechanisms, the efflux-mediated
approach, where pumps actively export substrate molecules from the cytoplasm to
the external medium in an energy-dependent manner, is the predominant one in
MDR [47], working in synergy with the low permeability of the OM in Gram-
negative bacteria to keep a tight check on the entry of unwanted toxic compounds.
Indeed, drug molecules that have gained access to the periplasmic space can further
penetrate the cytoplasmic (inner) membrane via diffusion, but they can be expelled
out of the cell either by single-component pumps (e.g., Tet pumps [48]) or by mul-
ticomponent pumps (e.g., AcrAB-TolC of Escherichia coli and MexAB-OprM of
Pseudomonas aeruginosa [47, 49, 50]).

The wide distribution and overlapping functions of MDR efflux pumps in bacte-
ria hint at their probable role in physiological functions in addition to mediating
intrinsic and acquired MDR [51]. A few of these functions include virulence, stress
response, bacterial cell communication, colonization, fitness and intracellular sur-
vival, and transport of toxic compounds (as in the case of MacAB-TolC which is
involved in exporting an extracellular peptide enterotoxin produced by enterotoxi-
genic E. coli) [52].

MDR pumps also function as either a preexisting mechanism or an activated
resource in response to numerous cellular stresses caused by antibiotics and other
chemical substances such as bile salts, fatty acids, and ethanol that are often sub-
strates of pumps relevant for drug resistance. For instance, AcrAB, the major pump
belonging to the resistance-nodulation cell division (RND) superfamily of trans-
porters in enteric bacteria living within the intestinal tract, is upregulated under such
stress conditions enabling the bacterial survival in host organisms [43]. The major
facilitator superfamily (MFS) pump, MdtM, also functions with AcrAB-TolC in a
synergistic manner to protect E. coli from bile salt stress [53]. Also, NorM [54], a
multidrug and toxic-compound extrusion (MATE) family transporter, and MacAB
[55], a macrolide-specific ATP-binding cassette (ABC) superfamily exporter, pro-
tect the bacteria against oxidative stress. In the case of P. aeruginosa, several Mex
pumps are upregulated in response to various stress triggers like membrane-
damaging or ribosome-disrupting agents, reactive oxygen species, and/or nitrosa-
tive stress [47, 56, 57].

Apart from the previously mentioned functions, MDR pumps have also been
identified to play a substantial but varying role in the formation and survival of
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biofilms in different species. For instance, the loss or inhibition of any of nine MDR
pumps or the TolC OM protein in Salmonella impairs its biofilm-forming ability
with reduced production of curli [58]. Similarly, E. coli mutants with a genetic dele-
tion of one of the MDR pump genes results in reduced biofilm formation [59].

30.3 Classification of Drug Efflux Pumps

The transport proteins have been successfully classified by Milton Saier’s group in
over 800 families on the basis of functional and phylogenetic information
(Transporter Classification Database: http://www.tcdb.org) [60]. The transporter
genes identified in hundreds of sequenced bacterial genomes have also been docu-
mented in [an Paulsen’s database (http://www.membranetransport.org) [61]. Among
the numerous families of transporters, the prominent ones responsible for MDR can
be divided into two major groups based upon bioenergetical and structural features
[51]: (i) Primary active transporters belonging to the ABC superfamily hydrolyze
ATP as a source of energy. (ii) Secondary active transporters utilize the proton (or
sodium) gradient as a source of energy (the proton motive force is an electrochemi-
cal gradient in which the movement of hydrogen ions drives transport of the sub-
strate [62]) and are classified into four superfamilies/families (MFS, MATE, RND,
and the small multidrug resistance [SMR]) on the basis of conserved consensus
motifs and functional similarities. While the major clinically relevant efflux systems
in Gram-positive bacteria are usually non-RND pumps and often the singleton pro-
tein pumps belonging to the MFS, MATE, SMR, or ABC, the RND efflux systems
are by far the most important in Gram-negative bacteria [12].

30.4 Structural and Functional Mechanisms of Drug Efflux
Pumps

30.4.1 ABC Pumps

ABC transporters are ubiquitous membrane systems involved in the efflux of toxins,
metabolites, and drugs. These transporters are typically composed of two cytoplas-
mic nucleotide-binding domains (NBDs) and two hydrophobic transmembrane
domains (TMDs) [63]. In some transporters, the TMDs, responsible for drug recog-
nition and transport, are fused to highly homologous NBDs, where ATP is hydro-
lyzed. The NBDs possess the Walker A and B motifs, common to all ATP-binding
proteins, and a signature motif, specific to ABC transporters [64]. It has been pro-
posed that ABC efflux pumps were derived from secondary active transporters by
superimposition of NBD onto the transporter during evolution [64]. These trans-
porters are found to house multiple drug-binding sites, which is compatible with
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their broad substrate specificity and multidrug binding capabilities. Ligand-binding
and transport assays have shown that P-glycoprotein (P-gp, ABCB1, MDR1), the
most extensively studied ABC member, has at least four pharmacologically distinct
binding sites that are allosterically coupled [65, 66]. This family of exporters func-
tion with a mechanism termed the ATP switch model [67], where the nucleotide-
driven interaction of the NBDs causes reorientation of the TMDs and reduces drug
affinity, thereby transporting the substrate (Fig. 30.1a) [70, 71]. Ominous examples
of ABC transporters are the mammalian P-glycoprotein active against cytotoxic
compounds used in chemotherapy, LmrA of Lactococcus lactis, MsbA conferring
resistance to erythromycin in Gram-negative bacteria, and MacAB-TolC of E. coli
able to expel macrolides.
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Fig. 30.1 Transport mechanisms proposed for members of four major families of MDR efflux
pumps. (a) Simplified drug transport cycle of ABC efflux pumps showing the inward-facing,
occluded, and outward-facing states. (b) Indirect competition mechanism in MFS multidrug/pro-
ton antiporters. (¢) Na*/multidrug antiport mechanism in transporters of the MATE family. (d)
Alternating site transport mechanism of EmrE of the SMR family (Transport mechanism of the
RND transporters is omitted here but described in detail in Chap. 1 of this book. Obtained with
modification and permission from Refs. [63, 68, 69]. (a, b), are derivatives of figures from Du et al.
[63] used under the Creative Commons Attribution License (CC BY). (c, d) are adapted from Lu
et al. [68] and Schuldiner [69], respectively)
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30.4.2 MFS Pumps

The MFS pumps belong to the largest group of secondary active membrane trans-
porters [72]. They are omnipresent systems that transport sugars, intermediate
metabolites, and drugs and are the major contributors of MDR in Gram-positive
bacteria. Most of these pumps are singlet transporters belonging either to 12- or
14-transmembrane segment (TMS) members of the drug/H* antiporters. In Gram-
negative bacteria, they are located in the cytoplasmic membrane and transport drugs
from the cytosol to the periplasm from where constitutive RND pumps, such as
AcrAB-TolC and MexAB-OprM, may capture and efflux the drug molecules to the
external medium, thereby synergistically boosting the activity of these singlet
pumps in producing resistance [73, 74]. These transporters operate through an alter-
nating access mechanism (Fig. 30.1b) in which drug-binding sites are alternately
exposed to the outside or inside of the cell to uptake and release substrates. Similar
to P-glycoprotein, the MFS pumps also contain several distinct (possibly overlap-
ping) allosterically coupled binding sites [75]. There exists an indirect competition
between the substrates and protons for binding to their respective different loca-
tions, as shown in MdfA of E. coli, which might likely play a key role in their trans-
port mechanism [76]. The most studied pumps of this family are NorA of S. aureus
and its homologs Bmr and BIt of Bacillus subtilis, Tet pumps (12-TMS in Gram-
negative bacteria and 14-TMS in Gram-positive bacteria) [48], and MdfA [77].

30.4.3 MATE Pumps

Efflux pumps of the MATE family are mainly 12-TMS Na*/drug antiporters that
pump substrates from the cytoplasm to the periplasmic space [78]. These transporters
are widespread in bacteria and are also found in higher animals and plants. The com-
mon substrates of these pumps are cationic dyes, fluoroquinolones, and aminoglyco-
sides. All MATE pump structures show a similar 12-TMS helix topology with an
internal twofold sequence similarity reflected in the tertiary structure [68, 79, 80] as
N-terminal and C-terminal lobes. These pumps exhibit distinct binding sites for cation
and drug enabling their simultaneous binding. The cation binding (with an unusual
cation-11 interaction with an aromatic ring) and release promote the interconversion
between the drug-free and cation-bound configuration and drug-bound configuration
as shown in the case of NorM of Neisseria gonorrhoeae (Fig. 30.1c) [68].

30.4.4 SMR Pumps

Transporters in the SMR family [81] are the smallest drug efflux proteins known
with just 100-120 amino acids folded into four relatively short transmembrane
a-helices. They form either a homo- or heterodimer to exchange H* for pumping out
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either monocationic (e.g., ethidium and tetraphenylphosphonium) or dicationic
(e.g., methyl viologen) compounds into the periplasm. The orientation of mono-
meric subunits in the dimer was a long-debated issue with crystallographic data
showing antiparallel arrangement of EmrE dimer while chemical cross-linking
favoring a parallel arrangement [82]. Although the structure was withdrawn [83],
this issue concluded on grounds that it can exhibit a dual topology and that the
direction of insertion of the monomeric unit really does not matter for the efflux
function [69, 84]. Structural plasticity and flexibility are the basis of multidrug rec-
ognition and transport in EmrE, the well-studied pump of this family [85]. This
transporter shows functional symmetry where conformational changes in the two
monomers result in an interconversion between inward- and outward-facing states
[86]. A fixed stoichiometry of two protons is exchanged per substrate molecule, and
this results in an electrogenic state for transport of monovalent cations but an elec-
troneutral state for divalent cations [87]. The conserved membrane-embedded glu-
tamate residue (Glul4) in each monomer is essential for proton and substrate
binding. Hence, these transporters show an apparently simple, competitive, alternat-
ing site mechanism (Fig. 30.1d) in which all substrates bind to the same site [85]
and compete with protons for binding [82, 86].

30.4.5 RND Pumps

Efflux pumps of the RND superfamily [88] are the major clinically relevant efflux
systems in Gram-negative bacteria also due to their extremely wide substrate speci-
ficity [47]. Indeed, some of these transporters are able to recognize hundreds of
antimicrobials belonging to various classes, and the different RND efflux systems in
one species are altogether able to export a wide set of substrates ranging from lipo-
philic to amphiphilic molecules and finally to toxic divalent cations [§9-91]. Several
examples of pumps belonging to this family are AcrAB-TolC and AcrAD-TolC of
E. coli and MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY-OprM of
P. aeruginosa [47, 92]. They span the entire periplasmic space from the cytoplasmic
membrane to the OM by forming tripartite efflux complex systems [93] comprising
an RND transporter protein (e.g., AcrB) embedded in the inner (cytoplasmic) mem-
brane, a periplasmic adaptor protein (a.k.a. membrane fusion protein; e.g., AcrA)
located in the periplasmic space, and an OM protein resembling a long helical tun-
nel (e.g., TolC). Recently, a small cytoplasmic membrane protein known as AcrZ
was found to be associated with AcrB of E. coli and might have potential role in
enhancing the transport activity of AcrB for specific antimicrobials like chloram-
phenicol, puromycin, and tetracycline [94]. No trace of any such protein or its
homologs has been found in other RND transporters. Du et al. [95] presented a
pseudo-atomic structure of this entire tripartite system AcrABZ-TolC to explain the
quaternary organization and key domain interactions and also proposed a coopera-
tive process for channel assembly and opening. The RND transporter protein struc-
turally resembles a jellyfish with each protomer comprising a total of three domains
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[96, 97]: (i) TMD consisting of 12 a-helices embedded in the inner cytoplasmic
membrane is the region where energy conversion via proton conduction takes place;
(ii) pore (porter) domain in the periplasm where substrate recruitment and transport
mainly occur; and (iii) OM protein docking domain also in the periplasm, which
couples the RND transporter to the OM protein or to the hexameric assembly of
membrane fusion proteins in the constituted pump.

The drug-binding sites for the RND family are within the periplasmic domain of
the protein, in contrast to other MDR pumps discussed above [8] as evident from the
drug-bound structures in the asymmetrical trimer configuration [97-99]. It has been
postulated that the “resting state” of these transporters (i.e., the structure in the
absence of substrates) corresponds to a symmetric structure in which each monomer
assumes the same conformation, while the presence of substrates or inhibitors trig-
gers conformational changes leading to an asymmetric configuration [49] (also see
Chap. 1 of this book). The latter is characterized by three possible structures of each
monomer in the trimer, which were indeed interpreted as reaction cycle intermedi-
ates: loose (a.k.a. “access”) in which substrates become associated by loosely bind-
ing to a proximal (access) pocket, tight (a.k.a. “binding”) in which substrates bind
tightly to a more distal (deep) binding pocket, and open (a.k.a. “extrusion’’) which
corresponds to the drug-released state of a functionally rotating mechanism (see
Fig. 30.1; also see Fig. 1.6 of Chap. 1) [90, 98, 104-106]. A recent study [107] has
put forward the hypothesis that high molecular mass substrates (and low molecular
mass dimers as well [108]) are actually recognized by the proximal pocket of the
loose monomer, while low molecular mass compounds are recognized by the distal
pocket of the tight monomer instead.

According to the functional rotation mechanism, a concerted but not necessarily
synchronous [105, 109] cycling of the monomers occurs through any of the asym-
metric states: loose, tight, open, and back to loose. During a complete functional
cycle, occlusions and constrictions inside the pore domain propagate from external
gates toward the central funnel, driving the unidirectional transport of substrate
(“peristaltic pump mechanism” [104]). In other terms, the substrate would gain
access to the pore domain of the transporter via the loose and/or tight monomer,
either from open clefts in the periplasm or through grooves between helices at the
interface between pore and TMD [110, 111]. The substrate would then get accom-
modated into a large binding pocket when the monomer assumes the fight state and
moved out toward the TolC docking domain upon a subsequent change to the open
conformation.

These tripartite multidrug transporters are highly efficient in creating detectable
resistance to antimicrobials as they export the drug substrates directly from the peri-
plasm or the inner leaflet of the cytoplasmic membrane into the external medium,
making the reentry of drugs through the low permeable OM cumbersome. The effi-
ciency of RND pumps is synergistically associated with the presence and ability of
single-component pumps located in the cytoplasmic membrane to flush out sub-
strates from the cytoplasm [73, 74].

The past decade has seen numerous structural studies performed on various rep-
resentative proteins from all five aforementioned multidrug transporter families (see
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Chaps. 1, 2, 3, and 4), thus providing valuable data forming the foundation to
explore similarities and differences in drug recognition and drug export mecha-
nisms and for the future therapeutic inhibition of these transporters [112].

30.5 Inhibition Strategies for Efflux Pumps

Since active drug efflux plays a major role in intrinsic and acquired drug resis-
tance in Gram-negative bacteria, inactivation of such pumps may open up a wide
arena of possibilities for better antimicrobial adjuvant therapy. This strategy has
several advantages [113] such as (i) elevation of the intracellular concentration
of antimicrobials, (ii) reduction in the efflux-mediated intrinsic bacterial resis-
tance, (iii) reversal of the acquired resistance associated with efflux pump over-
expression, (iv) reduction in the frequency of emergence of highly resistant
mutant strains by reducing the adaption time for development of additional
mechanisms of resistance like target-based mutations [114], and (v) prevention
of the export of endogenous microbial virulence factors, thus inhibiting micro-
bial invasiveness [115, 116].

To revive the activity of an efflux-susceptible drug, efflux-mediated MDR can be
inactivated by any of the following methods:

(i) Targeting the regulatory network involving activators and repressors that con-
trol the expression of efflux pumps [117] (e.g., altering the expression of AcrB
from Salmonella enterica [11]; regulating efflux pump expression in P. aerugi-
nosa [118-122]; targeting local repressor EmrR to alter the expression of
EmrAB, a MFS transporter in E. coli [123]).

(i1) Altering the molecular design of existing susceptible antimicrobials to make
them devoid of the chemophore recognized by efflux pump (e.g., chemically
modified taxol escapes the action of P-glycoprotein [124]; tigecycline circum-
vents MFS pumps specific for tetracyclines [125]; telithromycin bypasses
MefA/E and AcrAB systems [126]; among fluoroquinolones, gatifloxacin,
levofloxacin, and moxifloxacin are not affected by NorA and PmrA pumps
[127]). However, resistance against new compounds developed by this strategy
was described shortly after their deployment [8].

(iii) Blocking the cytoplasmic membrane proteins with a high affinity competi-
tively binding substrate (an EPI) to trap the efflux pump in an inactive confor-
mation. These EPIs are clinically significant as they help evade antimicrobial
resistance by inhibiting these pumps, reverse the acquired resistance associ-
ated with the overexpression of efflux pumps, and also suppress the emergence
of mutations leading to resistance [10, 128—-131] (e.g., the EPI of AcrB and
MexB pumps, phenylalanine-arginine p-naphthylamide [PABN]) [132].
However, toxicity issues have withheld these EPIs from clinical applications
[10], although new compounds are being developed that have minimal toxicity
but strong inhibitory effects on AcrB [133-135].
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(iv) Depleting proton gradient to deprive the cytoplasmic membrane proteins of the
motive force needed to work (e.g., carbonyl cyanide m-chlorophenylhydrazone
[136], valinomycin, dinitrophenol, and phenothiazines such as promethazine
[113, 128, 131, 137]; verapamil inhibits the MDR pumps of cancer cells and
parasites in addition to improving the activity of tobramycin; reserpine inhibits
the activity of Gram-positive efflux pumps Bmr and NorA [138]). However,
these inhibitors affect the entire energetics of bacterial and also of eukaryotic
cells, which makes them less attractive for clinical implication [116, 139].

(v) Specifically in the case of RND efflux pumps, the following approaches may
disrupt the pump functionality: preventing the functional tripartite assembly
formation by targeting protein-protein interfaces (e.g., designed ankyrin
repeat proteins [DARPins] inhibited AcrAB-TolC formation by obstructing
AcrA and AcrB interaction [140]); disrupting the interaction between AcrB
and AcrZ (e.g., the absence of AcrZ diminished the substrate pool of AcrAB-
TolC [94]); and blocking the exit duct (the OMP) (e.g., indole derivatives
designed based on the structure of TolC prevented the opening of the channel
[141], large cations targeting the negatively charged aspartate-rich entrance of
TolC in E. coli [142]).

Among these different strategies to combat efflux-mediated MDR, inhibition of
efflux pumps is considered to be a viable one [113], because a single potent inhibi-
tor capable of competitively binding to a pump and preventing expulsion of its sub-
strate antimicrobials could in principle also bind and block other MDR pumps
overlapping in their substrate profiles [133, 135, 143]. In addition to revitalizing the
therapeutic potential of the antimicrobials, these EPIs could also contribute to anti-
bacterial action by hindering the transport of compounds needed for the normal
growth and/or maintenance of the microorganism.

Numerous studies to date have guided our understanding of the structural and
functional aspects of drug transporters at a molecular level and have also
unveiled several fundamental concepts regarding their substrate binding and
transport (for recent reviews, see, e.g., [9, 47, 49, 88, 91, 109, 144, 145]). These
findings are useful for the rational design of inhibitors that can competitively
bind to the efflux pumps and prevent the efflux of their substrate antimicrobials
(and are also useful for the design of more efficient drugs that can escape efflux
pumps) [49, 112].

A compound must satisfy the following criteria as postulated by Lomovskaya
et al. [10] to qualify as an ideal clinically significant EPI: (i) It must potentiate the
activity of antimicrobials in resistant strains expressing functional drug efflux pump.
(i1) It must not have a significant effect on susceptible strains lacking the specific
drug efflux pump. Moreover, the inhibitor should be free of any pharmacological
activity on eukaryotic cells [146]. (iii) It must not potentiate the activity of antimi-
crobials that are not effluxed. (iv) It must increase the level of accumulation and
decrease the level of extrusion of substrates of the efflux pump. (v) It must not
permeabilize the OM; and (vi) It must not affect the proton gradient across the cyto-
plasmic membrane.
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30.6 Computational Studies on Drug Efflux Pumps
and Their Inhibitors

30.6.1 Role of Molecular Modeling in Drug Discovery

Our understanding of the structural aspects of MDR pumps from crystallographic
structures has been significant but not sufficient to fruitfully assist structure-based
drug design. To address mechanistic knowledge gaps, computational techniques
[147] are a great resource as they can highlight functional dynamics of biological
systems. In particular, molecular docking and MD are increasingly being used both
for rationalizing existing data and for various predictions, for instance, about drug
recognition and binding, translocation mechanisms, and structural relations with the
surrounding environment using three-dimensional structures.

Molecular docking tries to mimic the natural course of interaction of the ligand
and its receptor via a lowest energy pathway and in doing so offers a great benefit in
quick and efficient prediction of binding modes of small molecules to proteins but
not necessarily the accurate binding energies [148—150]. The absence of a protein
X-ray crystal structure creates a major hindrance in studies of ligand-protein inter-
actions, but development of a suitable homology model [151-153] of a target pro-
tein that can then be used for molecular docking and other structure-based studies
could provide an alternative approach. Pharmacophoric studies based on the recep-
tor or the ligand are important to identify the most common structural moieties that
contribute to drug recognition and can be exploited in drug design [154-156].

MD simulation is a powerful technique that can provide atomic level descrip-
tions of molecular systems with high temporal resolution. It is also often employed
to validate the stability of homology models. Atomic level simulations in the scale
of several hundred nanoseconds are routinely performed to obtain a detailed insight
into conformational changes and free energies of interactions and at the same time
to identify drug-binding locations, translocation processes, and interactions with the
surrounding lipid bilayer [157]. From such techniques, a normal-mode analysis and
a functional mode analysis of the protein movements allow the comparison between
simulations of the apo and holo structures, with one or several molecules inside the
drug-binding pocket [158]. This could lead to the identification of the movements
intimately related with the translocation process, aiming for a better understanding
of the first steps of the efflux mechanism [159]. Recently, the use of “coarse-
grained” simulations, where four atoms are typically combined into one particle,
and biased MD simulations has increased dramatically. Such simulations allow
sampling of large conformational changes that would normally be inaccessible
because of the large free energy barriers between such conformations and the con-
sequent limitations due to the lack of computational time [160—163].

Computational methods with improved algorithms now provide a higher level of
understanding of biochemistry for better design of compounds and in economical
use of the available biological/chemical resources [158, 159, 164]. Various compu-
tational studies on the EPIs of multidrug transporters, mainly those specific to RND
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and ABC transporters, have been reported. Most of these studies are focused on
identification of effective EPIs by high-throughput screening of compound data-
bases and determination of the mechanism of inhibitor function by analyzing the
molecular level inhibitor-pump interactions and the coupled conformational changes
occurring in the transporters. In the following, we describe examples from the rel-
evant literature for several families of MDR efflux pumps.

30.6.2 RND Pumps

Inhibitors of these pumps include both medicinal plant extracts [165, 166] and syn-
thetic compounds [134, 167-169]. Regarding the former compounds, two such suc-
cessful studies have been reported so far where potent EPIs have been identified by
in silico screening of natural compound databases. In one case, Ohene-Agyei et al.
[165] employed molecular docking based screening to predict the bioactivity of
plant compounds as effective inhibitors of AcrB by comparing with the known EPI,
PAPBN. They identified six compounds from docking results, of which plumbagin
and nordihydroguaiaretic acid were found to be promising EPIs based on further
efflux inhibition assays. In another case, Aparna et al. [166] obtained hits which are
non-substrates of AcrB and MexB efflux proteins by using high-throughput virtual
screening of an in-house database of phytochemicals and subsequently performing
an exclusion-based filtering with the common pharmacophore models generated on
the basis of known substrates of these pumps. These hits were then subjected to
extra-precision docking against AcrB and MexB proteins and in vitro efflux inhibi-
tory activity testing which eventually helped in the identification of lanatoside C
and daidzein as promising EPIs effective for use in combination therapy against
drug-resistant strains of P. aeruginosa and E. coli.

Takatsuka et al. [167] performed molecular docking of about 30 compounds
(including substrates and inhibitors) to predict their interaction with the binding
pocket of the tight protomer of AcrB as a means of understanding the substrate selec-
tivity of AcrB. This study showed the presence of two large sites within the binding
pocket, of which a narrow groove at one end of the pocket was preferred to a wide
cave present at the other end of the pocket (Fig. 30.2). This docking study was vali-
dated by competition assays using nitrocefin efflux and covalent labeling of Phe615Cys
mutant AcrB with fluorescein-5-maleimide, which also confirmed that the presumed
groove binders competed against each other but not with the cave binders.

The first EPI-based MD simulation on RND transporters was reported by Vargiu
and Nikaido [168], who examined the binding of nine substrates, two inhibitors, and
two non-substrates to the distal pocket of AcrB in the presence of explicit water.
They found that both the inhibitors (PAPN and 1-(1-naphtylmethyl)-piperazine
[NMP]) bind to the lower part of the distal pocket that is rich in phenylalanine resi-
dues. After identification of the binding site for the inhibitor D13-9001 by X-ray
crystallography, this pocket was also named a “hydrophobic trap” [132]. Though
PABN and NMP showed a fairly high binding affinity to the distal pocket of AcrB in
docking study [167], both inhibitors slightly moved out of the pocket toward the
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Fig. 30.2 (Left) Side view of the binding protomer of AcrB asymmetric trimer with the proxi-
mal portion clipped away to reveal the binding pocket shown as surface with carbons in orange.
The co-crystallized minocycline (PDB code 2DRD) is shown as green sticks. (Inset)
Enlargement of the binding pocket (right), predicted binding site of inhibitor
1-(1-naphtylmethyl)-piperazine (NMP) (cave binder) and substrate doxorubicin (groove
binder) (Modified from Takatsuka et al. [167])

G-loop and straddled it during the course of the MD simulation (Fig. 30.3). This
provided a possible explanation for the mechanisms of inhibition by PABN and
NMP. These inhibitors when bound to AcrB likely reduce the flexibility of the
G-loop which is important for the smooth translocation of substrates between the
proximal pocket and the distal pocket. This proposed explanation agrees well with
findings from the recent experimental [108, 132] and MD simulation studies [170]
of the Gly616Pro and Gly619Pro AcrB mutants, where mutations in the G-loop
impaired the drug export [99, 107, 108].

A recent work by Vargiu et al. [169] identified the underlying molecular mecha-
nism of inhibition of MBX2319 (a pyranopyridine EPI potent against RND pumps of
the Enterobacteriaceae species) by comparing it with that of other inhibitors like
D13-9001, PAPN, and NMP by molecular docking and MD simulations. They
observed that D13-9001 and MBX2319 bound more tightly than the typical substrate
minocycline to the distal pocket of the tfight monomer. The binding mode of
MBX2319 was comparable to that of doxorubicin in the Phe610Ala variant of AcrB
[171, 172]. By binding to the lower part of the distal pocket in the tight protomer of
AcrB, this inhibitor interacts in a manner similar to that of the hydrophobic portion
of D13-9001 [132] with hydrophobic phenylalanine-rich cage branching off from the
substrate-translocation channel (Fig. 30.4) [169]. Investigation of the minocycline
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Domain

Fig. 30.3 Comparison among different binding modes of PAPN and NMP to the distal and proxi-
mal (NMP’) binding pockets of AcrB showing straddling of G-loop by these inhibitors. Ligands
are shown with spheres colored according to atom types (with nonpolar hydrogens removed). The
distal pocket (DP), proximal pocket (PP), and the PC1/PC2 subdomain Cleft are shown with trans-
parent red, green, and orange surfaces, respectively, while the G-loop is shown in gray cartoon.
Residues within 3.5 A from the ligand are shown as colored beads (red, green, orange, and yellow
for those of DP, PP, Cleft, and G-loop, respectively). The residues common to both the pockets are
colored blue. Residues defining the exit gate (far away from the ligand) are shown as gray beads
(Modified from Refs. [49, 168])

Fig. 30.4 Position of inhibitors D13-9001 (b) and MBX2319 (c¢) with respect to the hydrophobic
trap in tight protomer of AcrB, as found in representative average structures of the complexes from
MD simulations. The channel found in AcrB free of ligands (a) is also shown for reference.
Ligands are shown in thick sticks; protein is shown with the molecular surface colored in orange,
yellow, and ice blue at the PC1/PC2 cleft, the G-loop tip, and the exit gate, respectively, and white
elsewhere (Adapted from Vargiu et al. [169])
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(substrate) binding to such AcrB-inhibitor complexes supports the hypothesis that all
these inhibitors (except D13-9001) could function by competitive binding. As
MBX2319 neither contains any charged groups nor can utilize common specific
channels to penetrate across the OM of P. aeruginosa, it does not remarkably inhibit
efflux in this species [47, 133].

Continuing efforts are in progress to develop more potent broad-spectrum EPIs
to effectively counter the efflux-mediated MDR in bacteria. One such success story
is the development of potent derivatives of MBX2319, some of which are 30 times
more potent than the original inhibitor, based on the potentiation of levofloxacin and
piperacillin [134]. A very recent study combining the data from cellular, X-ray crys-
tallographic analyses, and MD simulations allowed to unveil the molecular basis for
pyranopyridine-based inhibition of AcrB [173]. Particularly, in this study [173], a
soluble version of AcrB was engineered (essentially identical to the truncated model
of AcrB previously used in MD simulations [168]), highly congruent in structure
with the periplasmic part of the full-length protein and capable of binding substrates
and potent inhibitors. All of the pyranopyridines included in the work [173] bind
within the hydrophobic trap forming extensive hydrophobic interactions. Moreover,
the increasing potency of improved inhibitors correlates with the formation of a
delicate protein- and water-mediated hydrogen bond network. In addition to giving
insights into the mechanism for AcrB efflux inhibition, the setup employed in this
new study [173] provides a molecular platform for the development of novel com-
binational therapies against pathogenic Enterobacteriaceae.

One another successful development of EPIs was recently reported by Yilmaz
et al. [174], where a modified docking approach named core-constrained docking
was employed to identify and characterize the binding site of two-substituted ben-
zothiazoles as potential EPIs with the ability to restore the antibacterial activity of
ciprofloxacin in an AcrAB-TolC overexpressing mutant. In the core-constrained
docking method, the ligand scaffold is constrained during the initial minimization
and conformer generation stages, but is given flexibility during the final refinement
stages. Among the compounds experimentally tested by them, BSN-004, BSN-006,
and BSN-023 (Fig. 30.5) topped the list with clinically significant EPI activity and
were found to bind similar to the co-crystallized AcrB substrates ciprofloxacin,
minocycline, and doxorubicin in the distal pocket of the binding monomer. Also, the
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BSN coded 2-substituted benzothiazoles

Fig. 30.5 Chemical structures of BSN coded 2-substituted benzothiazoles
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higher calculated binding energies of BSN-006 and BSN-023 compared to that of
ciprofloxacin indicated their possible role as competitive inhibitors in contrast to
BSN-004, which with its lower binding energy might act as an uncompetitive inhib-
itor by simple steric hindrance.

Another very recent study was published by Nikaido and coworkers, who for the
first time determined quantitatively the efflux transport kinetics of the EPI PAPN
and its homologs Ala, Arg, and Phe B-naphthylamides [175]. In addition, they
assessed the behavior of PAPN and its homologs as modulators of nitrocefin efflux
through AcrB. These experiments demonstrated that PAPN is efficiently pumped
out by AcrB with a sigmoidal kinetics and is able to change the nitrocefin kinetics
into a sigmoidal one too. Furthermore, computational modeling showed that modu-
latory activity of PAPN and its homologs on the efflux of other substrates can be
rationalized by inspecting their mode of binding to AcrB. Overall, the data support
the hypothesis that PAPN inhibits the efflux of AcrB substrates by both binding to
the hydrophobic trap and by interfering with the binding of other drug substrates to
the upper part of the binding pocket.

A review on the reports that have brought an advancement in our understanding
of the mechanism of functioning of several potent EPIs against RND pumps has
been recently authored by Opperman and Nguyen [135].

30.6.3 ABC Transporters

The mammalian P-glycoprotein of the ABC transporters, whose bacterial homologs
include MsbA and LmrA [176, 177], has been an efflux transporter of prime interest
of this superfamily yielding valuable insights on the drug recognition and mecha-
nism of transport [178]. We, therefore, have included important findings from this
eukaryotic pump as they can be translated to their bacterial counterparts.

Vandevuer et al. [179] published the first computational study of EPIs of ABC
transporters where they performed molecular docking of several first- and second-
generation inhibitors (dexniguldipine, quinidine, quinine, S9788 [a lipophilic
P-glycoprotein modulator], tamoxifen, and verapamil) of P-glycoprotein and evalu-
ated the inhibitor interactions and binding positions in P-glycoprotein. The finding
of different positions both for a single ligand and for different ligands corroborates
the experimental evidence indicating the existence of multiple drug-binding sites. In
agreement with a recently proposed pharmacophore model of P-glycoprotein
ligands [180], several types of interactions including H-bonds, -, and cation-x
were identified between P-glycoprotein and the docked ligands.

In order to identify the major differences in the behavior of substrate (colchicine
and vinblastine) or inhibitor (latilagascene E, QZ59-SSS [cyclic-tris-(S)-valinesele-
nazole], tariquidar, and verapamil) molecules inside the drug-binding pocket,
Ferreira et al. [158] analyzed the type and number of contacts alongside the major
residues involved in the ligand-protein interactions by docking and MD simula-
tions. They found that with the exception of QZ59-SSS, all modulators exhibit a
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higher number of nonbonded interactions especially with aromatic residues. They
also observed that modulators frequently establish a higher number of simultaneous
interactions. Their study identified several residues and at least two regions
(Fig. 30.6 [Inset 1]) where interactions occur exclusively with modulators. The first
region was located at the beginning of TMD6, comprising residues Leu328, Thr329,
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Fig. 30.6 Binding sites found for various inhibitors within the TMD and NBD regions of ABC
transporters. The structure of P-glycoprotein (PDB code 3G60) is shown on the left side with car-
toon representation and the TMD and NDB domains colored white and ice blue, respectively. The
overall positions of binding sites are shown by means of surface representation (cyan and yellow
surfaces, respectively, for the TMD and NBD binding sites) of residues participating in the binding
to several inhibitors. The insets on the right side show the magnified residue level details of the
binding of a few inhibitors at that site reported from different studies: (inset 1) binding site interac-
tions of QZ59-RRR (a) and QZ59-SSS molecules each in the lower (red) and upper (blue) sites (b)
in the P-glycoprotein internal cavity as seen in the co-crystallized structures (PDB codes 3G60 and
3G61 [100]). The inhibitors are shown with CPK representation and colored according to the atom
type (C, N, O, and S atoms are colored white, blue, red, and yellow, respectively), while the side
chains of residues within 4 A of the ligand are shown with sticks. (Inset 2) (a) The docked structure
of the low energy conformation of inhibitor XR9576 (C, N, O, and H atoms are colored cyan, blue,
red, and white, respectively) superimposed on substrate rhodamine 123 (yellow sticks) and another
inhibitor GP240 (pink sticks). Inhibitors GP240 (b) and XR9576 (c) are stabilized by formation of
H-bond with specific residues of P-glycoprotein (Obtained with permission from Elsevier [101]).
(Inset 3) (a—c) Different binding modes of the inhibitor QZ59-RRR (black sticks) to the TMD
drug-binding pocket of P-glycoprotein as obtained by docking the compound on three different
conformations of the protein extracted from MD simulations [102]. The three conformations of the
binding site are all shown in each subfigure, with thicker sticks (colored according to atom type as
in Inset 2) referring to the conformation used for that specific docking run, and the thin lines used
for the two remaining conformations. The crystal structure of mouse P-glycoprotein with QZ59-
RRR bound is shown in (d) (Adapted from Wise [102]). (Inset 4) Docked pose of desmosdumotin
(sticks colored according to atom type as in Inset 2) in NBD2 (green transparent helices) highlight-
ing the stacking interactions realized between the phenyl group of the ligand and Tyr1044. Residues
within 4 A along with the observed hydrogen bonds (red dashed lines) are shown (Modified from
Gadhe et al. [103])
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Phe332, Ser333, and Leu335 and corresponds to an intersection of the QZ59-RRR
(cyclic-tris-(R)-valineselenazole) and QZ59-SSS sites defined by Aller et al. [100].
The other region included residues from TMD?7 (Ser725 and Phe728), TMD10
(Glu871, Met874, and Leu875), and TMDI11 (Phe934). Several other residues
(Met68, Phe332, Leu335, and Tyr946) were also identified to interact with at least
three modulators but not with substrates. However, in the case of tariquidar, though
a large number of interacting residues common to substrates vinblastine and colchi-
cine were found suggesting a possible competition for these residues, additional
interactions with Met874, Leu875, and Phe934 in TMD10/11 not observed for any
of the substrates were also identified. This could be well correlated with the
increased modulatory effect of tariquidar and may also guide the development of
more selective and potent modulators.

In another study, Wise et al. [102] performed molecular docking and targeted
MD simulations to evaluate the binding of inhibitors to P-glycoprotein. Ensemble
docking was performed by taking 26 catalytically relevant non-redundant structures
as receptors against 21 known transport ligands or inhibitors. In addition, the authors
examined the transitions of the apo form from conformations that were wide open
to the cytoplasm to transition state conformations that were wide open to the extra-
cellular space and observed coupled movement of NBDs and TMDs that form the
drug-binding cavities. NBDs showed pronounced twisting as the two domains
approached each other, and this movement resulted in opening of the TMDs to the
extracellular space as the ATP hydrolysis transition state was reached [102]. The
largest movements of drug-binding site helices were observed for the pairs of heli-
ces 4/10 and helices 5/11. As the ATP hydrolysis transition state (fully opened out-
ward conformation) approached, drug docking in the extracellular half of the
transmembrane domains seemed to be destabilized as transport ligand exit gates
opened to the extracellular space. The side chain of Phe978 (top of the binding site)
was found to move out of the way in conformations close to the fully opened inward
conformation thereby allowing QZ59-RRR analogue access to binding pocket
(Figs. 30.5 and 30.6 [Inset 3]) [100, 102]. This supports the postulation of putative
aromatic gating structures in the drug-binding sites of P-glycoprotein. The authors
proposed that the destabilization of ligand binding in the extracellular half of the
drug-binding site, coupled with denied access to ligand binding on the cytoplasmic
side, would effectively force a release of the ligand to the extracellular space. They
also suggested that there is no specific “inhibitor-binding site” located within the
drug-binding domain of P-glycoprotein and that the mode of inhibition by these
compounds, if binding occurs at the locations deduced from these docking studies,
may be through the competition with substrate drugs.

In a similar study on EPIs for P-glycoprotein, Jara et al. [101] identified a com-
mon binding site for rhodamine 123 and modulators (derivatives of propafenone
and XR9576 [tariquidar, one of the best modulators known at present]) with differ-
ent modulation activity by performing molecular docking over the crystal structure
of the mouse P-glycoprotein (Fig. 30.6 [Inset 2a]). The presence of a common bind-
ing site would suggest a competitive scheme for these inhibitors and the substrate
rhodamine 123. Preliminary classical MD simulations on selected P-glycoprotein/
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modulator complexes highlighted the importance of hydrophobic interactions and
molecular flexibility of the modulator to fit the aromatic rings inside the TMD. It
was found that the binding of two modulators (XR9576 and GP240 [a propafenone
derivative]) was energetically more stable in P1 site than rhodamine 123 due to
more favorable contributions of van der Waals interactions (hydrophobicity) and
nonpolar solvation (Fig. 30.6 [Inset 2b, c]). Several interacting residues were found
to be common to substrates and modulators in the region between transmembrane
helices 4, 5, and 6 (Ser222, I1e306, Val338, Leu339, Ala342, and Phe343), with the
aromatic residues contributing largely to the increase in the modulators’ binding
affinity. Binding of the inhibitor to this site could reduce the mobility of transmem-
brane helices (especially TM6) affecting the subsequent ATP hydrolysis. The inter-
action of TM12 (Val982) at a second site close to P1 was also observed with other
inhibitors such as GP240. The molecular docking results in this study were concor-
dant for some members of the GPxx family as reported by Klepsch et al. [181].

In order to investigate the role of P-glycoprotein flexibility in polyspecific drug
binding, Liu et al. performed comparative MD simulations of inward-facing
P-glycoprotein with/without inhibitor ligands (QZ59-RRR or QZ59-SSS) in explicit
lipid and water environment [182]. They found that the flexibility of the binding
pocket in P-glycoprotein, which is composed of the TMSs from both halves of
P-glycoprotein, especially transmembrane helices 4, 5, and 6 and 10, 11, and 12, is
essential for its polyspecific drug binding. Namely, while TM4 and TMS5 are rigid
and stabilize the whole structure, TM6 and TM12 show high flexibility, and the flex-
ibility of the side chains of aromatic residues (Phe and Tyr) in the binding pocket
allows them to form rotamers with different orientations, which is critical for the
poly-specificity of the drug-binding cavity of P-glycoprotein. The authors found
indeed the binding pocket of P-glycoprotein to be flexible and also to undergo
ligand-induced conformational changes thus facilitating the residues lining the
pocket to interact with multiple drugs. Finally, MD simulations illustrated the
twisted conformational change of transmembrane regions in the outward-facing
structure of P-glycoprotein, which might be important to export the substrate
molecules, and the translational conformational change in the inward-facing struc-
ture, which regulates the opening/closing of the binding cavity of P-glycoprotein.

In order to have a comprehensive understanding of EPI action and conforma-
tional dynamics of desmosdumotin, an anticancer agent, Gadhe et al. explored its
inhibition mechanism against P-glycoprotein (NBD2) by performing molecular
docking and MD simulations [103]. Molecular docking showed that van der Waals
and electrostatic interactions predominantly stabilize desmosdumotin binding to
NBD2. MD simulations further indicated the involvement of Lys1076 and
Ser1077 in hydrogen bonding and Tyr1044, Vall052, Gly1073, Cys1074, and
Gly1075 in hydrophobic interactions. The n- stacking hydrophobic interaction
between the B-ring of desmosdumotin and side chain of Tyr1044 (encircled in gray
in Fig. 30.6 [Inset 4]) identified in docking and stable during MD seems to be par-
ticularly important for inhibitor binding.

Recently, Ma et al. [183] carried out a systematic characterization and comparison
of substrate (daunorubicin) and an inhibitor (QZ59-RRR and QZ59-SSS) effects on
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NBD and TMD conformational dynamics using apo murine P-glycoprotein. Their
simulation systems included the apo form of P-glycoprotein, the co-crystals with
inhibitor QZ59 (QZ59-RRR and QZ59-SSS) bound (PDB codes 3G60 and 3G61,
respectively [100]), and docking-generated complexes with the substrate daunorubi-
cin bound to each of the two sites where inhibitor QZ59 was found. In six independent
MD simulations of the apo protein embedded in 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine bilayer, the authors observed an asymmetrical association of the
NBDs where one of the two putative nucleotide-binding sites is further dissociated
than the other, similar to what has been observed in other ABC transporter proteins. In
the ligand bound complexes, this degree of association and the conformations of the
nucleotide-binding site (Fig. 30.7) were dependent on the presence and the position of
a substrate or an inhibitor bound in the TMD binding cavity. Namely, daunorubicin
bound at the upper site triggers P-glycoprotein to undergo a closure event similar to
that observed in apo simulations and also leads to the formation of the nucleotide-
binding sites competent to bind ATP. The presence of an inhibitor (QZ59-RRR and
QZ59-SSYS) inside the drug-binding pocket kept the NBD site 2 open (maintaining
crystallographic distances) with ATP-protein interaction energies significantly higher
than the ones reported for substrates. This suggests that these inhibitors function by
keeping the NBDs apart, thus preventing ATP hydrolysis. Moreover, the inhibitor
QZ59-RRR exhibited higher affinities compared to that of the substrate, daunorubi-
cin, owing to much more favorable van der Waals interactions.

Summarizing the findings of reference [183], a closure of the P-glycoprotein’s
internal binding pocket occurred only in the presence of the substrate bound at a
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Fig. 30.7 (a) The representative structure of ABC transporter Sav1866 with the subunits colored
yellow and turquoise and highlighting the important domains. (b) Schematic illustration of the
nucleotide-binding sites 1 and 2. Here, the N-terminal Walker A motif and the C-terminal signature
sequence form “site 1,” whereas the C-terminal Walker A motif and the N-terminal signature
sequence form ‘“site 2” (Adapted with permission from Macmillan Publisher Ltd: Nature
[183, 184])
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certain site in the binding pocket, while the inhibitor kept the two NBDs far apart.
A greater number of ligand-protein interactions were formed by ligands docked at
the lower site compared to the upper site during the unrestrained simulations, pre-
sumably reflecting the ability of P-glycoprotein to “wrap up” the ligands and sug-
gesting a substrate-dependent behavior for P-glycoprotein efflux in which the
ligand-induced fit seems to play a key role in drug recognition.

In another study aiming to elucidate the mechanism of translocation by and inhi-
bition of P-glycoprotein, Prajapati et al. [185] modeled this transporter in three dif-
ferent catalytic states (inward open [IO] [NBDs are far apart], intermediate open
[TIO], and outward open [OO] [NBDs are in close proximity]) and studied a total of
17 systems including eight substrates, eight inhibitors, and one without ligand by
multi-targeted MD. Substantial details on the changes occurring in TMDs, the role
of intracellular coupling helices, and the displacements and conformational changes
in the residues lining drug-binding pocket during the catalytic transition of
P-glycoprotein from its inward open to outward open state were traced. Though no
distinct site for substrate and inhibitor binding was noticed, significant difference in
substrate and inhibitor-binding interactions and stability was observed during the
simulation from IO to OO state. The authors clearly showed how the loss of stable
binding interactions destabilized the substrate binding in the active site of
P-glycoprotein and dislodged it during the IO to OO transformation. In contrast, the
inhibitors maintained stable interactions with drug-binding residues Phe303, I1e306,
Phe343, Phe728, [1e868, Phe942, Thro45, and Ala985, posing possibility of inhibi-
tion of the conformational change in P-glycoprotein structure (Fig. 30.8).

In addition to studies on understanding the mechanism of action of existing
inhibitors of ABC pumps, attempts have been made to improve their activity or to
design new ones. One such study was performed by Tardia et al. who reported a new
series of total 21 polymethoxy benzamides with the P-glycoprotein inhibitory activ-
ity. The submicromolar ICs, level was reached through modulated lipophilicity of
compounds and by establishment of an intramolecular hydrogen bond [186]. Eleven
out of 21 of these compounds were active against both P-glycoprotein and MRP1.
MD simulations and density functional theory calculations on these compounds
advocated the presence of a unique conformation of the hit 4b (Fig. 30.9), which
was characterized by a very stable intramolecular hydrogen bond. The authors claim
that this conformational difference is the reason for the differential activities
reported for the regioisomers 4a and 4b. They also state the strength of such intra-
molecular hydrogen bond interaction to be a sensitive parameter for soft modulation
of the P-glycoprotein response as evident from 2,4,5-trimethoxybenzamide
derivatives 3b, 4b, and 5b which display the highest activity and also the strongest
intramolecular hydrogen bond.

Singh et al. [187] designed inhibitors of the transporter P-glycoprotein/MDR1 in
Leishmania, responsible for the extrusion of miltefosine, a drug to treat leishmani-
asis. Together with a series of activators of P4-ATPase protein to enhance import
of miltefosine, a series of peptide inhibitors (Fig. 30.10a) of the P-glycoprotein-
like ABC transporter were designed to overcome miltefosine resistance. The inhib-
itors were designed considering specificity to the target protein and also surface
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Fig. 30.8 Changes in molecular interactions of verapamil (inhibitor) observed during multi-
targeted molecular dynamics simulation; (a—d) represent the P-glycoprotein transition states: ini-
tial inward open, at starting of intermediate open, after intermediate open and outward open,
respectively. The magnified images of corresponding encircled regions are shown as I, II, III, and
1V, respectively (Obtained with permission from Elsevier [185])

orientation and flexibility. The molecular docking of these designed inhibitors con-
firmed the high affinity of inhibitor-9 having the sequence “QFIYYSAYALCFWY”
and interacting with Asp1029, Ala1022, and His55 of the transporter (Fig. 30.10b).
This study provided insights into the possibility of targeting P4-ATPase (important
for the import of alkylphospholipid drugs into the parasite) and ABC transporters
for improving the therapeutic efficiency of antileishmanial agents.

The results from the various computational studies on inhibitors of ABC pumps
summarized above reflect the importance of copious nonbonded interactions to be
formed by an inhibitor molecule to compete and establish itself strongly in the bind-
ing site of the pump, thenceforth impeding the required conformational changes for
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Fig. 30.9 2D structural representation of the regioisomers 4a and 4b highlighting the location of
the intramolecular hydrogen bond (IMHB) (Obtained with permission from the American
Chemical Society [186])
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Fig. 30.10 (a) Designed peptide inhibitors of the ABC transporters along with their amino acid
sequence. (b) Docked complex of ABC transporter with peptide inhibitor I9 (Modified from Singh
and Mandlik [187] with permission from the Royal Society of Chemistry)

substrate transport. These studies showcase the substantial success achieved so far
in identification of putative binding sites of inhibitors, the interacting protein resi-
dues and the nature of predominant interactions, and the inhibition mechanism, all
of which can be collectively exploited to develop novel and potent inhibitors as
done by Tardia et al. [186] and Singh et al. [187].

30.6.4 MATE Transporters

MD simulations were also employed in the study of EPIs for the MATE transporter
NorA. The three isomeric hybrid compounds, SS14, SS14-M, and SS14-P, contain
berberine, an antibacterial alkaloid known to be a substrate of NorA, fused at different
positions of INF55 (5-nitro-2-phenylindole), an inhibitor of NorA. Tomkiewicz et al.
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Fig. 30.11 Chemical structures of berberine and INF55 moieties as well as the isomeric hybrid
compounds (SS14, SS14-M, and SS14-P)

[188] analyzed the effects of varying the relative orientation of the antibacterial and
EPI components in these three isomeric hybrids. They found that a subtle reposition-
ing of the pump-blocking INF55 moiety in berberine-INF55 hybrids has a minimal
effect on their antibacterial activities of the hybrids but has a significant effect on their
inhibitory action against MDR pumps. Based on the experimental results, authors
reported all three hybrids to have a very similar activity against S. aureus and
Caenorhabditis elegans, though SS14 showed a slightly higher potency than its iso-
mers against the wild-type and NorA-knockout strains. Also, the SS14 hybrid showed
only a minor inhibitory effect on MDR pumps when compared to that of SS14-M and
SS14-P. Through MD simulations, authors identified that the hybrid SS14 prefers to
adopt a more compact globular conformation with the INF55 moiety folded back over
the berberine unit, whereas in SS14-M and SS14-P, the INF55 moiety extends away
from berberine (Fig. 30.11) [188]. The unique conformation for SS14 identified here
may explain why it shows different bacterial cell uptake kinetics and reduced inhibi-
tory effects on MDR pumps relative to those of SS14-M and SS14-P.

30.7 Concluding Remarks

MDR is an unavoidable natural phenomenon and needs to be effectively countered
with highest priority to prevent the advent of a post-antibiotic era with untreatable
life-threatening infections. Efflux transporters like those of the MFS members in
Gram-positive bacteria and RND members in Gram-negative bacteria are the pri-
mary saviors in clinically important pathogens. These transporters, if inhibited, can
hinder the normal physiology as well as the MDR exhibited by pathogens toward
numerous drugs, eventually reviving the era of antibiotic treatable infections. The
recent reports on computational studies significantly contributing toward the devel-
opment of several EPIs of such transporter systems and a better understanding of the
structure and function of efflux transporter have provided a positive ray of hope
toward development of better EPIs and novel antimicrobial agents that can bypass
efflux. It would definitely be interesting to improve these molecules to widen their
spectrum of activity, even if attainment of a universal prokaryotic EPI might not be
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pragmatic. In addition to focusing solely on the competitive inhibitors of the MDR
pumps, scientists are now considering inhibition of transcription of the genes coding
for efflux pumps or inhibition of other members of tripartite complexes as possible
alternatives.
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