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Abstract

Infectious diseases present a major threat to public health globally. Pathogens can acquire
resistance to anti-infectious agents via several means including transporter-mediated efflux.
Typically, multidrug transporters feature spacious, dynamic, and chemically malleable binding
sites to aid in the recognition and transport of chemically diverse substrates across cell
membranes. Here, we discuss recent structural investigations of multidrug transporters involved in
resistance to infectious diseases that belong to the ATP-binding cassette (ABC) superfamily, the
major facilitator superfamily (MFS), the drug/metabolite transporter (DMT) superfamily, the
multidrug and toxic compound extrusion (MATE) family, the small multidrug resistance (SMR)
family, and the resistance-nodulation-division (RND) superfamily. These structural insights
provide invaluable information for understanding and combatting multidrug resistance.
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Representative multidrug transporter structures and their cellular locations. Representative
structures of multidrug transporters from the DMT, MATE, SMR, MFS, ABC, and RND
(super)families. Left: PFCRT (PDB ID: 6UKJ) is expressed in the digestive vacuolar membrane of
the malaria-causing parasite Plasmodium falciparum, where it mediates efflux of 4-
aminoquinolines from their site of action. Right: Multidrug transporters including PFMATE (ID:
6FHZ), Gdx-Clo (PDB ID: 6WKS5), MdfA (PDB ID: 6GV1), MacB (PDB ID: 5NIK), and AcrB
(PDB ID: 5NG5) are shown in the inner membrane of Gram-negative bacteria where they mediate
efflux of a broad range of cytotoxic compounds (see Table 1). MacB and AcrB form tripartite
complexes with TolC via the PAPs MacA and AcrA, respectively, to mediate efflux across the
periplasm and outer membrane. Additionally, the AcrAB-TolC tripartite complex interacts with the
inner membrane peptide AcrZ (green). Inner membrane proteins are shown in ribbon
representation and colored in rainbow from the N- (blue) to the C- (red) terminus. MacA, AcrA,
and TolC are colored in pink, salmon, and gold, respectively. Figure inspired by Dijun et a/., 2018
[14].
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Introduction

Drug resistance poses an increasingly serious threat to public health with devastating
consequences for the treatment of many pathologies, including cancer and infectious
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diseases. In the latter case, this resistance is a mechanism that pathogenic microorganisms
such as fungi, parasites, and bacteria have developed to mitigate the effects of cytotoxic
drugs, and ultimately promote their survival. While sources of resistance are various and
complex [1], the ability of bacteria to export cytotoxic drugs through efflux transporters is a
major underlying cause. Exposure to drugs often triggers cellular pathways that alter the
expression of transporter genes, ultimately providing increased opportunity for drug efflux.
Multidrug transporters typically have broad substrate profiles and thus provide an export
route for many different, often chemically unrelated cytotoxic compounds. There are several
families of multidrug efflux transporters expressed by common pathogens including: the
ATP-binding cassette (ABC) superfamily, the major facilitator superfamily (MFS), the drug/
metabolite transporter (DMT) superfamily, the multidrug and toxic compound extrusion
(MATE) family, the small multidrug resistance (SMR) family, the resistance-nodulation-
division (RND) superfamily, the proteobacterial antimicrobial compound efflux (PACE)
family, and the p-aminobenzoyl-glutamate transporter (AbgT) family [2-5]. With the
exception of primary-active ABC transporters that utilize energy from ATP hydrolysis to
catalyze drug export, these transporters are typically ‘secondary-active’ that harness energy
from electrochemical gradients to power drug efflux.

Over the past two decades, technological advances in membrane protein structural biology
have allowed for many structures of multidrug transporters to be determined using either X-
ray protein crystallography, nuclear magnetic resonance (NMR), single-particle cryogenic-
electron microscopy (cryo-EM), and very recently cryo-electron tomography (cryo-ET) [6].
These structures provide unprecedented insight into the molecular mechanisms by which
transporters recognize and export broad spectrums of structurally distinct substrates from
pathogenic invaders. Furthermore, these structures can provide guidance for the
development of inhibitors that block multidrug transporters, and anti-infectious agents that
are chemically similar enough to maintain efficacy, but distinct enough to prevent efflux.

Here, we discuss recent structural investigations of multidrug transporters involved in
resistance to infectious diseases that belong to the ABC, MFS, MATE, DMT, SMR, and
RND transporter (super)families (Table 1). We focus on the molecular bases of substrate
recognition and transport, as well as the locations of known resistance-causing mutations,
and how these findings translate into a mechanistic understanding of multidrug resistance.

The major facilitator superfamily of transporters

MFS proteins constitute one of the largest and most diverse families of membrane
transporters, and are found across all domains of life as either uniporters, symporters, or
antiporters [7]. MFS transporters typically contain twelve transmembrane (TM) helices
arranged into two pseudosymmetric six-helix bundles termed the N- and C- domains, which
are linked by a large cytoplasmic loop. The majority of structural data available supports a
“rocker-switch” mechanism of transport in which the N- and C- domains undergo rigid-body
conformational changes relative to each other to transition between inward- and outward-
facing states. These two states provide a centrally bound substrate with alternating access to
either the cytosolic or extra-cytosolic solutions, respectively [8, 9]. MFS transporters
generally have a narrow substrate-specificity profile, but some sub-families, for example the
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drug-proton antiporter 1 (DHA1) and 2 (DHAZ2) families, mediate the efflux of a broad
range of cytotoxic substrates and thus confer multidrug resistance [10]. In Gram-negative
bacteria, some DHA transporters form tripartite complexes. For example, EmrB is expressed
in the inner membrane and forms a complex with the periplasmic adaptor protein EmrA and
the outer membrane channel TolC to transport drugs across the periplasm into the
extracellular space [11-13]. Other DHA transporters, such as MdfA, function as simple
monomeric exporters and have been extensively characterized [14, 15].

Overexpression of MdfA has been observed in Escherichia coli (E. coli) strains isolated
from patients presenting multidrug resistance, and MdfA orthologs are expressed by several
pathogenic bacterial species [16]. MdfA couples the efflux of various electroneutral and
monovalent cationic drugs to the influx of a single proton [15, 17]. The first structure of
MdfA was determined in 2015 and captured the transport deficient mutant Q131R in an
inward-facing conformation with the antibiotic chloramphenicol bound centrally at the
interface of the N- and C-domains [18]. Within this binding site, chloramphenicol directly
interacts with N33 and D34 from TM1 via hydrogen bonding, and is also surrounded by
hydrophobic residues including Y30, M58, L62, A150, L151, L235, L236, and 1239 (Fig.
1a). Notably, this region is broadly conserved across the DHA family [19-22], and other
cationic substrates and inhibitors have been observed binding to MdfA in a similar manner
[23]. D34 has also been demonstrated to serve as a proton binding site (alongside E26) and
is thus a key residue in coupling substrate export to proton import [24]. Subsequent
structural studies of MdfA have captured the transporter in an outward-facing conformation
(stabilized by forming a complex with an Fab antibody fragment), suggesting that MdfA
mediates substrate transport using a classic MFS rocker-switch mechanism with an
additional twisting of TM5 [25]. In this transport model (Fig. 1b), MdfA begins in an
inward-facing conformation with D34 protonated. Substrate loading induces D34
deprotonation, freeing this residue to directly interact with the substrate via hydrogen
bonding. This in turn triggers transition to an outward-facing conformation where substrate
is released to the other side of the membrane and E26 is protonated. This protonation
prompts a return to the inward-facing state where the proton is then transferred from E26 to
D34, priming the protein for the next transport event [18].

While similar rocker-switch mechanisms have been proposed for various DHA family
members including YajR [19], EmrD [20], LmrP [21], and SotB [22], recent DEER
spectroscopy and biochemical cysteine cross-linking analyses of MdfA in nanodiscs have
suggested that the transporter in fact does not function via a canonical rocker-switch
mechanism [26]. This modified mechanism involves recruitment of hydrophobic drugs
through a lateral gate that opens between TM5 and TM8 to the inner leaflet of the
membrane, and hydrophilic drugs from the cytosol. Once substrate is bound in the central
cavity, the lateral gate and opening to the cytosol close, and subtle rearrangements of TM
helices allow for release of substrate into the extra-cytosolic space [26]. Importantly, these
rearrangements are more subtle than those observed in the Fab-stabilized outward-facing
structure, and it has been suggested that this adapted rocker-switch mechanism may
contribute to MdfA’s broad substrate specificity profile [25]. Interestingly, MdfA can
interact with neutral and positively-charged substrates simultaneously, for example
chloramphenicol and tetraphenylphosphonium (TPP*), with the presence of one affecting
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the affinity for the other [27]. This raises the concept of distinct but interacting binding sites,
which is intriguing when considering the conundrum of multidrug recognition. Furthermore,
it has been proposed that DHA transporters are more dynamic than substrate-specific MFS
transporters, which assists them in binding and transporting a variety of chemically and
structurally distinct substrates [28].

Recently, the structure of the MdfA relative LmrP was determined and revealed the presence
of a structural POPG lipid within the central cavity, where it stabilizes substrate binding [21]
(Fig. 1c). It has been proposed that this embedded lipid has greater conformational plasticity
than LmrP itself, and thus may provide a malleable hydrophobic environment to
accommodate structurally diverse substrates [21]. Whilst this hypothesis is intriguing, it
warrants further investigation given that it has not been observed previously.

The drug/metabolite transporter superfamily

The DMT superfamily represents a large group of topologically and functionally diverse
transporters expressed by eukaryotes, bacteria, and archaea, that mediate efflux of a wide
range of substrates, including sugars, metabolites, and toxins [3]. Several members of the
DMT superfamily have been implicated in mediating multidrug resistance in infectious
disease by actively extruding cytotoxic compounds from their active sites within pathogens
[29, 30]. DMTs are believed to have evolved from SMR transporters — which are dimers of
monomers that contain four TMs — first by gaining an extra TM helix to result in five-TM
helical bacterial/archaeal transporter (BAT), and then via gene duplication to form the ten-
TM helical DMT [3, 29, 31].

The structure of YddG — a bacterial DMT transporter that mediates efflux of various
metabolites and exogenous toxic compounds — was the first DMT structure solved, and
captured the transporter in an outward-facing conformation [32] (Fig. 2a). This structure
revealed that YddG consists of ten TM helices arranged into two five-helix bundles with an
inverted topology (Fig. 2a, b). Eight of these TMs (TMs1-4,6-9) form four two-helix
hairpins that are arranged alternately to surround a central cavity which faces the periplasm.
In this structure, a monoolein molecule (used for crystallization in lipidic cubic phase) was
bound within the central cavity where it was coordinated by several conserved residues
(W17, Y78, W101 and W163). This observation led to the hypothesis that this cavity may
serve as a substrate-binding site. Indeed, this central cavity also features several other
hydrophobic (Y78, Y82, and Y99) and hydrophilic (H79, S244, and S251) residues — several
of which are critical for substrate binding/transport — and thus likely provides
accommodation for a broad range of chemically diverse substrates (Fig. 2a). While this
structure of YddG captured the transporter in an outward-facing state, an inward-facing
model has been generated from this structure and confirmed by crosslinking and
evolutionary covariation analysis. Together, these two conformational states indicate that
YddG utilizes a unique alternating-access mechanism whereby bending and straightening of
two-helix hairpins — TM3-TM4 and TM8-TM?9 — induces tilting and upright motions of
TM6 and TML, respectively, which provides substrate with alternating access to the
periplasm and cytosol to mediate substrate transport [32] (Fig. 2¢).

J Mol Biol. Author manuscript; available in PMC 2022 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 6

Recently, the structure of the DMT transporter Plasmodium falciparum chloroquine
resistance transporter (PfCRT), which is involved in resistance to antimalarials (Fig. 2d),
was solved using cryo-EM [33] (Fig. 2e). Malaria infections occur when female Anopheles
mosquitos carrying parasites such as Plasmodium falciparum feed on blood from a human
host and consequently release the parasites into the bloodstream. For many decades, malaria
was treated using chloroquine (CQ), which effectively eliminated disease-causing parasitic
infections such as Plasmodium falciparum, until CQ resistance arose in the 1950s,
independently in South America and Southeast Asia, later spreading to Africa [34].
Furthermore, strains of Plasmodium falciparum from Southeast Asia that confer resistance
to the current first-line drug piperaquine (PPQ) have recently been identified [35, 36]. These
highly virulent Plasmodium falciparum strains acquired resistance to these 4-aminoquinoline
antimalarials via distinct sets of point mutations in PFCRT which is expressed in the
parasite’s acidic digestive vacuolar membrane [30, 37] (Fig. 2d). Within the digestive
vacuole, hemoglobin from human red blood cells is degraded into peptides and amino acids
that are essential for parasite protein synthesis [38]. Currently available 4-aminoquinoline
drugs inhibit the parasite’s hemoglobin degradation pathway to elicit their antimalarial effect
[39, 40] (Fig. 2d). While the precise identification of its endogenous substrate remains
elusive [41, 42], mutated versions of PfCRT in drug-resistant strains of Plasmodium
falciparum enable efflux of CQ and PPQ from the digestive vacuole, thus removing them
from their site of action (Fig. 2d). Notably, wild-type PfCRT can bind but not transport CQ
and PPQ [33], and while a K76T substitution exists in all resistant isoforms (regardless of
geographical origin) and is considered the hallmark of resistance, it mediates drug efflux in
combination with other geographic-specific mutations [43, 44].

The 7G8 isoform of PfCRT harbors five mutations — C72S, K76T, A220S, N326D and
I1356L — which enable it to transport CQ but not PPQ, and hence confer resistance to the
former but not the latter [33]. The structure of this isoform captures the transporter in an
inward-open conformation and revealed that PFCRT 7G8 is a monomer consisting of ten TM
helices and two juxtamembrane helices — one on either side of the membrane. The ten TM
helices are arranged as five two-helix hairpins with an inverted topology, with TM1-TM4
and TM6-TM9 forming two sides of a large, negatively-charged cavity (Fig. 2e). Mutations
that enable CQ and PPQ transport across different resistant isoforms primarily line this
central cavity, consistent with the hypothesis that this region constitutes the binding site for
positively-charged CQ and PPQ [33] (Fig. 2f). This work provides molecular insight into
how specific mutations can alter this transporter’s interactions with CQ and PPQ. For
example, newly emerging PPQ-resistant strains of Plasmodium falciparum in Asia and
South America feature PfCRT isoforms with point mutations F1451 and C350R, respectively
[35, 36, 45]. These residues are located in helices lining the central cavity, and when these
mutations were individually introduced into PfCRT 7G8, they both reversed the substrate
profile of the 7G8 isoform, enabling transport of PPQ (PPQ-resistant) while diminishing
efflux of CQ (CQ-sensitive) [33]. Molecular dynamics (MD) simulations of these mutant
constructs showed that the introduction of F145I causes a rearrangement of TM helices
lining the cavity. On the other hand, introduction of C350R diminishes the overall
electronegativity of the cavity, which could explain the reduced binding affinity for
positively-charged PPQ and the resulting transport-positive phenotype of this variant [33].
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Together, these observations demonstrate that point mutations in PfCRT isoforms mediate
resistance to various antimalarials by altering binding affinities and promoting
conformational changes required for transport [46]. Importantly, these findings provide a
powerful tool to not only understand but also predict how and which emerging PFCRT
variants might evolve to mediate multidrug resistance.

Small multidrug resistant transporter family

SMR transporters are a family within the DMT superfamily that are expressed broadly
across bacteria and archaea [3, 47]. As the name suggests, they are indeed small — containing
just four TM helices — and they function as either homo- or hetero-dimer proton-coupled
antiporters to export quaternary ammonium compounds and polyaromatic cations [48-51].
These transporters are associated with resistance to clinically relevant pharmaceuticals used
to treat pathogenic infections such as those caused by Mycobacterium tuberculosis [52] and
Acinetobacter baumannii [53]. Within the SMR transporter family there are two major
subtypes — the Gdx cluster and the Qac cluster — that share ~40% sequence identity. The
Gdx subfamily has only recently been characterized, whereas the Qac cluster has been
extensively studied over many years [14, 51, 54]. Members of the Qac cluster transport
structurally diverse quaternary ammonium cations (e.g., ethidium, TPP*, methyl viologen),
and include the prototypical SMR member, EmrE, from E£. coli. Although EmrE has not
been demonstrated to be directly involved in resistance towards antibiotics used clinically to
treat £. coliinfections, resistance can be easily developed /n vitro by mutation of just a few
residues [55, 56]. This makes EmrE an elegant model transporter to elucidate the mechanism
of SMR mediated drug efflux.

The first insights into the structure of EmrE were obtained from low resolution 2D (~7.5 A
resolution in the plane and ~16 A resolution perpendicular to the membrane) [57] and 3D
cryo-EM maps of the transporter (~7 A resolution) [58]. These structures demonstrated that
EmrE is a dimer comprised of two antiparallel monomers (designated ‘A’ and ‘B”) with no
obvious two-fold symmetry, and a binding site for the high-affinity substrate TPP* at the
dimer interface. This was highly controversial at the time given that an antiparallel topology
had never been observed for any integral membrane protein. While the limited resolutions of
these structures prevented the monomers from being unambiguously delineated or for TM
helices to be assigned in a sequence-specific manner, a subsequent 3.8 A crystal structure of
EmrE allowed the Ca backbone to be resolved and confirmed an antiparallel topology [59].
This structure also revealed that each EmrE monomer is made up of four TM helices, the
first three form the substrate and proton binding sites, and the fourth maintains interactions
at the dimer interface (Fig. 3a). Alongside structural investigations of EmrE, a plethora of
biochemical and biophysical studies have established that asymmetric antiparallel EmrE
dimers transport using an alternating-access mechanism in which the substrate/proton
binding site, comprising two conserved glutamate residues (E14, and E14g), alternates
between an outward-facing state for proton binding and an inward-facing state for drug
binding [49, 56, 60-74] (Fig. 3b). Given the antiparallel nature of EmrE, the inward- and
outward-facing conformations are structurally identical and differ only in orientation within
the membrane.
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While these studies provided great insight into the mechanism of SMR mediated transport, it
is only recently that high-resolution structures of SMRs have been reported and the
substrate-binding sites characterized at an atomic level. This is not entirely surprising given
that these transporters are small, highly dynamic [56, 60-67], and lack sizable soluble
domains required to obtain well-diffracting crystals or align particles for cryo-EM studies. In
2020, Kermani et al. used monobodies as crystallization chaperones to determine the first
high-resolution structures of an SMR transporter [51]. These structures capture Gdx-Clo, a
member of the Gadx cluster, in an apo state and in complex with the substrates phenylGdm*
and octylGdm™ to 3.5 A, 2.5 A and 2.3 A resolution, respectively (Fig. 3c). This work
confirmed that Gdx transporters also have a dual topology architecture and revealed that an
opening between TM2, and TM2g provides access to the central substrate binding site from
the membrane. It has been proposed that this opening to the membrane is likely exploited by
hydrophobic substrates to gain access to the binding site [51]. Within the substrate binding
site, the substrate’s guanidinyl group is coordinated by E13g (Fig. 3c). This glutamate is
stabilized by a conserved hydrogen-bonding network consisting of W62g, S42g, and W16g,
which has previously been demonstrated to be important for substrate transport [75, 76].
While E134 is also in close proximity to the substrate’s guanidinyl group, its sidechain
interacts with Y59g, thus preventing it from forming a hydrogen bond with this group.
Notably, Y59 is completely conserved among SMR transporters and undergoes a large
conformational rearrangement upon transition between the inward- and outward-facing
states [51]. Given this, it has been proposed that Y59g and the substrate’s guanidinium
group compete for E134, and that displacement of Y59g by the guanidinyl group initiates
conformational rearrangements required for alternating access. Kermani et a/. also
demonstrated that both Gdx-Clo and EmrE transport a broad, somewhat overlapping range
of hydrophobic-substituted cations despite belonging to separate SMR subfamilies [51].
More specifically, Gdx-Clo preferentially transports Gdm™* and guanidinyl compounds with
single hydrophobic substitutions compared to doubly substituted guanidinyl compounds and
tetramethylGdm™, indicating that while some bulk is tolerated for Gdx-Clo-mediated
transport, there is an upper limit. In contrast, EmrE cannot transport Gdm*, but
preferentially transports more hydrophobic and bulky substrates.

Just a few months after these structures of Gdx-Clo, Shcherbakov et a/. reported the first
high-resolution structure of EmrE, determined with fluorinated TPP* bound, by magic-
angle-spinning solid-state NMR spectroscopy [77] (Fig. 3a). Shcherbakov et al. took
advantage of the EmrE mutant S64V, which maintains a high affinity for TPP* but slows
turnover [78], thus making it more amenable to structural studies. This structure confirmed a
dual topology architecture and placed the substrate in a similar location compared to that
observed in previous low-resolution structures and MD models [59, 79], but the higher
resolution structure allowed for better definition of the substrate’s orientation and position.
In this structure, TPP* is surrounded by E14, Y40, Y60, and W63 from both the A and B
monomers (Fig. 3a). Among these, Y40 is the furthest away from TPP*, consistent with
biochemical data suggesting that this residue regulates substrate specificity, whereas the
others are essential for binding/transport [80]. Notably, TPP* is bound asymmetrically
within this binding site, with more stabilization provided by E14, than E14g (Fig. 3a).
Overall, this binding pocket is loosely packed and spacious with most inter-residue distances
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exceeding that of hydrogen-bond length, and protein—substrate distances ranging from ~4.6—
10 A. This loose, multivalent, spacious binding site is consistent with the diverse substrate
profile of EmrE and provides accommodation for the observed dynamic substrate
reorientation.

Unexpectedly, recent studies have revealed that in addition to functioning as a H*-coupled
antiporter, EmrE may also function as a H-coupled symporter or uncoupled uniporter [61,
81]. Given the negative-inside membrane potential in bacteria, both symport and uniport
raise the possibility for concentrative uptake of toxic substrates rather than export, adding
complexity to the SMR story and warranting further investigation and consideration.

The multidrug and toxic compound extrusion family

MATE transporters are expressed by both prokaryotes and eukaryotes and function as
secondary active antiporters that couple the export of cationic substrates to the influx of H*
or Na* along their electrochemical gradients [82—-84]. Within the MATE transporter family,
there are three major subtypes: NorM, DinF, and eukaryotic MATE (eMATE) [82, 83].
Bacterial MATE transporters typically belong to the NorM and DinF subfamilies, whereas
the archaeal and eukaryotic MATE transporters belong to the DinF and eMATE subfamilies,
respectively [85]. In bacteria, MATE transporters mediate the efflux of various cationic
drugs including ethidium bromide, TPP*, berberine, acriflavine, and norfloxacin, thus
conferring resistance to these compounds (Table 1). Changes in expression of MATE
transporters can cause drug resistance. For example, overexpression of MepA from
Staphylococcus aureus results in resistance to tigecycline, an antibiotic used to treat
methicillin- and vancomycin-resistant Stapfylococcus aureus infections [86, 87].

To date, there are more than 20 structures of MATE transporters (Table 1). These have
provided invaluable molecular insights into MATE-mediated substrate recognition and
transport [85]. MATE transporters typically contain twelve TM helices arranged into two
pseudosymmetric six-helix bundles (TM1-6 and TM7-12) named the N- and C-lobes. While
this architecture is reminiscent of MFS transporters, the arrangement of helices within the
MATE and MFS N- and C- lobes/domains is distinct, and thus they have unique topologies
[83, 88] (Fig. 4a). The first MATE transporter structure was determined by X-ray
crystallography in 2010 and captured NorM from Vibrio cholerae (NorM-VC) in an
outward-facing conformation [88]. This structure revealed that E255 and D371 contribute to
a negatively-charged pocket within a V-shaped cavity in the C-lobe which binds cations.
This observation is consistent with previous analysis of NorM from Vibrio parahaemolyticus
(NorM-VP) which demonstrated that mutagenesis of three conserved acidic residues D32,
E51 and D367 (corresponding to D36, E255 and D371 in NorM-VC) abolish transport
activity [89]. Subsequent outward-facing structures of NorM from ANeisseria gonorrhea
(NorM-NG) in complex with monobodies as crystallization chaperones revealed a
multidrug-binding site at the interface of the N- and C-lobes near the membrane-periplasm
interface. Within this site, D41, S61, Q284, S288, D355, and D356 directly coordinate the
substrates TPP*, rhodamine-6G, and ethidium via hydrogen- and ionic-bonds, while A57
and F265 stabilize bound substrate via hydrophobic interactions [90] (Fig. 4b). Interestingly,
this binding site is unlike that of other multidrug transporters, which typically overlap with
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the proton binding site and employ hydrophobic residues to accommodate binding of
multiple substrates [90]. While this is typically accepted as the NorM-NG substrate binding
site across the field, it is noteworthy that there seem to be several discrepancies (including
Ramachandran analysis) in these substrates-bound structures, and their electron density
maps, that require further examination and clarification.

Several structures of DinF subfamily members have been determined [91-96], including the
H*-coupled MATE transporter from Pyrococcus furiosus (PFMATE) in both outward-facing
apo and substrate-bound conformations [91]. The substrate-bound structure of PFMATE
revealed that despite sharing a similar architecture with NorM-VC, it has a unique substrate
binding site located within the N-lobe [91]. In the outward-facing substrate-bound
conformation, a norfloxacin-derivative compound (Br-NRF) directly interacts with Q34
from TM1, N157 from TM4, and N180 from TMD5 via hydrogen-bond interactions, and is
also surrounded by residues including Y37, N153, M173, S177, T202, S205, M206, T209
and 1213 (Fig. 4c). Interestingly, the amino acids of PFMATE corresponding to the cation
binding site of NorM-VC are not conserved, raising the possibility that the cation binding
site in PFMATE may also be unique. In combination with functional analyses, these
structures demonstrate that protonation of D41, a highly conserved residue among
prokaryotic MATEs, induces TM1 bending at P26, which in turn collapses the N-lobe cavity
to facilitate substrate release into the extra-cytosolic region [91]. Recently, the first structure
of a MATE transporter in an inward-open conformation was determined from crystals of
PfMATE grown by vapor diffusion in the presence of native lipids extracted from
Pyrococcus furiosus [94]. This structure displays rigid body rearrangement of TM2-6 in the
N-lobe and TM8-12 in the C-lobe compared to that observed in the outward-facing state to
form an inverted central cavity open to the cytosolic space. This rearrangement is facilitated
by conformational flexibility of TM1 — largely kinked in this state —and TM7, which appear
to be only loosely associated with the N- and C-lobes, respectively. This study, together with
previously reported outward-facing structures [91], indicate that MATE transporters utilize
an alternating-access mechanism that can be summarized as follows [94] (Fig. 4d). The
transporter begins in the inward-facing state, where TM1 is largely kinked and D41 is
protonated. Deprotonation of D41 in this state has been proposed to straighten TM1, which
in turn creates space for the substrate to bind within the N-lobe cavity. Substrate binding
then induces a conformational switch to the outward-facing state with TM1 maintained
straight. Here, D41 is re-protonated, causing TM1 to kink and the N-lobe cavity to collapse,
triggering substrate release. The protonated transporter then reorients to an inward-facing
conformation and the cycle repeats. While no inward-facing substrate-bound or occluded
states have been structurally characterized to date, this current model has substantially
furthered our understanding of MATE-mediated multidrug transport.

Resistance-nodulation-cell-division transporter superfamily

Unlike Gram-positive bacteria, which are enclosed by a single cell membrane and
peptidoglycan layer, Gram-negative bacteria are surrounded by two membrane layers
between which lies the periplasm [97]. The efflux of drugs from Gram-negative bacteria
therefore involves two steps. The first step requires transport across the inner membrane by
various single-component transporters including ABC, MFS, MATE, and SMR
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(super)families described in other sections. The second step involves transport from either
the outer leaflet of the inner membrane, or the periplasmic space itself, across the outer
membrane and into the extracellular space. This step is mediated by large multicomponent
pumps called tripartite complexes [98] (Fig. 5a). Tripartite complexes typically comprise an
RND transporter in the inner membrane that is connected to an outer membrane channel
(OMC) via a periplasmic adaptor protein (PAP) [98-100]. Some transporter families other
than RND contain members that can also interact with PAPs and OMCs to form tripartite
complexes, such as the ABC transporter MacB and the MFS transporter EmrB, but unlike
RND transporters, these other families also contain members that function as single-
component inner membrane transport systems [11-13, 101, 102]. The fact that numerous
transporters fulfil the first step of this process, while tripartite complexes are solely
responsible for the latter, illustrates the central role they play in the efflux machinery of
Gram-negative bacteria. Accordingly, RND transporters have very broad substrate profiles
that correspond to the conglomerate of substrates transported by various single component
multidrug exporters [103]. This makes them one of the most complex and intriguing
secondary transporters known to date from both structural and mechanistic perspectives.

AcrB from E. coliis one of the most well-characterized RND transporters. This inner
membrane protein forms a tripartite complex with the PAP AcrA and the OMC TolC, with a
stoichiometry of 3:6:3 [98-100]. Additionally, AcrB has a 49 amino acid peptide partner —
AcrZ — which takes the form of a single alpha helix and makes extensive contacts with the
AcrB TM domain to enhance export of certain antibiotics including tetracycline, puromycin,
and chloramphenicol [99, 104, 105] (Fig. 5a). Several structures of AcrB in different
conformations have been determined under different conditions [100, 105-115] (Table 1).
These structures have revealed that AcrB is a homotrimer, with each protomer comprising
twelve TM helices and two highly structured periplasmic domains. The periplasmic domains
account for approximately 60% of molecular weight of each protomer and project ~70 A
away from the inner membrane. Unlike most secondary active transporters, RND
transporters, including AcrB, do not appear to feature a transmembrane translocation
pathway that transports drugs across the inner membrane. Instead, the TM domains contain
salt-bridged titratable residues — including D407 and D408 in TM4, and K940 in TM10 —
that provide a pathway for proton movement from the periplasm to the cytoplasm, which
serves as a driving force for transport [111, 116]. This proton influx involves conformational
changes within the TM domain that are in turn transmitted to the periplasmic domains. Here,
substrate is sequestered from either the outer leaflet of the inner membrane or the periplasm
itself. Each monomer’s periplasmic domain contains four sub-domains that together
constitute the two main drug binding cavities which are referred to as the proximal and distal
pockets, respectively [106, 110, 117]. The most distant region of the periplasmic domain
from the inner membrane features a funnel that is connected to TolC via AcrA.

While the specific details of this transport mechanism are yet to be fully elucidated, a
general model in which AcrB functions as a highly cooperative homotrimer has been
established [14, 100] (Fig. 5b). This model involves each protomer functionally rotating
between three different states that provide substrate with alternating access to the distal
binding site from either the periplasm or the AcrA-TolC channel. In the apo conformation,
the trimer is symmetric [106], however upon addition of substrate, each protomer adopts a
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distinct conformation — namely the ‘loose’ (L), ‘tight’ (T), and ‘open’ (O) states — that
represent the conformations visited by each protomer throughout the transport cycle [110,
117]. The transport cycle begins with a monomer in the L state, where substrate can access
the proximal binding site. Following this, a pathway to the distal binding site opens,
allowing substrate to move in deeper and bind at this distal site in the T state. Next, the
transporter enters the O state, in which the periplasmic entry pathway is closed, and a funnel
connected to the AcrA-TolC channel is opened. Substrate then moves through this funnel
and the AcrA-TolC channel for release into the extracellular solution, and the monomer
reverts to the initial L state, where it is again primed for substrate binding.

The substrate profile of AcrB and other RND transporters is incredibly diverse and
encompasses hydrophobic, amphipathic, cationic, neutral, and anionic molecules [14, 100,
116, 118, 119]. Remarkably, the distal pocket is believed to be a universal binding site for all
known AcrB substrates, and several mechanisms to support poly-specificity have been
proposed [100]. The distal binding site predominantly comprises hydrophobic residues
including F136, V139, F178, 1227, P326, Y327, F610, V612, F615, and F628, with a cluster
of polar/charged residues at one end including Q176, S180, E273, N274 (Fig. 5¢c, d). This
binding site is larger than that typically seen for multidrug resistant transporters from other
families, and different ligands bind preferentially to different areas. For example,
doxorubicin binds predominantly in the end of the pocket that lacks polar/charged residues
(Fig. 5d), whereas minocycline binds more deeply within the pocket where it interacts with
the polar/charged residues [108] (Fig. 5¢). While substrate-bound structures of AcrB show
binding of individual drugs to this pocket, it has been demonstrated that this binding site can
accommodate multiple substrates concomitantly [120], and that water molecules can
stabilize both substrate and inhibitor binding to this site, properties that are both compatible
with the poly-specificity of AcrB [108, 112, 121]. Additionally, it has been suggested that
substrates may gain access to the distal binding pocket via other channels located at the
membrane—periplasm interface. One channel provides entry from the periplasm through the
periplasmic domain (channel 1), a second provides entry from the outer leaflet of the inner
membrane through a groove between TM7, TM8, and TM9 (channel 2), and a third bypasses
the proximal binding site to provide entry via a central periplasmic cavity formed at the
interface of the three protomers (channel 3) (Fig. 5b). Interestingly, it has been suggested
that different substrates may prefer distinct channels to access the distal binding site, and
that this may contribute to substrate poly-specificity (see [14, 100, 116, 122] for more in-
depth review).

Recently, the AcrABZ-TolC complex has been determined both /n vitro via single-particle
cryo-EM [113, 123] (Fig. 5a) and /n situ using cryo-ET and sub-tomogram averaging [124].
These structures reveal that in the absence of substrate, the TolC channel is closed, and that
substrate binding induces large scale movements in AcrB (as described above) which initiate
opening of the AcrA-TolC channel. In the presence of substrate, the three AcrB protomers
within the trimer adopt either an L-T-O, L-T-T, or L-L-T conformation, and interestingly, the
AcrB-AcrA and TolC-AcrA interfaces do not significantly differ between the different
substrate-bound conformations. This repacking of AcrA is critical to maintain all
interprotein interfaces such that no leakages to the periplasm can occur. Furthermore, in situ
sub-tomogram averages suggest that the AcrAB complex likely forms first, and then
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associates with TolC, and that the components are localized by the peptidoglycan layer
[124].

ATP-binding cassette transporter superfamily

ABC transporters are found across all kingdoms of life. These primary active transporters
utilize ATP binding and hydrolysis to drive the translocation of chemically diverse substrates
such as amino acids, lipids, sugars, peptides, metabolites, and toxins across cell membranes
[125]. Bacterial ABC transporters such as LmrA, LmrCD, HorA, BmrA, PatAB, EfrAB,
OmrA, VcaM, and MacAB have been demonstrated to export antibiotics from both Gram-
positive and Gram-negative bacteria and thus contribute to antibiotic resistance [126-128].

Over the past two decades, a growing number of ABC transporter structures in distinct
conformational states have provided molecular details of their architecture, substrate
recognition, and the mechanism by which they function [129-146] (Fig. 6a, b and Table 1).
ABC transporters are typically made up of four core domains including two transmembrane
domains (TMDs) and two highly conserved cytoplasmic nucleotide-binding domains
(NBDs). The NBDs bind and hydrolyze ATP, in turn inducing conformational changes in the
TMDs that mediate substrate transport [147, 148] (Fig. 6c¢). In bacteria and archaea, ABC
transporters exist as either homo- or hetero-dimers of ‘half-transporters’, each containing
one TMD and one NBD, while eukaryotic ABC transporters typically consist of the four
domains assembled into a single polypeptide chain [149].

The first structure of a bacterial multidrug ABC exporter was determined in 2006. This
structure captured Sav1886, which mediates the efflux of verapamil,
tetraphenylphosphochloride, and Hoechst 33342 from Staphylococcus aureus, in an
outward-facing conformation [130] (Fig. 6a). In this state, the two NBDs are in close
contact, and the two TMDs form a large central cavity open to the outer leaflet of the
membrane and the extracytosolic space. Subsequently, several structures of MsbA — which
flips lipid A and lipopolysaccharide across the inner membrane of Gram-negative bacteria
into the periplasm — and McjD — which exports the antibacterial peptide MccJ25 to establish
self-immunity — have been determined in a range of different conformations including the
nucleotide-free inward-facing open, nucleotide-free occluded, and nucleotide-bound
outward-facing conformations [141, 150, 151] (Fig. 6a). While these are not of the same
category per se, it is believed that bacterial multidrug ABC transporters likely transport via a
similar mechanism to expel cytotoxic compounds from the cytoplasm.

The structures of mammalian multidrug resistance ABC transporters — such as P-
glycoprotein (P-gp; ABCB1), breast cancer resistance protein (BCRP; ABCG2), and the
multidrug resistance-associated protein 1 (MRP1; ABCCL1) — have also been determined and
provided substantial structural insights into the mechanistic basis of poly-specificity and
transport in the context of multidrug resistance (Fig. 6b). For example, the structure of
human multidrug transporter ABCG2 reveals a deep, slit-like hydrophobic cavity which
enables binding of structurally diverse molecules including hematoporphyrin, mitoxantrone,
as well as inhibitors such as gefitinib and the fumitremorgin C-derived molecule Ko143
[144-146]. The structures of ABCG2 in a substrate bound (pre-translocation) state, and an
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ATP bound (post-translocation) state resemble that of other ABC exporters, suggesting that
ABC multidrug transporters utilize a broadly conserved alternating-access model to efflux
drugs [144-146, 149].

These structural studies, in concert with spectroscopic, biophysical, and functional
experiments, have established an alternating-access model for ABC mediated export [142,
152-156] (Fig. 6¢). In this model, the transporter begins in an apo inward-facing state where
the two cytosolic NBDs are separated, allowing substrates to access their binding site at the
interface of the TMD. Once substrate binds, the NBDs come closer in proximity and induce
a closure of the TMD interface resulting in a substrate-bound occluded state. ATP then binds
and induces NBD dimerization which in turn triggers a rearrangement of the TMDs such
that they adapt an outward-facing state. Here, the transporter has reduced affinity for
substrate, favoring its release into the extra-cytosolic space. Finally, ATP is hydrolyzed,
which triggers a conformational switch back to the inward-facing state, primed for the next
transport event [134, 135] (see [149] and [157] for more in-depth review). Interestingly, it
has been proposed that some bacterial ABC transporters such as PatAB from Strepfococcus
pneumoniae — which confers resistance to fluoroquinolone — favor GTP over ATP as an
energy source [158].

As described previously, in Gram-negative bacteria some ABC transporters can interact with
PAPs and OMC:s to form tripartite complexes [11, 101, 102, 122, 128, 159]. For example, in
E. coli, the inner membrane ABC transporter MacB forms a complex with the PAP MacA
and the OMC TolC (Fig. 6d). This MacAB-TolC tripartite complex mediates the efflux of
macrolide antibiotics [160] and has also been suggested to confer resistance to cyclic
peptide-like antibiotics such as colistin and bacitracin [161]. Additionally, this complex
mediates the secretion of small endogenous peptides including a heme-precursor
protoporphyrin and a heat-stable polypeptide virulence factor enterotoxin STII [162, 163].

Advances in cryo-EM have recently enabled the structure of the MacAB-TolC tripartite
complex to be determined [102]. This complex assembles with a 2:6:3 stoichiometry of
MacB:MacA:TolC and presents a noncanonical ABC transporter fold of the homodimeric
MacB, in which each protomer contains the TMD and cytosolic NBD as well as an atypical
and extensive periplasmic domain. The TMD of each protomer comprises four TM helices,
among which TM1 and TM2 extend into the periplasm to form a large domain. This
periplasmic domain forms contacts with MacA via a conserved glutamine in each MacA
monomer, which together form a glutamine ring that appears to act as a seal to prevent
backflow of substrate into the periplasm (Fig. 6e). The overall architecture of MacB within
this complex is consistent with crystal structures of MacB homologues obtained from two
independent groups [161, 164] and previous biophysical experiments [165]. Remarkably, the
MacAB-TolC cryo-EM structure reveals that the MacB dimer interface in the membrane is
tightly packed, leaving no space for substrate binding despite the two cytosolic NBDs being
physically separated. Instead, each MacB monomer within the dimer features an opening
between the periplasmic extensions of TM1 and TM2, where unassigned density has been
observed that may be attributed to an endogenous substrate (Fig. 6f). Based on this
observation, and the mechanism of transport for other tripartite complexes such as AcrABZ-
TolC (see above), it has been hypothesized that periplasmic substrates may access this
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central binding site via the opening between the periplasmic regions of TM1 and TM2, after
which they are shuttled into the AcrA-TolC channel for release to the extracellular space.

Conclusions and Perspective

Rapidly evolving resistance to current drugs in clinical use and the subsequent spread of
multidrug resistant strains of pathogenic organisms are major setbacks in combating
infectious diseases and represent an increasingly serious public health crisis. This review
reveals that while multidrug transporters may vary in fold, size, oligomerization, and
coupling mechanism, they typically feature large substrate binding sites that comprise both
hydrophobic and charged residues. This commaon feature allows them to interact with broad
spectrums of substrates which can accommodate different regions of the binding sites via
distinct interactions unique to their chemical identity. Additionally, other molecules such as
lipids and waters, have recently been observed within the drug binding sites of certain
multidrug transporters where they provide an added layer of malleability for protein-drug
interactions. This is, in our opinion, a fascinating phenomenon and we are intrigued to learn
if it is perhaps a common feature across multidrug transporters.

Finally, it is becoming ever more critical to understand molecular mechanisms of resistance
and identify novel targets for anti-infectious agents. Technological advances, persistence of
structural biologists, and importantly, corroboration with biochemical, spectroscopic, and
biophysical experiments have and will continue to expand our knowledge of the molecular
bases of multidrug resistance. Progress in understanding this complex, multifactorial
problem has been tremendous. It is now becoming imperative that we improve how we
leverage these structural insights and translate them into powerful tools to aid the
development of novel, urgently required therapeutics to combat multidrug resistance and
improve our treatment options for infectious diseases.
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ABC superfamily ATP-binding cassette superfamily

MFS major facilitator superfamily

DMT superfamily drug/metabolite transporter superfamily

MATE family multidrug and toxic compound extrusion family
SMR family small multidrug resistance protein family

RND superfamily resistance-nodulation-division family
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NMR nuclear magnetic resonance
cryo-EM cryogenic-electron microscopy
cryo-ET cryo-electron tomography
™ transmembrane
DHA drug-proton antiporter family
TPP* tetraphenylphosphonium
CQ chloroquine
PPQ piperaquine
PfCRT Plasmodium falciparum chloroquine resistance transporter
OoMC outer membrane channel
PAP periplasmic adaptor protein
TMD transmembrane domain
NBD nucleotide-binding domain
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Highlights

Transporter-mediated export is a major cause of resistance to anti-infectious
agents.

Advances in structural biology have allowed for many structures of multidrug
transporters to be determined.

Transporters can acquire point mutations to enable efflux of anti-infectious
agents and promote survival.

Substrate binding sites are spacious, dynamic, and chemically malleable to
facilitate multidrug transport.

Structural insights provide invaluable information for understanding and
combatting multidrug resistance.

J Mol Biol. Author manuscript; available in PMC 2022 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Kim et al.

Page 28

MdfA with chloramphenicol

View from the cytoplasm
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Figure 1 |. MFS Transporters MdfA and LmrP mediate multidrug efflux.
(a) The inward-facing structure of MdfA in the plane of the membrane (left) and as viewed

from the cytoplasm (right inset) with chloramphenicol (orange) bound (PDB ID: 4ZOW).
The N- and C- domains are colored in blue and red, respectively, and residues coordinating
substrate are shown in stick representation. (b) Schematic representations of MdfA-mediated
multidrug efflux. MdfA begins in an inward-facing conformation with D34 protonated.
Substrate (orange) loading induces D34 deprotonation which triggers transition to an
outward-facing conformation where substrate is released and E26 is protonated. This
protonation prompts a return to the inward-facing state where the proton is transferred from
E26 to D34, priming the protein for the next transport event. (c) The outward-facing
structure of LmrP in the plane of the membrane (left) and as viewed from the periplasm
(right inset). with Hoechst 33342 (yellow) and a structural POPG molecule (green) bound
(PDB ID: 6T1Z). LmrP is represented the same as MdfA in panel (a).
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a.  YddG with monoolein b.
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Figure 2 |. Structures and proposed mechanism of the DMT transporters YddG and PfCRT.
(a) The outward-facing structure of YddG in the plane of the membrane (left) and as viewed

from the periplasm (right inset) with monoolein (magenta) bound (PDB ID: 5120). Residues
interacting with the monoolein molecule are shown in stick representation. (b) Topology
diagram of YddG colored blue to red from the N- to C-terminus. (c) Schematic
representations of a proposed transport mechanism of YddG. Bending and straightening of
two-helix hairpins — TM3-TM4 and TM8-TM9 — induces tilting and upright motions of
TM6 and TM1, respectively, which provides substrate with alternating access to the
periplasm and cytosol to mediate substrate transport. The molecular envelopes are indicated
by grey silhouette. Figure adapted from [32] (d) PfCRT is expressed in the membrane of
digestive vacuole (DV) of the malaria-causing parasite Plasmodium falciparum, where host
hemoglobin (Hb) is degraded into toxic heme. Mutated version of PfCRT in drug-resistant
strains of Plasmodium falciparum mediates efflux of 4-aminoquinolines, such as
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chloroquine (CQ) and piperaquine (PPQ), from their site of action (PDB ID: 6UKJ). (e) Left
panel: Structure of PfCRT in an inward-facing conformation on the digestive vacuolar
membrane with TM helices colored in rainbow. Right panel: A central slice through the
structure in surface representation of the electrostatic potential of the central cavity as
viewed from the digestive vacuole with negatively and positively charged residues colored in
red and blue, respectively, and the arrangement of TM helices shown and colored as in the
left panel. (f) Left panel: The structure of PFCRT with mutations implicated in chloroquine
and piperaquine resistance colored in pink and green, respectively, and shown in stick
representation. Right panel: a view of these residues from the digestive vacuole.
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a. EmrE with TPP*

168

Figure 3 |. The SMR transporters ErmE and Gdx-Clo utilize an antiparallel topology to mediate
multidrug efflux.

(a) Side and top-down views of EmrE with fluorinated TPP* bound (yellow; PDB ID:
7JK8). Monomers A and B of EmrE are shown in blue and green, respectively, and residues
coordinating substrate are shown in stick representation. The right panel shows a close-up of
the TPP* binding site. (b) Schematic representations of EmrE-mediated multidrug efflux.
EmrE dimers transport using an alternating-access mechanism in which the substrate/proton
binding site, comprising E14 and E14g, alternates between an outward-facing state for
proton binding and an inward-facing state for drug binding. The antiparallel nature of EmrE,
means that the inward- and outward-facing conformations are structurally identical, differing
only in orientation within the membrane. (c) Side and top-down views of Gdx-Clo with
octylGDM* bound (yellow; PDB ID: 6WK9). The right panel shows a close-up of the
octylGDM* binding site. Gdx-Clo is coloured the same as EmrE in panel (a).
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NorM-NG with TPP*

C-lobe

&\

Figure 4 |. MATE transporters NorM-NG and PfMATE belong to two major MATE subfamilies
and mediate multidrug efflux.

(a) Topology diagram comparing MATE and MFS transporters colored blue to red from the
N- to C-terminus, adapted from [85] (b) The outward-facing structure of Norm-NG in the
plane of the membrane. Inset shows a close-up of residues interacting with TPP* (yellow;
PDB ID: 4HUK). The N- and C- lobes are colored in blue and salmon, respectively, and the
residues coordinating substrate are shown in stick representation. (c) The outward-facing
structure of PFMATE, part of the DinF subfamily, in the plane of the membrane. Inset shows
a close-up of residues interacting with Br-norflaxacin (orange; PDB ID: 3VVP). PfMATE is
colored the same as NorM-NG in panel (b), and the residues coordinating substrate are
shown in stick representation. (d) Schematic representation of PFIMATE-mediated multidrug
efflux. PFIMATE switches between inward- and outward-facing conformations to provide an
N-lobe localized binding pocket with alternating access to the cytosolic and extra-cytosolic
solutions, respectively. In the inward-facing state, TM1 is largely kinked with D41
protonated (dashed box indicates this state is not yet structurally characterized).
Deprotonation of D41 in this inward-facing state has been proposed to straighten TM1,
which allows space for substrate to bind within the N-lobe cavity. This substrate binding
induces a conformational switch to the outward-facing state with TM1 still straight. Here,
D41 is re-protonated which causes TM1 to kink again and the N-lobe cavity to collapse, thus
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triggering substrate release and subsequent transition back to an inward-facing
conformation.
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Figure 5 |. RND-containing tripartite complexes mediate drug efflux across the outer membrane
of Gram-negative bacteria.

(a) AcrB is a trimeric transporter expressed in the inner membrane of Gram-negative
bacteria that forms a tripartite complex with AcrA (green) and TolC (blue). Additionally, this
AcrAB-TolC tripartite complex interacts with the regulatory inner membrane peptide AcrZ
(purple) (PDB ID: 5NG5). The three protomers of AcrB are coloured in red, orange and
yellow. (b) RND transporters such as AcrB mediate drug efflux from the periplasm, or outer
leaflet of the inner membrane. In presence of substrate, each monomer within the AcrB
trimer cycles between three structural states: the access/loose (L) state, the extrusion/open
(O) state, and the binding/tight (T) state, with high cooperativity. Initially, the monomer
enters the L state, where substrate can access the proximal binding pocket (PBP). Next,
substrate enters and binds to the universal distal binding pocket (DBP) in the T state. The
transporter enters the O state where the periplasmic entry pathway is closed, and a funnel
connected to the AcrA-TolC channel is opened, through which substrate is released. In the L
state, alternate pathways (channels 1-3) provide substrates with access to the DBP, and
different drugs (indicated in different shades of green) prefer different access channels.

J Mol Biol. Author manuscript; available in PMC 2022 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al.

Page 35

Changes between these states are driven by proton movement across the inner membrane,
with proton loading and release in the L state, transfer in the T to O transition, and binding
in the O state. The distal binding pocket of the RND transporter AcrB with (¢) Minocycline
(green; PDB ID: 4DX5) and (d) Doxorubicin (purple; PDB ID: 4DX7) bound.
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Figure 6 |. Representative ABC transporter structures and their general transport mechanism of
mediating drug resistance.

(a) Representative structures of bacterial ABC exporter including Sav1886 with ADP bound
(pink; PDB ID: 2HYD), TM287/288 with AMP-PNP bound (orange; PDB ID: 3QF4), McjD
with AMP-PNP bound (orange; PDB ID: 4PL0), MsbA with LPS bound (green; PDB ID:
5TV4), and TmrAB with ATP bound (dark orange; PDB ID: 6RALI). (b) Representative
structures of mammalian ABC exporters including human multidrug resistance efflux pump
P-glycoprotein (P-gp; ABCB1) with Taxol bound (yellow; PDB ID: 6QEX), human
multidrug transporter breast cancer resistance protein (BCRP; ABCG2) with Estrone 3-
sulfate bound (red; PDB ID: 6HCO), human lipid exporter ABCB4 with ATP bound (dark
orange; PDB ID: 6S7P), bovine multidrug resistance-associated protein 1 (MRP1; ABCC1)
with Leukotriene C4 bound (green; PDB ID: 5UJA), and human cystic fibrosis
transmembrane conductance regulator anion channel (CFTR; ABCC7) with regulatory (R)
domain (purple; PDB ID: 5UAK). (c) ABC exporters alternate between outward- and
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inward-facing states as follows. The transporter begins in an apo inward-facing state with the
two cytosolic nucleotide binding domains (NBDs) separated, providing space for the
substrates to access the central binding site at the interface of the transmembrane domains
(TMDs). Once substrate binds, the NBDs come closer in proximity and the TMD interface
closes to occlude the substrate. ATP then binds and induces NBD dimerization which in turn
triggers the TMDs to adopt an outward-facing state. Here, substrate is released, ATP is
hydrolyzed, and the transporter returns to the inward-facing state. (d) MacB forms a
tripartite complex with PAP Mac A (pink) and OMC TolC (gold) in a 2:6:3 stoichiometric
ratio for drug efflux across the periplasm and outer membrane of gram-negative bacteria.
MacB is shown in ribbon representation and colored in rainbow from the N- (blue) to C-
(red) terminus (PDB ID: 5NIL). (e) A central slice through the structure of MacA viewed
from the bottom with Q209 shown in stick representation, forming a ring to prevent
backflow of substrate into the periplasm. (f) Close-up of the MacB dimer within the
MacAB-TolC tripartite complex (PDB ID: 5NIL) with unassigned, elongated, non-protein
density shown as a purple surface between the periplasmic extensions of TM1 and TM2.

J Mol Biol. Author manuscript; available in PMC 2022 August 06.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Kim et al.

Table 1.

Structures of multidrug transporters involved in resistance to infectious diseases
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Family Protein Drugs Resistance Profile Organism PDB References
5WSs4
Acinetobacter baumannii [164]
5GKO
5LIL
Aggregatibacter 5.6 [161]
MacB Macrolides, bacitracin, colistin, enterotoxin actinomycetemcomi tans
STII, protoporphyrin 5LJ7
5NIL
Escherichia coli [102]
5NIK
Streptococcus pneumoniae | 5XU1 [166]
. 2HYD [130]
Sav1866 Hoechst 33342, ve_rapam|l, N Staphylococcus aureus
tetraphenylphosphonium (TPP*) 20N [167]
3QF4
4Q4H
4Q4)
, iy N
ABC transporter | TM287/288 Hoechst 33342, daunomycin Thermotoga maritima 25030449
6Qvo 31113958
6QV1
6QV2
6QUZ
5MKK [168]
6RAN
6RAM
6RAF
6RAH
TmrAB Hoechst 33342 Thermus thermophilus
6RAG [137]
6RAJ
6RAI
6RAL
6RAK
4-aminoquinolines (chloroquine, piperaquine, . .
DMT PfCRT 7G8 amodiaquine) Plasmodium falciparum 6UKJ [33]
YddG Aromatic amino acid, paraquat Starkeya novella 5120 [32]
3MKT
Vibrio cholerae [88]
3MKU
Norfloxacin, ciprofloxacin, doxorubicin and AHUK
MATE - NorM NorM acriflavine, fluoroquinolone, TPP*, ethidium
bromide, rhodamine 6G 4HUL
Neisseria gonorrhoeae [90]
4HUM
4HUN
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Family

Protein

Drugs Resistance Profile

Organism

PDB

References

5C6P

[93]

MATE - DinF

PfMATE

Br-norfloxacin, fluoroquinolone, ethidium
bromide

Pyrococcus furiosus

3VVN

3vVO

3VVP

3WBN

3VVR

[91]

3VVS

3WA4T

6FHZ

6GWH

6HFB

4MLB

[94]

DinF-BH

Rhodamine 6G, ethidium, TPP*,
fluoroquinolone

Bacillus halodurans

4L.Z6

4L29

[92]

5C6N

5C60

[93]

ClbM

Colibactin

Escherichia coli

4Z3N

47Z3P

[96]

VemN

Br-norfloxacin

Vibrio cholerae

6IDP

6IDR

6I1DS

[95]

MFS

EmrD

Meta-chloro carbonylcyanide
phenylhydrazone (CCCP),
tetrachlorosalicylanilide (TSA)

Escherichia coli

2GFP

[20]

LmrP

Lincosamides (clindamycin), macrolides
(azithromycin, clarithromycin, erythromycin
and roxithromycin), streptogramins
(dalfopristin and RP 59500), tetracyclines

Lactococcus lactis

6T1Z

[21]

MdfA

Chloramphenicol, erythromycin,
thiamphenicol, ciprofloxacin, TPP*, ethidium
bromide, Rifampin, Dequalinium

Escherichia coli

47P2

4ZP0

4Z0W

[18]

600Q

600P

600M

[169]

6VS0

6VS1

6VS2

6VRZ

[170]

6GV1

[25]

6EUQ

[171]

SotB

Toxic sugars or sugar metabolites

Escherichia coli

6KKI

6KKK

[22]
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Family

Protein

Drugs Resistance Profile

Organism

PDB

References

6KKJ

6KKL

YajR

N/A

Escherichia coli

3WDO

[19]

RND

AcrB

Acriflavine, crystal violet, ethidium bromide,
rhodamine 6G, penicillin, cephalosporins,
fluoroquinolones, macrolides,
chloramphenicol, tetracyclines, novobiocin,
fusidic acid, oxazolidinones, rifampicin

Escherichia coli

2DHH

2DR6

2DRD

[110]

1IWG

[106]

10Y9

10Y8

10Y6

[172]

10YD

10YE

4ZIT

471V

4ZIW

4ZJL

47J0

47)Q

[173]

216w

[174]

6BAJ

6CSX

[175]

5YIL

[176]

3A0A

3A0B

3A0C

3A0D

[109]

2HQG

2HQF

2HQD

2HQC

[177]

1T9U

1T9T

1T9Y

179X

1T9W

1T9V

[178]

4DX5

4DX6

4DX7

[108]
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4U95
4U96
[111]
408V
4U8Y
2W1B [179]
2HRT
[117]
2GIF
2J8S [180]
2RDD [181]
3W9H [114]
4K7Q [115]
3NOG
[182]
3NOC
3D9B [183]
4CDI
[99]
4C48
5066
5V5S
[113]
5NC5
5NG5
6SGS
6SGR
[105]
6SGU
6SGT
5JMN [184]
6Q4N
6Q4P [185]
6Q40
Salmonella enterica 6212 [186]
B-lactams, tetracyclines, fluoroquinolones,
aminoglycosides, chloramphenicol, . -
AdeB trimethoprim, cefepime, novobiocin, Acinetobacter baumannii 60WS [187]
tigecycline, colistin
CmeB Fluoroquinolone and macrolide (florfenicol) Campylobacter jejuni 4AMT4 [188]
3Woal
[114]
3W9J
2V50 [189]
B-lactams, chloramphenicol, tetracycline, . 6T7S
MexB nalidixic acid, ciprofloxacin, streptonigrin Pseudomonas aeruginosa
6TA6 [190]
6TAS
6IIA [191]
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610L
[192]
610K
B-lactams, macrolides, host-derived 6VKT [193]
antimicrobials (cationic antimicrobial peptides o
MuD and bile salts), azithromycin, ceftriaxone, Neisseria gonorrhoeae BVSK
erythromycin, ampicillin AMT1 [194]
3B5D
Aminoglycosides, quaternary cation 3B61 [59]
EmrE compounds, TPP*, ethidium, methyl viologen, Escherichia coli
acriflavine, dequalinium 3B62
SMR 7JK8 [77]
6WK5
. Hydrophobic guanidinyl compounds, - ;
Gdx-Clo sulfonamides, p-lactams, aminoglycosides Clostridiales bacterium 6WK9 [51]
6WK8
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