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A phospholipid membrane covers all living cells, forming an impenetrable barrier circumvented by solute
transporters in the cell membrane. These proteins comprise energy-requiring systems, called active transporters,
and those not requiring energy, called passive transporters. The major facilitator superfamily harbors thousands of
transport proteins found in all living organisms, from bacteria to humans. Alignments of multiple amino acid
sequences uncovered highly conserved sequence motifs are known to play important functional roles. One of
these conserved sequences, the antiporter sequence motif or motif C, participates in the molecular mechanism of

antimicrobial efflux in cancer cells and bacterial pathogens.

antiporter motif major facilitator superfamily transporter antimicrobial resistance

multidrug efflux bacteria cancer

| 1. Introduction

Bacterial physiology requires the availability of macromolecules and ions, as well as their precise balance
concerning the external environment. The cell wall peptidoglycan provides the necessary stability to the cellular
structure. In contrast, the cell membrane and its constituent proteins are critical in transporting solutes in and out of
the cell in a coordinated manner. Although the transport process involves handling solutes as a major function, the
implications of this function are more than the mere movements of substrates, as these processes are necessary
for various other activities of bacteria involving metabolism, colonization, communication, virulence, and community
living 2, Transporter proteins are a large group of proteins that play critical roles in the physiology of bacteria by
transporting essential macromolecules into the cell and extruding toxic metabolites, chemicals, and xenobiotics,
maintaining cell homeostasis and helping bacteria survive in a wide range of environmental conditions. These
proteins are embedded in the outer membrane of bacteria. They are a transportation conduit and an important

means of communication with the external environment.

| 2. Transporter Biology

The transport proteins in living cells employ several different mechanisms to perform the activity and vary widely
concerning their structures, types, and range of substrates, as well as the sources of energy that drive the transport
process across the biological membrane B4, The bacterial outer cell membrane functions as a protective barrier
that selectively allows the movement of solutes across it into the periplasmic area. Since most solutes cannot cross

the membrane barrier, specific transporters move substrates into and out of the bacterial cell. The simplest type of
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solute movement across the cell membrane occurs by passive diffusion of molecules such as certain gases (CO,
and O,) and water from a higher concentration to a lower concentration (downhill) without the involvement of
transporter proteins. On the other hand, facilitated diffusion is enabled by carrier proteins that bind solutes and
move them across the membrane through conformational changes. In contrast, channel proteins facilitate the
movement of specific molecules through open pores formed by them B, As in passive diffusion, facilitated diffusion
is not energy-coupled, although the concentration and the electrochemical gradient determine the direction of the

movement of the substrate, and is always downhill (Figure 1).
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Figure 1. Types of membrane transporters that enable the movement of ions and solutes across the membrane
into the cytoplasmic area and vice versa. Simple diffusion of gases and ions across the membrane facilitated
diffusion and movement through ion channels (ungated or gated) that occur down the concentration gradient and
are not coupled with energy sources. Both primary active and secondary active transporters move the solutes
against the concentration gradient. They are energized either by the hydrolysis of ATP (primary active) or by the
movement of ions, such as protons or sodium, driven by the electrochemical gradient across the membrane
(secondary active). In the case of secondary active transport, the energetic driving force of one solute moving
down its electrochemical gradient is coupled to the movement of the other solute moving up its concentration

gradient. Created with BioRender.com.

Unlike passive and facilitated diffusion, active transporters, by their ability to transport substrates against
concentration (uphill), create solute gradients across the membrane, and this activity is coupled with diverse
cellular energy sources. Two types of active transporters are based on the energy sources that drive the transport

process. First, primary active transporters, known as ATP-Binding Cassette (ABC) transporter proteins, bind and
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hydrolyze ATP to drive the active transport of diverse substrates, mostly hydrophilic, such as sugars, amino acids,
peptides, lipids, ions, xenobiotics, and drugs into or out of the cell, and also play important roles in the virulence of
many pathogenic bacteria [, Examples of ABC transporters include the vitamin B12 transporter, BtuCD, and the
maltose transporter (MalFGK2) from E. coli B8, the molybdate/tungstate transporter, ModBC from Archaeoglobus
fulgidus, and the zinc transporter, ZnuABC, of Bacillus subtilis 19, On the other hand, efflux pumps of ABC-type
transport drugs and toxic substances out of the cell. Examples include the multidrug transporter Sav1866 from S.

aureus, BmrA of B. subtilis, LmrP of Lactococcus lactis, and MacB from Acinetobacter baumannii [1111121[13]

The ABC transporters that pump ions across the cell membrane create an ionic gradient that the secondary active

transporters utilize to energize their uphill transport activities.

| 3. Superfamilies of Transporters

Many transport proteins have been identified over the years. These solute transporters have diverse structures and
functions. However, significant degrees of sequence identities and homologies are shared. Thus, a need for
classifying these proteins akin to the Enzyme Commission (EC) system for enzymes, based on certain

characteristics that distinguish them into distinct groups, was realized. This effort led to the creation of the

transporter classification (TC) system (http://www.tcdb.org/ accessed on 24 September 2023), a curated database
in which transporter proteins are systematically grouped based on specific characteristics, including the mode of
transport, energy coupling mechanisms, sequence homology/protein phylogeny, topology, and substrate specificity
(L4)IS]I16IL7] The TC system follows the International Union of Biochemistry and Molecular Biology (IUBMB), an
approved method of classification and nomenclature for transport proteins. Proteins originating from a common
ancestor are homologous, share similar structures and functions, and are grouped into families or subfamilies.
Accordingly, the database has over 1800 families of transport proteins grouped under distinct transporter classes,
namely channels/pores, electrochemical potential-driven transporters, primary active transporters, group
translocators, transmembrane electron carriers, auxiliary transport proteins, and transport protein families of

unknown classification LZI[18],

The secondary active transport proteins, i.e., symporters and antiporters, are grouped under the Electrochemical
Potential-driven Transporters category and are distinct from the uniporters, which move solutes across the
membrane down their gradients. The antiporter proteins transport two molecules simultaneously in opposite
directions, energized by the proton-motive force gradient of H* or Na* across the plasma membrane, and are
grouped under four superfamilies: (i) the major facilitator superfamily (MFS), (ii) the resistance-nodulation-cell
division (RND) superfamily, (iii) the drug/metabolite transporter (DMT) superfamily, and (iv) the
multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) superfamily 19 (Figure 2).

The RND transporters are tripartite structures, forming multi-component complexes with an outer membrane
channel and a periplasmic adaptor protein 29, The multidrug and toxin extrusion (MATE) family of antimicrobial
efflux pumps, which use both H* and Na* as energy sources, belong to the MOP superfamily 2122l Some of the

well-characterized drug/Na* antiporters include YdhE of Escherichia coli, NorM of Vibrio parahaemolyticus 23],
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NorM and VcmA of Vibrio cholerae 23824 AbeM of Acinetobacter baumannii 23, and BexA of Bacteroides
thetaiotaomicron 28], The drug/H* antiporters, such as the QacE and AbeS of Acinetobacter baumannii; QacC and
SepA of S. aureus; EmrE, YnfA and MdtJ of E. coli and KpnEF of Klebsiella pneumoniae, belonging to the small
multidrug resistance (SMR) family, are placed under the DMT superfamily [271[281[29]

’
-
”

F
pra AN DS 2

Figure 2. Bacterial efflux pumps of antiport type are grouped under four secondary active transporter
superfamilies. The transport of substrates is coupled with H* or Na* ions. The representative MFS protein shown is
the crystal structure of MdfA, a multidrug efflux pump (PBD code, 4ZOW) from E. coli B9, The MOP protein shown
is a high-resolution crystal structure using cryogenic electron microscopy analysis of NorM, a MATE transporter
bound to a Fab molecule (PBD, 7PHP) from V. cholerae 21, The RND transport system shown is the AcrAB-TolC
crystal structure (PBD, 5V5S), a multipartite complex from E. coli that spans the inner (AcrB) and outer (TolC)
membrane and periplasm (AcrA) 2. The DMT crystal structure is the YddG transporter (PBD, 5120) from the
bacterium Starkeya novella 23],

The major facilitator superfamily (MFS) is the largest group of transport proteins widely distributed in Gram-positive

and -negative bacteria, which work as secondary active transporters of the symport and antiport type, and passive
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transport, like uniporters, which undergo facilitated diffusion 2433, MFS proteins are typically 400-600 amino acids
long and fold into 12-14 transmembrane helices, forming two domains known as N-terminal and C-terminal
domains, each composed of six helices and joined by a flexible cytoplasmic loop B€. The two domains of the MFS
pumps are separated by a central cavity involved in substrate binding. Conformation changes induced by substrate
binding and the protonation state are engaged in substrate transport using a rocker-switch alternating-access
model [BAB7E8] Some of the well-characterized drug/H* MFS efflux pumps are EmrD, YajR, MdfA, and SotB from
E. coli; QacA BUETIESEISA: and TetA(K), NorC, and LmrS from S. aureus 2941142 previous cellular and molecular
physiological evidence attributes various critical roles to the MFS efflux pumps in antimicrobial resistance, host
colonization, toxin secretion, biofilm formation, and cell-cell communication involving quorum sensing in
pathogenic bacteria [4311441[45]
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