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Abstract 

Multidrug transporters are important and interesting molecular machines that extrude a wide 

variety of cytotoxic drugs from target cells. This review summarizes novel insights in the 

energetics and mechanisms of bacterial ATP-binding cassette multidrug transporters as well as 

recent advances connecting multidrug transport to ion and lipid translocation processes in other 

membrane proteins.  
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Introduction 

With contributions from biochemistry, biophysics, cell biology, chemistry, genetics, 

microbiology, oncology, pathology, pharmacology, pharmacy, physiology and structural 

biology (in alphabetical order) and close to 500,000 published research papers in PubMed since 

the first publication on penicillin resistance in 1940 [1], drug resistance is one of the largest, 

most interesting and relevant areas of research of this era. Antibiotics and cytotoxic anticancer 

drugs transformed human and veterinary medicine, but we have reached a point where there 

are hardly any treatment alternatives left for some drug-resistant bacterial infections and where 

50% of cancers develop some form of drug resistance during treatment [2-4]. Cytotoxic drugs 

act by exerting toxic actions within the cell. One important mechanism of drug resistance is 

therefore based on the extrusion of cytotoxic agents by multidrug transporters from the cellular 

interior to the external environment. Due to this extrusion, the cytoplasmic drug concentration 

is lowered to subtoxic levels, allowing the cell to overcome drug toxicity. In the sections below, 

we will summarize basic properties of ATP-binding cassette (ABC) multidrug transporters and 

their sources of metabolic energy with emphasis on, but not restricted to, bacterial 

homodimeric proteins. Recent data will be discussed that narrow the apparent gap between 

ABC multidrug transporters and classes of ion-coupled multidrug transporters. To facilitate 

this discussion, we will start with a brief introduction into bacterial bioenergetics. 

 

Bacterial bioenergetics 

The nutrient and energy demands of microorganisms are frequently not fully met in natural 

habitats. Although some solutes are readily available to living cells in the aqueous 

environment, many other nutrients are very scarce and not easily obtained. Moreover, 

microorganisms are exposed not only to changes in chemical gradients of nutrients but also to 

fluctuations in temperature, pH, redox potential and osmolality. In contrast to the ever changing 

outside world, the chemical and physical composition of the interior of microorganisms is 

much more constant to optimally support the biological processes and metabolic pathways 

underlying DNA replication and cell proliferation. Cells are able to maintain this difference 

between internal and external environments due to the presence of a phospholipid bilayer, 

referred to as the cytoplasmic membrane, which provides a barrier that slows down the rapid 

diffusion of solutes and ions. The cytoplasmic membrane contains channels and transport 

proteins that facilitate the uptake of nutrients and ions required for growth and metabolism at 

physiological rates exceeding the rates of diffusion. Membrane proteins also facilitate the 

efflux of end products of metabolism and of cytotoxic agents encountered in the environment. 
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In bacteria, metabolic energy transducing processes in the cytoplasmic membrane lead to the 

generation of ion motive force and the formation of ATP.  

 Membrane transport proteins belong to a limited number of protein families. They can 

generally be classified into primary-active transport systems that utilize phosphate-bond 

energy in the form of nucleotides to drive substrate transport against a concentration gradient, 

and secondary-active transporters that transduce one form of electrochemical energy into 

another form [5]. Energetically, the most-important electrochemical ion gradient across the 

cytoplasmic membrane in many bacteria is that of protons [6, 7]. Redox-driven proton pumps 

in respiratory chains in aerobic bacteria and the H+-ATPases in (facultative) anaerobic bacteria 

generate these electrochemical proton gradients. The outwardly-directed translocation of 

protons and their positive charge results in the generation of two components: a chemical 

proton gradient (DpH, inside alkaline versus outside acidic) and a membrane potential (Dy, 

interior negative). These components impose an inwardly-directed force on the protons referred 

to as the proton motive force (Dp) that equals: Dy - ZDpH mV, in which Z equals 2.3RT/F 

(where R is the gas constant, T the absolute temperature and F the Faraday constant). 

Secondary-active membrane transporters transduce the metabolic energy contained in the Dp 

into (electro)chemical energy of substrates by mediating the influx of protons across the 

cytoplasmic membrane in co-transport (symport) or counter transport (antiport) with 

substrates. The metabolic energy released during this movement of protons is captured in the 

transporters and used to drive the transport of substrates against their concentration gradients. 

Although proton cycling plays a central role in energy transduction in many living cells, 

sodium cycling is also frequently observed, particularly across cytoplasmic membranes in 

thermophilic bacteria, eukaryotic microorganisms and mammalian cells. The sodium motive 

force (DpNa, interior negative and low) is defined in an analogous way to the Dp, and often 

coexists with the Dp in mesophilic bacteria. 

 

Families of multidrug transporters  

An interesting class of membrane transporters is that of the multidrug transporters. Some of 

the best-studied systems are ATP-binding cassette (ABC) transporters that utilize ATP binding 

and hydrolysis as a source of metabolic energy in the drug translocation process. Other 

multidrug transporters are member of the Major Facilitator Superfamily (MFS), Multiple 

Antibiotic and Toxin Extrusion (MATE) family, Proteobacterial Antimicrobial Compound 

Efflux (PACE) family, or Resistance-Nodulation-cell Division (RND), and are ion-coupled 
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transporters that are dependent on electrochemical ion gradients [8]. While the majority of 

membrane transporters exhibit a selectivity for one substrate or class of substrates, multidrug 

transporters have the ability to transport a very wide range of structurally dissimilar substrates. 

These substrates often have amphiphilic properties allowing their adsorption onto membrane-

water interfaces, from where they diffuse across cytoplasmic membranes into the interior of 

cells. This is particularly relevant for many therapeutic drugs including antibiotics and 

cytotoxic anticancer drugs that accumulate at the inner membrane leaflet of the cytoplasmic 

membrane by Dy (interior negative)-driven passive uptake of the permanent cation or 

protonated weak base, or by DpH (interior alkaline)-dependent trapping of the weak acid 

following its deprotonation in the cellular interior. Many multidrug transporters belonging to 

ABC and MFS families, and possibly also the MATE and PACE families, have the ability to 

transport amphiphilic drugs from the inner membrane leaflet into the compartment that is 

external to the cytoplasmic membrane. In Gram-negative bacteria, this compartment is a gel-

like matrix (referred to as periplasm) that is separated from the extracellular environment by 

the outer membrane. Due to the presence of lipopolysaccharides in its outer leaflet, the outer 

membrane provides another permeability barrier that slows down the diffusion of amphiphilic 

antibiotics into the cell. The transporters in the ABC, MFS, MATE and PACE families 

therefore act in conjunction with multidrug tripartite transporters of the RND family, which 

can transport drugs from the outer leaflet of the cytoplasmic membrane and periplasm across 

the outer membrane to the extracellular environment. In this way, drug transport across the 

cytoplasmic membrane and outer membrane are part of the same drug elimination pathways 

[9]. The phenomenon of drug elimination pathways is also encountered in mammals. Here, the 

ABC multidrug transporters ABCB1 and ABCG2 (also referred to as multidrug resistance P-

glycoprotein and breast cancer resistance protein, respectively) for amphiphilic compounds and 

the ABC multidrug transporters ABCC1 and ABCC2 (also referred to multidrug resistance-

associated protein 1 and 2) for sulfate, glucuronide and glutathione conjugates produced in 

phase I and II drug metabolism, work together to direct incoming amphiphilic drugs in the gut 

and other locations towards their excretion by the liver and kidney [10]. In summary, cells 

generate drug permeability barriers that limit drug diffusion into the cell, and they express 

multidrug transporters that catalyse drug efflux across these barriers at rates that outcompete 

the rates of diffusive uptake. This ingenious system allows the cell to effectively eliminate 

drugs from the interior. In the repertoire of available drug resistance mechanisms in 

microorganisms, drug efflux is therefore an important intrinsic first-line of defence of cells 
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against cytotoxic drugs due to the expression of multidrug transporters at basal levels in 

unchallenged cells. 

 

Mechanisms of ABC multidrug transporters 

Genetic and structural analyses revealed a common architecture of ABC multidrug transporters 

comprising two highly conserved cytosolic nucleotide-binding domains (NBDs) and two 

distinct and evolutionary unrelated a-helical membrane domains (MDs) that constitute the 

substrate-binding chamber and form the transmembrane drug translocation pore [8, 11]. In 

homodimeric ABC transporters, both NBDs are able to hydrolyse the nucleotide, whereas in 

heterodimeric ABC transporters usually only one of the ATP-binding sites has the consensus 

sequences necessary for hydrolytic activity. For most ABC transporters, the bound nucleotide 

is ATP but there are multidrug transporters that prefer GTP over ATP [12]. Resolved crystal 

structures [13-15] and cryo-EM structures [16, 17] for homodimeric MsbA, Sav1866 and 

others (reviewed in [18-21]) provided a significant advancement in our understanding of how 

multidrug ABC transporters mediate their transport activity. These structures have shown the 

relevance of basic “alternating access” models in which the transporter cycles between inward-

facing and outward-facing states in response to nucleotide binding and hydrolysis. It is often 

thought that all protein structures generated by crystallography or cryo-EM fit into a generic 

transport cycle of ABC exporters, and that those that do not fit should be excluded as detergent 

artefacts. However, even within the class of homodimeric ABC exporters it is very likely that 

some conformations are only relevant for a subset of transporters, and hence, that transport 

cycles can differ in the details of transitions [22].  

 Many studies report on substrate-stimulated ATPase activities for ABC transporters 

[23]. Recent advances have shed some light on the question of how ATP binding and substrate 

binding are linked. Studies on MsbA based on cysteine cross-linking, fluorescence energy 

transfer, and cysteine accessibility indicate that the binding of drugs or the physiological 

substrate Lipid A stimulates the maximum rate of ATP hydrolysis by facilitating the 

dimerization of nucleotide-binding domains, thus leading to protein conformations that 

promote ATP binding and occlude the transport substrate [24, 25]. Investigations on the 

mammalian MsbA homologue ABCB1 suggest that ATP binding is also followed by ATP 

occlusion in the NBDs to enable hydrolysis of nucleotide [18, 26, 27] at alternate nucleotide 

binding sites by structurally asymmetric NBDs [28]. This is further supported by early 

biochemical observations on the existence of an ATP plus ADP-bound NBD dimer and the 
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alternating hydrolysis of ATP at the two nucleotide-binding sites [29]. Most recently, the 

substrate-induced acceleration of ATP hydrolysis in ABCB1 was found to correlate with the 

stabilization of a high-energy, post-ATP hydrolysis state characterized by structurally 

asymmetric nucleotide-binding sites [30]. It is still unclear whether the MsbA dimer hydrolyses 

the two ATP molecules in a random, sequential or alternating fashion. However, for each of 

these possible mechanisms, asymmetry would develop following the hydrolysis of the first 

ATP. The in vitro selection of designed ankyrin repeat proteins (DARPin) through their 

specific binding to detergent-solubilized ABC proteins [31] detected asymmetry in the MDs of 

the MsbA dimer [32]. This asymmetry has not yet been captured in protein crystals or recent 

cryo-EM structures, and it is therefore not known whether this asymmetry also extends to the 

NBD dimer.  

 Structural data indicate that the conformational power delivered by ATP binding and 

hydrolysis at the NBDs is transmitted to facilitate substrate binding and translocation by the 

MDs [21]. This is achieved by intracellular loops in the MDs, referred to as coupling helices, 

that interact with the NBDs. Whereas coupling helix 1 (CH1 connecting TM1 and 3) contacts 

the NBDs in both half-transporters, CH2 (connecting TM4 and 5) only interacts with the NBD 

of the opposite half-transporter. These arrangements are different from those in ABC importers 

and the ABC engine MacB of the tripartite macrolide efflux pump MacAB-TolC, where the 

MD only contacts the NBD within the same half-transporter [33]. To enable these interactions 

the NBDs expose short sequence motifs, the Q-loop (in E. coli MsbA 424-QNVHLFNDT) and 

X-loop (in E. coli MsbA 473-VIGENGVLL preceding the ABC signature motif), of which the 

latter is conserved in ABC exporters only. Substitutions of the conserved glutamine residue in 

the two Q-loops in ABCB1 gave rise to a mutant transporter that is trapped in the inward-open 

state; the mutant binds drug but cannot couple to the ATPase cycle [34]. In the human 

phosphatidylcholine ABC transporter ABCB4, a substitution of the conserved glutamine 

residue in the second X-loop is associated with progressive familial intrahepatic cholestasis 

type 3 (PFIC-3) in patients with liver disease; the mutation abrogates substrate-stimulated 

ATPase activity [35]. Recent studies in the MsbA homologue BmrA from Bacillus subtilis 

have shown that, upon ATP-vanadate trapping, substitutions of the conserved glutamate 

residue in the X-loop impair the transition to the outward facing state [36]. Thus, mutations of 

conserved residues at the transmission interface between NBDs and MDs often lead to partial 

or complete inactivation of transport activity. In the absence of a sufficient number of identified 

intermediates, the currently available protein structures do not yet provide a complete picture 
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of the intricate inter- and intra-molecular movements that couple metabolic energy to the efflux 

of drugs. 

 MDs of ABC transporters show little sequence conservation, which is thought to 

support the notion that different members of the ABC superfamily recognize and translocate 

different substrates [37]. However, the lack of sequence similarity is also observed among ABC 

multidrug transporters with overlapping multidrug recognition capabilities, or when ABC 

multidrug transporters are compared to ion-coupled multidrug transporters with a similar drug 

selectivity. This implies that the binding of drugs by reversible weak interactions can be 

achieved through contributions of different subsets of side chains in drug binding pockets. 

Structural analysis of drug-bound transcriptional regulators [38, 39], RND systems [40, 41], 

ABCB1 [42, 43] and ABCC1 [44] confirm this conclusion. Equilibrium vinblastine binding 

data for the MsbA homologue LmrA from Lactococcus lactis demonstrated for the first time 

the binding of two vinblastine molecules with high and low affinity [45]. This protein-drug 

ratio is also observed in cryo-EM structures of MsbA in which two quinolone inhibitor G907 

molecules are bound in architecturally-conserved side pockets that accompany the central 

binding chamber [17]. Moreover, crystal structures of mouse ABCB1a exhibit the binding of 

two molecules of the cyclic peptide inhibitor QZ59-SSS in the central binding chamber [42], 

and analogous cryo-EM studies with a hybrid construct of human and mouse ABCB1 

demonstrate the binding of two molecules of the inhibitor zosuquidar in this location [43]. 

Careful biochemical equilibrium binding experiments, however, indicated single binding sites 

for zosuquidar in human ABCB1 [46] and vinblastine in Chinese hamster ABCB1 [47], and 

suggested complex allosteric interactions between multiple drug interaction sites through 

which the interaction of drug at one site can switch other sites between high- or low-affinity 

conformations [47]. As ligand concentrations were at least 100-fold higher in the structural 

studies compared to the equilibrium binding studies, it is conceivable that the presence of a 

second zosuquidar molecule in ABCB1 remained undetected in the binding experiments if this 

binding event would occur with a low affinity that is too close to non-specific binding. 

However, dissimilarities in experimental outcomes could also be due to other major differences 

in the experimental conditions and sources of ABCB1 protein. The structural data raise the 

question of how the binding of non-transported inhibitors and transported substrates can have 

different outcomes on the activity of ABC transporters when these ligands bind in similar 

pockets and share similar weak drug-protein interactions. 

 Another feature of most MDs in ABC transporters is the presence of the amphipathic 

N-terminal elbow helix that runs parallel to the inside surface of the membrane. By analogy to 
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the peripheral stalk in rotary ATPases that counteract the rotation tendency of the catalytic core 

in response to the movement of the rotor [48], the elbow helix might firmly associate ABC 

exporters to the plane of the membrane and counteract rotational movement perpendicular to 

the membrane. Furthermore, the elbow helix might ensure proper alignment of transmembrane 

helix (TM) 1 with other TMs in the MD in the outward-facing state in which TM1 and TM3 

define the extent of the external opening of the central drug binding pocket towards the external 

environment [49]. TM1 also contains residues important for regulating the gating of the central 

drug binding pocket towards the exterior in the inward-facing conformation [50]. Consistent 

with the importance of the elbow helix, mutant proteins of LmrA with lysine to glutamate 

substitutions in this helix are properly expressed but have strongly reduced transport activities 

[51].  

 

Ion transport reactions 

Most investigations on transport mechanisms of multidrug transporters have been done from 

the perspective that ABC transporters have conserved energetic requirements that are distinct 

from those of secondary-active transporters. The experimental approaches for each of the 

classes is therefore usually dictated by what is custom in the field. However, interesting 

observations are made when tools and techniques used in studies of secondary-active 

transporters are applied to ABC transporters. Reversible substrate transport is a distinct 

property of secondary-active transporters, and occurs when electrochemical ion gradients 

driving substrate transport are dissipated. The transport direction is then dictated by the 

prevailing substrate concentration gradient. One of the consequences of the dissipation of the 

ion motive force in fermentative bacteria is that ion-translocating ATPases that generate the 

ion motive force will consume the available Mg-ATP in an attempt to compensate for the loss 

of ion motive force. In lactococcal cells with a 1000-fold reduction in Mg-ATP concentrations 

to lower µM levels, ABC exporters such as LmrA, MsbA, and Sav1866 [52-54] exhibit 

reversibility in drug transport suggesting that the substrate translocation pathway in their MDs 

is intrinsically reversible. The unidirectionality of these ABC exporters under physiological 

conditions is therefore at least in part imposed by the exothermic nature of the ATP hydrolysis 

reaction causing it to be strongly shifted to the ADP + Pi side. More recently, reversibility in 

transport was reported for the ABC peptide transporter ABCB2/3 (also referred to as TAP1/2) 

following the substitution of the conserved aspartate in the NBDs in the D-loop that coordinates 

NBD dimerization [55]. The reversibility of substrate translocation pathways offers the 
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promise that drug efflux pumps can be utilised for inhibitor-induced drug accumulation in 

target cells. 

Transport studies with ethidium, erythromycin and chloramphenicol in intact cells and 

proteoliposomes prepared from Escherichia coli phospholipids and egg yolk PC established 

that ATP-dependent drug transport by MsbA is assisted by apparent drug–proton antiport in a 

reaction that is driven by the inwardly directed DpH (interior alkaline) [56]. Interestingly, 

ethidium transport by this ABC transporter was also stimulated by a reversed Dy (interior 

positive in cells) rather than the physiological Dy (interior negative in cells). These findings 

indicate electrogenic n-ethidium+/H+ antiport in which n > 1 but, given the electrophysiological 

results obtained for LmrA (see below), could also indicate a more complex transport 

mechanism involving the translocation of additional ions. Proton coupling is associated with 

the MD dimer of MsbA as the antiport reaction is also observed for a truncated version of 

MsbA lacking the NBD (MsbA-MD). Furthermore, complete inhibition was observed by 

inactivating mutations in MsbA-MD (e.g. the triple mutant D41N-E149Q-D252N) [56]. As the 

MsbA-ATPase activity is stimulated by the DpH [56], ATP dependence and proton coupling 

must be integrated in a common transport reaction. Our findings for MsbA and MsbA-MD are 

reminiscent of previous studies on LmrA-MD which demonstrated apparent ethidium-proton 

symport [57]. Most recently, we have extended these studies to full-length LmrA in cells and 

proteoliposomes, and used electrophysiological studies on LmrA in planar lipid bilayers and 

giant unilamellar liposomes to characterise the stoichiometry of the ion transport reaction in 

detail [58]. The efflux of one ethidium+ and one H+ by LmrA occurs in symport with one Cl-, 

in counter-transport to two Na+, in an electrogenic reaction that is driven by the inwardly-

directed sodium motive force in cells (interior negative and low). Remarkably, the ion 

exchange reaction at the MDs is integrated in the catalytic cycle of nucleotide binding and 

hydrolysis by LmrA. The reaction is activated in the ATP-bound state of LmrA and is 

terminated in response to ATP hydrolysis. This type of regulation shares analogy to the ATP 

regulation of gating in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 

ABC Cl- channel (also referred to as ABCC7) [59]. Although mutations in NBDs of LmrA and 

MsbA that inactivate ATP hydrolysis (e.g. deletion of lysine residue in Walker A in MsbA-

ΔK382 and LmrA-ΔK388) inactivate ethidium transport in metabolically-active cells [53, 56, 

58], both deletion mutants reconstituted in proteoliposomes are transport-active in the presence 

of appropriate electrochemical ion gradients. This suggests that, when nucleotide is present, 

nucleotide hydrolysis is compulsory for transport activity to prevent nucleotide trapping of 
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LmrA. These findings present ion coupling as a novel factor in the transport reaction for LmrA 

and MsbA. The ability to transport inorganic ions has also previously been observed for 

secondary-active multidrug transporters. Elegant studies with the E. coli MFS 

multidrug/proton antiporter MdfA demonstrated the ability of this system to mediate K+/H+ 

antiport and to confer alkali tolerance on the cell via MdfA-mediated proton import at the 

expense of the outwardly directed K+ gradient [60]. By analogy, the tetracycline efflux pumps 

Tet(L) and Tet(K) in Bacillus subtilis confer alkali tolerance by mediating (Na+)(K+)/H+ 

antiport as an alternative to tetracycline/H+ antiport [61]. Thus, even when antibiotics are 

absent, the selective pressure for the persistence of these multidrug transporters in bacterial 

cells might relate to their physiological roles in pHin regulation [62]. This conclusion could be 

relevant for any multidrug transporter with an additional physiological role beyond the 

transport of multiple drugs. 

 

Importance of NBDs in transport efficiency 

The ion motive force-dependence of ethidium transport by MsbA-MD and LmrA-MD raises 

important questions regarding the rationale behind the presence of NBDs in these ABC 

exporters. A systematic comparison of proton-coupled erythromycin transport by MsbA-MD 

versus ATP plus proton-coupled erythromycin transport by wildtype MsbA in a drug resistance 

assay demonstrated that the full-length protein is more efficient than the MD protein [56]. A 

similar conclusion was obtained in ethidium transport assays where wildtype MsbA effluxed 

ethidium against larger inwardly-directed concentration gradients than MsbA-MD. It is 

interesting to note that a dual mode of energy coupling has also been reported for other 

transporters; four examples will be discussed. (i) The arsenite and antimonite-translocating 

ArsB protein from E. coli [63, 64] acts as a secondary-active metalloid–proton antiporter, but 

when associated with the ArsA ATPase subunit also uses ATP to enhance its transport 

efficiency. This leads to higher levels of drug resistance as compared to the levels obtained 

with ArsB only. (ii) The SERCA Ca2+-ATPase sequesters Ca2+ in the sarcoplasmic reticulum 

of cardiac and skeletal muscle whereas the PMCA Ca2+-ATPase mediates Ca2+ extrusion across 

the plasma membrane of neurons. These P-type ATPases mediate Ca2+- proton antiport during 

the ATP-dependent transport reaction to ensure neutralization of the Ca2+-coordinating 

carboxylates following the dissociation of Ca2+ [65-67]. As the proton permeability of 

mammalian membranes is frequently too high to sustain significant chemical proton gradients, 

Ca2+ transport by these pumps is not known to be regulated by the DpH [65]. Thus, primary-
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active membrane transporters may translocate inorganic ions as part of their catalytic 

mechanisms, but the prevailing conditions determine whether (electro)chemical gradients for 

those ions are of a sufficient magnitude to affect the overall rate of transport. (iii) ATP and 

proton motive force-dependent transport are observed for protein secretion by the hetero-

trimeric membrane protein complex SecYEG in E. coli [68, 69]. In this system, phosphate bond 

energy is captured by the cytosolic motor protein SecA that uses ATP-driven cycles of insertion 

and retraction from the membrane-bound SecYEG translocon to mediate processive extrusion 

of preproteins through the cytoplasmic membrane. In vitro translocation assays show that the 

ATPase activity of SecA is required for the transmembrane transport of the NH2-terminus of 

the preprotein, which includes the signal sequence that targets proteins for export through the 

translocon. The ATPase activity of SecA is also required to drive the transport of downstream 

COOH-terminal segments of the preprotein in the absence of a Δp. However, once preprotein 

translocation is initiated, the translocation machinery can operate without the input of ATP in 

a reaction driven by the Δp via the auxiliary complex SecDF [70] and a recently proposed DpH-

dependent proton ratchet mechanism by SecYEG [71]. Similar to ArsAB and MsbA, the 

simultaneous input of ATP binding-hydrolysis and the Δp achieves efficient protein secretion. 

(iv) The type I secretion system HlyBD-TolC in E. coli contains the MsbA and LmrA 

homologue HlyB as the ABC translocator [72]. The extrusion of the secretion competent C-

terminal peptide (Actp) of the toxin protein haemolysin A by HlyBD-TolC was reported to be 

severely inhibited by the proton ionophore carbonylcyanide m-chlorophenylhydrazone 

(CCCP), which collapses simultaneously the Δy and ΔpH. Inhibition was also obtained by the 

addition of K+ plus valinomycin, a potassium ionophore that disrupts the Δy [73]. Thus, these 

data for HlyBD-TolC point to a transport mechanism that is ATP dependent as well as Δp 

dependent.  

 Our observations on the ATP and ion-coupling to multidrug transport by MsbA and 

LmrA might relate to roles of these ABC transporters in the transport of physically large or 

polymeric substrates via mechanisms that utilize a dual mode of energy coupling to obtain 

physiologically relevant translocation rates. For MsbA, one such substrate is core Lipid A. 

Structural studies with cryo-EM have shown the binding of Lipid A in the large chamber at the 

interface between the two MsbA half-transporters that form the transport-active complex [16]. 

However, as the pre-flopping conformation (containing Lipid A with head group near the 

cytoplasmic surface of the inner membrane) and post-flopping conformation (containing Lipid 

A with head group near the external surface of the inner membrane) show similar interactions 
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with ATP, it is not yet clear whether ATP is the sole form of metabolic energy that is relevant 

in Lipid A transport. In this context it is interesting to refer to recent progress on the mechanism 

of Ca2+-activated lipid scramblase TMEM16 proteins, which were found to contain a 

membrane-exposed hydrophilic groove that serves as a shared translocation pathway for lipids 

and ions [74, 75]. 

 

Outlook 

Multidrug transporters are fascinating molecular machines, many features of which remain to 

be discovered. In our studies on MsbA and LmrA, we uncovered novel mechanisms of 

inorganic ion transport in ABC exporters that are not yet predicted in current crystal and cryo-

EM structures, and that might be linked to physiological roles of these proteins in the transport 

of drugs, lipids or biopolymers, or be important in facilitating rate-limiting nucleotide-

independent steps in the overall transport reaction. Kinetic schemes for symport or antiport 

reactions by bacterial secondary-active transporters are usually relatively simple, and are 

thought to involve the binding and dissociation of transport substrates and H+ or Na+ as 

coupling ion. It is remarkable that kinetic schemes for mammalian secondary-active 

transporters are often far more complex. Take for example the mammalian excitatory amino 

acid transporters (EAAT), some of which mediate the re-uptake of synaptically released 

glutamate into nerve terminals. What started originally as a ‘simple’ glutamate - Na+ symporter 

mechanism based on biochemical assays [76] turned into a more complex co-transport 

mechanism of three Na+, one H+, and one glutamate, in counter-transport to one K+ when the 

transporter was studied by electrophysiological methods (reviewed in [77]). Moreover, EAAT 

transporters contain a Cl- channel that is thermodynamically uncoupled from glutamate uptake 

to ensure that the high rates of cation uptake in nerve terminals are not inhibited by the build-

up of a reversed Δy (interior positive) [78]. Traditionally, electrophysiological techniques have 

been applied to mammalian cells but not to bacteria, which were too small to be patched with 

glass pipettes. However, recent advances with the overexpression and detergent-based 

purification and reconstitution of bacterial membrane proteins has brought these transport 

systems within reach of electrophysiological techniques. Our electrophysiological and 

biochemical data for LmrA suggest that ion transport in bacterial transporters can have a similar 

complexity as observed for mammalian transporters. If the ABC Cl- channel CFTR (ABCC7) 

evolved from an ABC transporter through loss of function [59], it will certainly be interesting 

to test which mammalian ABC transporters translocate Cl- and/or other inorganic ions as part 
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of their transport activities. In conclusion, significant progress has been made in the structural 

biology of ABC multidrug transporters, but the proper interpretation of the structural data 

requires knowledge of all transport activities that are catalysed, as well as insight into the 

question of how these activities are coupled to metabolic energy. The synergy between 

structural, biochemical and biophysical studies on purified proteins in nanodiscs, 

proteoliposomes, giant unilamellar vesicles and planar lipid bilayers, and in vivo studies in 

intact cells therefore holds the promise to answering mechanistic questions regarding these 

membrane transporters and those in other families. 

 

Acknowledgements 

We apologize to all colleagues whose important work could not be cited in this brief review. 

We thank David Spring and Sam Rowe (Department of Chemistry, University of Cambridge), 

Mark McAlister, Philip Rawlings and Dominic Williams (AstraZeneca), and Martin Picard, 

Dhenesh Puvanendran and Bruno Miroux (Institut de Biologie Physico-Chimique, French 

National Centre for Scientific Research (CNRS)) for discussions. Research associates 

Himansha Singh and Kelvin Agboh are supported by Biotechnology and Biological Sciences 

Research Council (BBSRC) grant BB/R00224X/1 and BB/I002383/1 and Human Frontier 

Science Program (HFSP) grant RGP0034/2013. Dawei Guo is funded by a China Scholarship 

Council – Cambridge Trust PhD Scholarship. Brendan Swain received an AstraZeneca PhD 

studentship. Robbin de Kruijf is supported by an Integrative-Toxicology Training Partnership 

(ITTP) PhD studentship from the Medical Research Council. Charlotte Guffick is funded by a 

BBSRC Doctoral Training Partnership (DTP) PhD Studentship. Hendrik van Veen is the 

recipient of the Chaire Edmond de Rothschild 2019 prize from the Edmond de Rothschild 

Foundation for Scientific Research and Development at the CNRS in Paris. 

 

References 

[1]	 Abraham	EP,	 Chain	 E.	 An	 enzyme	 from	bacteria	 able	 to	 destroy	 penicillin,	Nature	

1940;146:837.	

[2]	Andersson	DI,	Hughes	D.	Antibiotic	resistance	and	its	cost:	 is	 it	possible	to	reverse	

resistance?	Nat	Rev	Microbiol	2010;8:260-71.	

[3]	Cruickshank	M,	Duguid	M,	Gotterson	F,	Carter	D.	Taking	action	to	preserve	the	miracle	

of	antibiotics.	Aust	Vet	J	2014;92:3-7.	



 15 

[4]	Gillings	MR,	Paulsen	IT,	Tetu	SG.	Genomics	and	the	evolution	of	antibiotic	resistance.	

Ann	N	Y	Acad	Sci	2017;1388:92-107.	

[5]	Henderson	PJ.	Ion	transport	by	energy-conserving	biological	membranes.	Annu	Rev	

Microbiol	1971;25:393-428.	

[6]	Harold	FM.	Chemiosmotic	interpretation	of	active	transport	in	bacteria.	Ann	N	Y	Acad	

Sci	1974;227:297-311.	

[7]	Mitchell	P.	Chemiosmotic	coupling	in	oxidative	and	photosynthetic	phosphorylation.	

Biol	Rev	Camb	Philos	Soc	1966;41:445-502.	

[8]	Du	D,	Wang-Kan	X,	Neuberger	A,	van	Veen	HW,	Pos	KM,	Piddock	LJV,	et	al.	Multidrug	

efflux	pumps:	structure,	function	and	regulation.	Nat	Rev	Microbiol	2018;16:523-39.	

[9]	 Tal	 N,	 Schuldiner	 S.	 A	 coordinated	 network	 of	 transporters	 with	 overlapping	

specificities	provides	a	robust	survival	strategy.	Proc	Natl	Acad	Sci	U	S	A	2009;106:9051-

6.	

[10]	Szakacs	G,	Varadi	A,	Ozvegy-Laczka	C,	Sarkadi	B.	The	role	of	ABC	transporters	in	drug	

absorption,	 distribution,	metabolism,	 excretion	 and	 toxicity	 (ADME-Tox).	Drug	Discov	

Today	2008;13:379-93.	

[11]	 Dean	 M,	 Annilo	 T.	 Evolution	 of	 the	 ATP-binding	 cassette	 (ABC)	 transporter	

superfamily	in	vertebrates.	Ann	Rev	Genom	Hum	G	2005;6:123-42.	

[12]	Orelle	C,	Durmort	C,	Mathieu	K,	Duchene	B,	Aros	S,	Fenaille	F,	et	al.	A	multidrug	ABC	

transporter	with	a	taste	for	GTP.	Sci	Rep	2018;8:2309.	

[13]	Ward	A,	Reyes	CL,	Yu	J,	Roth	CB,	Chang	G.	Flexibility	in	the	ABC	transporter	MsbA:	

Alternating	access	with	a	twist.	Proc.	Natl.	Acad.	Sci.	U.	S.	A.	2007;104:19005-10.	

[14]	Dawson	RJ,	Locher	KP.	Structure	of	a	bacterial	multidrug	ABC	transporter.	Nature	

2006;443:180-5.	

[15]	Dawson	RJ,	Locher	KP.	Structure	of	the	multidrug	ABC	transporter	Sav1866	from	

Staphylococcus	aureus	in	complex	with	AMP-PNP.	FEBS	Lett	2007;581:935-8.	

[16]	Mi	W,	Li	Y,	Yoon	SH,	Ernst	RK,	Walz	T,	Liao	M.	Structural	basis	of	MsbA-mediated	

lipopolysaccharide	transport.	Nature	2017;549:233-7.	

[17]	Ho	H,	Miu	A,	Alexander	MK,	Garcia	NK,	Oh	A,	Zilberleyb	I,	et	al.	Structural	basis	for	

dual-mode	inhibition	of	the	ABC	transporter	MsbA.	Nature	2018;557:196-201.	

[18]	 Seeger	 MA,	 van	 Veen	 HW.	 Molecular	 basis	 of	 multidrug	 transport	 by	 ABC	

transporters.	Biochim.	Biophys.	Acta,	Proteins	Proteomics	2009;1794:725-37.	



 16 

[19]	Rees	DC,	Johnson	E,	Lewinson	O.	ABC	transporters:	the	power	to	change.	Nat	Rev	

Mol	Cell	Biol	2009;10:218-27.	

[20]	 Wilkens	 S.	 Structure	 and	 mechanism	 of	 ABC	 transporters.	 F1000Prime	 Rep	

2015;7:14.	

[21]	Locher	KP.	Mechanistic	diversity	 in	ATP-binding	cassette	(ABC)	transporters.	Nat	

Struct	Mol	Biol	2016;23:487-93.	

[22]	van	Veen	HW.	Bacterial	ABC	multidrug	exporters:	from	shared	proteins	motifs	and	

features	to	diversity	in	molecular	mechanisms.	in:	AM	George	(Ed.),	ABC	transporters	-	

40	years	on.,	Springer,	2016.	

[23]	Jones	PM,	George	AM.	Mechanism	of	the	ABC	transporter	ATPase	domains:	catalytic	

models	 and	 the	 biochemical	 and	 biophysical	 record.	 Crit	 Rev	 Biochem	 Mol	 Biol	

2013;48:39-50.	

[24]	Doshi	R,	van	Veen	HW.	Substrate	binding	stabilizes	a	pre-translocation	intermediate	

in	the	ATP-binding	cassette	transport	protein	MsbA.	J	Biol	Chem	2013;288:21638-47.	

[25]	 Choudhury	 HG,	 Tong	 Z,	Mathavan	 I,	 Li	 Y,	 Iwata	 S,	 Zirah	 S,	 et	 al.	 Structure	 of	 an	

antibacterial	peptide	ATP-binding	cassette	transporter	in	a	novel	outward	occluded	state.	

Proc	Natl	Acad	Sci	U	S	A	2014;111:9145-50.	

[26]	Sauna	ZE,	Ambudkar	SV.	About	a	switch:	how	P-glycoprotein	(ABCB1)	harnesses	the	

energy	 of	 ATP	 binding	 and	 hydrolysis	 to	 do	 mechanical	 work.	 Mol	 Cancer	 Ther	

2007;6:13-23.	

[27]	Tombline	G,	Muharemagić	A,	White	 LB,	 Senior	AE.	 Involvement	 of	 the	 "occluded	

nucleotide	 conformation"	 of	 P-glycoprotein	 in	 the	 catalytic	 pathway.	 Biochemistry	

2005;44:12879-86.	

[28]	Verhalen	B,	Dastvan	R,	Thangapandian	S,	Peskova	Y,	Koteiche	HA,	Nakamoto	RK,	et	

al.	 Energy	 transduction	 and	 alternating	 access	 of	 the	mammalian	 ABC	 transporter	 P-

glycoprotein.	Nature	2017;543:738-41.	

[29]	 Senior	AE,	 Al-Shawi	MK,	Urbatsch	 IL.	 The	 catalytic	 cycle	 of	 P-glycoprotein.	 FEBS	

Letters	1995;377:285-9.	

[30]	 Dastvan	 R,	 Mishra	 S,	 Peskova	 YB,	 Nakamoto	 RK,	 McHaourab	 HS.	 Mechanism	 of	

allosteric	modulation	of	P-glycoprotein	by	transport	substrates	and	inhibitors.	Science	

2019;364:689-92.	



 17 

[31]	Seeger	MA,	Mittal	A,	Velamakanni	S,	Hohl	M,	Schauer	S,	Salaa	I,	et	al.	Tuning	the	drug	

efflux	activity	of	an	ABC	transporter	in	vivo	by	in	vitro	selected	DARPin	binders.	PloS	One	

2012;7:e37845.	

[32]	 Mittal	 A,	 Böhm	 S,	 Grütter	 MG,	 Bordignon	 E,	 Seeger	 MA.	 Asymmetry	 in	 the	

homodimeric	 ABC	 transporter	 MsbA	 recognized	 by	 a	 DARPin.	 J	 Biol	 Chem	

2012;287:20395-406.	

[33]	Okada	U,	Yamashita	E,	Neuberger	A,	Morimoto	M,	van	Veen	HW,	Murakami	S.	Crystal	

structure	 of	 tripartite-type	 ABC	 transporter	MacB	 from	Acinetobacter	 baumannii.	 Nat	

Commun	2017;8:1336.	

[34]	Zolnerciks	JK,	Akkaya	BG,	Snippe	M,	Chiba	P,	Seelig	A,	Linton	KJ.	The	Q	loops	of	the	

human	multidrug	resistance	transporter	ABCB1	are	necessary	to	couple	drug	binding	to	

the	ATP	catalytic	cycle.	FASEB	J	2014;28:4335-46.	

[35]	Kluth	M,	Stindt	J,	Droge	C,	Linnemann	D,	Kubitz	R,	Schmitt	L.	A	mutation	within	the	

extended	X	 loop	abolished	substrate-induced	ATPase	activity	of	 the	human	 liver	ATP-

binding	cassette	(ABC)	transporter	MDR3.	J	Biol	Chem	2015;290:4896-907.	

[36]	Lacabanne	D,	Orelle	C,	Lecoq	L,	Kunert	B,	Chuilon	C,	Wiegand	T,	et	al.	Flexible-to-

rigid	 transition	 is	 central	 for	 substrate	 transport	 in	 the	 ABC	 transporter	 BmrA	 from	

Bacillus	subtilis.	Commun	Biol	2019;2:149.	

[37]	Jones	PM,	O'Mara	ML,	George	AM.	ABC	transporters:	a	riddle	wrapped	in	a	mystery	

inside	an	enigma.	Trends	Biochem	Sci	2009;34:520-31.	

[38]	 Bachas	 S,	 Eginton	 C,	 Gunio	 D,	 Wade	 H.	 Structural	 contributions	 to	 multidrug	

recognition	in	the	multidrug	resistance	(MDR)	gene	regulator,	BmrR.	Proc	Natl	Acad	Sci	

U	S	A	2011;108:11046-51.	

[39]	Peters	KM,	Schuman	JT,	Skurray	RA,	Brown	MH,	Brennan	RG,	Schumacher	MA.	QacR-

cation	 recognition	 is	 mediated	 by	 a	 redundancy	 of	 residues	 capable	 of	 charge	

neutralization.	Biochemistry	2008;47:8122-9.	

[40]	 Murakami	 S,	 Nakashima	 R,	 Yamashita	 E,	 Matsumoto	 T,	 Yamaguchi	 A.	 Crystal	

structures	of	a	multidrug	transporter	reveal	a	functionally	rotating	mechanism.	Nature	

2006;443:173-9.	

[41]	Eicher	T,	Cha	HJ,	Seeger	MA,	Brandstatter	L,	El-Delik	J,	Bohnert	JA,	et	al.	Transport	of	

drugs	by	the	multidrug	transporter	AcrB	involves	an	access	and	a	deep	binding	pocket	

that	are	separated	by	a	switch-loop.	Proc	Natl	Acad	Sci	U	S	A	2012;109:5687-92.	



 18 

[42]	 Aller	 SG,	 Yu	 J,	 Ward	 A,	 Weng	 Y,	 Chittaboina	 S,	 Zhuo	 R,	 et	 al.	 Structure	 of	 P-

glycoprotein	 reveals	 a	 molecular	 basis	 for	 poly-specific	 drug	 binding.	 Science	

2009;323:1718-22.	

[43]	 Alam	A,	 Kung	R,	 Kowal	 J,	McLeod	RA,	 Tremp	N,	 Broude	 EV,	 et	 al.	 Structure	 of	 a	

zosuquidar	 and	UIC2-bound	human-mouse	 chimeric	ABCB1.	Proc	Natl	Acad	Sci	U	 S	A	

2018;115:E1973-E82.	

[44]	 Johnson	 ZL,	 Chen	 J.	 Structural	 basis	 of	 substrate	 recognition	 by	 the	 multidrug	

resistance	protein	MRP1.	Cell	2017;168:1075-85	e9.	

[45]	van	Veen	HW,	Margolles	A,	Muller	M,	Higgins	CF,	Konings	WN.	The	homodimeric	

ATP-binding	cassette	transporter	LmrA	mediates	multidrug	transport	by	an	alternating	

two-site	(two-cylinder	engine)	mechanism.	EMBO	J	2000;19:2503-14.	

[46]	Dantzig	AH,	Shepard	RL,	Law	KL,	Tabas	L,	Pratt	S,	Gillespie	JS,	et	al.	Selectivity	of	the	

multidrug	resistance	modulator,	LY335979,	for	P-glycoprotein	and	effect	on	cytochrome	

P-450	activities.	JPET	1999;290:854-62.	

[47]	Martin	C,	Berridge	G,	Higgins	CF,	Mistry	P,	Charlton	P,	Callaghan	R.	Communication	

between	multiple	drug	binding	sites	on	P-glycoprotein.	Mol	Pharmacol	2000;58:624-32.	

[48]	Dickson	VK,	Silvester	JA,	Fearnley	IM,	Leslie	AG,	Walker	JE.	On	the	structure	of	the	

stator	of	the	mitochondrial	ATP	synthase.	EMBO	J	2006;25:2911-8.	

[49]	Perez	C,	Mehdipour	AR,	Hummer	G,	Locher	KP.	Structure	of	outward-facing	PglK	and	

molecular	 dynamics	 of	 lipid-linked	 oligosaccharide	 recognition	 and	 translocation.	

Structure	2019;27:669-78	e5.	

[50]	Egloff	P,	Zimmermann	I,	Arnold	FM,	Hutter	CAJ,	Morger	D,	Opitz	L,	et	al.	Engineered	

peptide	 barcodes	 for	 in-depth	 analyses	 of	 binding	 protein	 libraries.	 Nature	 Methods	

2019;16:421-8.	

[51]	 Velamakanni	 S,	 Lau	 CH,	 Gutmann	DA,	 Venter	H,	 Barrera	NP,	 Seeger	MA,	 et	 al.	 A	

multidrug	ABC	transporter	with	a	taste	for	salt.	PloS	One	2009;4:e6137.	

[52]	Balakrishnan	L,	Venter	H,	 Shilling	RA,	van	Veen	HW.	Reversible	 transport	by	 the	

ATP-binding	 cassette	multidrug	 export	 pump	 LmrA:	 ATP	 synthesis	 at	 the	 expense	 of	

downhill	ethidium	uptake.	J	Biol	Chem	2004;279:11273-80.	

[53]	Woebking	 B,	 Velamakanni	 S,	 Federici	 L,	 Seeger	MA,	Murakami	 S,	 van	 Veen	 HW.	

Functional	 role	 of	 transmembrane	 helix	 6	 in	 drug	 binding	 and	 transport	 by	 the	 ABC	

transporter	MsbA.	Biochemistry	2008;47:10904-14.	



 19 

[54]	Velamakanni	S,	Yao	Y,	Gutmann	DAP,	van	Veen	HW.	Multidrug	transport	by	the	ABC	

transporter	Sav1866	from	Staphylococcus	aureus.	Biochemistry	2008;47:9300-8.	

[55]	Grossmann	N,	Vakkasoglu	AS,	Hulpke	S,	Abele	R,	Gaudet	R,	Tampe	R.	Mechanistic	

determinants	of	the	directionality	and	energetics	of	active	export	by	a	heterodimeric	ABC	

transporter.	Nat	Commun	2014;5:5419.	

[56]	Singh	H,	Velamakanni	S,	Deery	MJ,	Howard	J,	Wei	SL,	van	Veen	HW.	ATP-dependent	

substrate	 transport	 by	 the	 ABC	 transporter	 MsbA	 is	 proton-coupled.	 Nat	 Commun	

2016;7:12387.	

[57]	 Venter	 H,	 Shilling	 RA,	 Velamakanni	 S,	 Balakrishnan	 L,	 Van	 Veen	 HW.	 An	 ABC	

transporter	 with	 a	 secondary-active	 multidrug	 translocator	 domain.	 Nature	

2003;426:866-70.	

[58]	Agboh	K,	Lau	CHF,	Khoo	YSK,	Singh	H,	Raturi	S,	Nair	AV,	et	al.	Powering	the	ABC	

multidrug	 exporter	 LmrA:	 How	 nucleotides	 embrace	 the	 ion-motive	 force.	 Sci	 Adv	

2018;4:eaas9365.	

[59]	Gadsby	DC,	Vergani	P,	Csanady	L.	The	ABC	protein	turned	chloride	channel	whose	

failure	causes	cystic	fibrosis.	Nature	2006;440:477-83.	

[60]	Lewinson	O,	Padan	E,	Bibi	E.	Alkalitolerance:	a	biological	function	for	a	multidrug	

transporter	in	pH	homeostasis.	Proc	Natl	Acad	Sci	U	S	A	2004;101:14073-8.	

[61]	 Guffanti	 AA,	 Cheng	 J,	 Krulwich	 TA.	 Electrogenic	 antiport	 activities	 of	 the	 Gram-

positive	Tet	proteins	 include	a	Na+(K+)/K+	mode	 that	mediates	net	K+	uptake.	 J	Biol	

Chem	1998;273:26447-54.	

[62]	Krulwich	TA,	Lewinson	O,	Padan	E,	Bibi	E.	Do	physiological	roles	foster	persistence	

of	drug/multidrug-efflux	transporters?	A	case	study.	Nat	Rev	Microbiol	2005;3:566-72.	

[63]	Dey	S,	Rosen	BP.	Dual	mode	of	energy	coupling	by	the	oxyanion-translocating	ArsB	

protein.	J	Bacteriol	1995;177:385-9.	

[64]	 Kuroda	M,	 Dey	 S,	 Sanders	 OI,	 Rosen	 BP.	 Alternate	 energy	 coupling	 of	 ArsB,	 the	

membrane	subunit	of	the	Ars	anion-translocating	ATPase.	J	Biol	Chem	1997;272:326-31.	

[65]	Levy	D,	Seigneuret	M,	Bluzat	A,	Rigaud	JL.	Evidence	for	proton	countertransport	by	

the	 sarcoplasmic	 reticulum	 Ca2(+)-ATPase	 during	 calcium	 transport	 in	 reconstituted	

proteoliposomes	with	low	ionic	permeability.	J	Biol	Chem	1990;265:19524-34.	

[66]	Lancaster	CR.	A	P-type	ion	pump	at	work.	Nat	Struct	Biol	2002;9:643-5.	



 20 

[67]	Brini	M,	Carafoli	E.	The	plasma	membrane	Ca(2)+	ATPase	and	the	plasma	membrane	

sodium	calcium	exchanger	cooperate	in	the	regulation	of	cell	calcium.	Cold	Spring	Harb	

Perspect	Biol	2011;3(2):pii:a004168.	doi:	10.1101/cshperspect.a004168.	

[68]	 Veenendaal	 AK,	 van	 der	 Does	 C,	 Driessen	 AJ.	 The	 protein-conducting	 channel	

SecYEG.	Biochim	Biophys	Acta	2004;1694:81-95.	

[69]	Brundage	L,	Hendrick	 JP,	Schiebel	E,	Driessen	AJ,	Wickner	W.	The	purified	E.	coli	

integral	 membrane	 protein	 SecY/E	 is	 sufficient	 for	 reconstitution	 of	 SecA-dependent	

precursor	protein	translocation.	Cell	1990;62:649-57.	

[70]	Arkowitz	RA,	Wickner	W.	SecD	and	SecF	are	required	for	the	proton	electrochemical	

gradient	stimulation	of	preprotein	translocation.	EMBO	J	1994;13:954-63.	

[71]	Allen	WJ,	Corey	RA,	Oatley	P,	Sessions	RB,	Baldwin	SA,	Radford	SE,	et	al.	Two-way	

communication	 between	 SecY	 and	 SecA	 suggests	 a	 Brownian	 ratchet	 mechanism	 for	

protein	translocation.	eLife	2016;5;pii:e15598.	doi:	10.7554/eLife.15598.	

[72]	Spitz	O,	Erenburg	IN,	Beer	T,	Kanonenberg	K,	Holland	IB,	Schmitt	L.	Type	I	secretion	

systems-One	 mechanism	 for	 all?	 Microbiol	 Spectr	 2019;7:doi:	

10.1128/microbiolspec.PSIB-0003-2018.	

[73]	Koronakis	V,	Hughes	C,	Koronakis	E.	Energetically	distinct	early	and	late	stages	of	

HlyB/HlyD-dependent	 secretion	 across	 both	 Escherichia	 coli	 membranes.	 EMBO	 J	

1991;10:3263-72.	

[74]	Paulino	C,	Neldner	Y,	Lam	AK,	Kalienkova	V,	Brunner	JD,	Schenck	S,	et	al.	Structural	

basis	 for	 anion	 conduction	 in	 the	 calcium-activated	 chloride	 channel	TMEM16A.	 eLife	

2017;6:pii:e26232.	doi:	10.7554/eLife.26232.	

[75]	 Lee	 BC,	 Khelashvili	 G,	 Falzone	 M,	 Menon	 AK,	 Weinstein	 H,	 Accardi	 A.	 Gating	

mechanism	of	the	extracellular	entry	to	the	lipid	pathway	in	a	TMEM16	scramblase.	Nat	

Commun	2018;9:3251.	

[76]	 Storck	 T,	 Schulte	 S,	 Hofmann	 K,	 Stoffel	W.	 Structure,	 expression,	 and	 functional	

analysis	of	a	Na(+)-dependent	glutamate/aspartate	transporter	from	rat	brain.	Proc	Natl	

Acad	Sci	U	S	A	1992;89:10955-9.	

[77]	Cater	RJ,	Ryan	RM,	Vandenberg	RJ.	The	split	personality	of	glutamate	transporters:	

a	chloride	channel	and	a	transporter.	Neurochem	Res	2016;41:593-9.	

[78]	Zomot	E,	Bendahan	A,	Quick	M,	Zhao	Y,	Javitch	JA,	Kanner	BI.	Mechanism	of	chloride	

interaction	with	neurotransmitter:sodium	symporters.	Nature	2007;449:726-30.	

 


