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The ATP-Binding Cassette superfamily ABC -transporters (see Glossary) are one of the largest family of nanomachines found in all living cells. They are especially abundant in microorganisms and allow the uptake of a wide diversity of nutrients (e.g. sugars, phosphate, vitamins), or the export of macromolecules, from harmful xenobiotics (e.g. antibiotics or antifungal compounds) to large toxins (e.g. hemolysin A ~ 110 kDa) [1]. Although many ABC transporters display a high specificity for a transported molecule, or a class of molecules (e.g.

the maltose transporter, Figure 1), those having a protective role in tissues or micro-organisms are capable to expel many different molecules with a wide diversity of structures [2,3]. Yet, these poly-specific multidrug ABC exporters can, in an opportunistic way, confer resistance to therapeutic treatments in pathogenic microorganisms or malignant cells; they are therefore a matter of deep concern in public health [2,4]. The ABC transporters share a common architecture with two transmembrane domains (TMD) and two nucleotide-binding domains (NBD), which adopt different topologies ranging from four isolated subunits to a fusion of all four domains (Table 1). The availability of many 3D structures confirms that most ABC transporters function according to an alternating access mechanism, with inward-and outward-facing conformations [5], controlled by ATP binding and hydrolysis [4,[6][7][8][9]. For multidrug ABC exporters, the inward-facing (IF) conformation is prone to bind drugs while the outward-facing (OF) conformation permits drug release outside the cell [10].

Many ABC transporters have a basal ATPase activity

As inferred from their name, ABC transporters are energized by ATP hydrolysis and conserved motifs involved in ATP binding and/or hydrolysis are found in the NBDs. In fact, in the OF conformation, the two NBDs are engaged in a tight interaction with two composite ATPbinding sites located at their interface [2,4] 1 and Figure 1). In such cases, the addition of transported drugs does not (or only barely) increase the ATPase activity of these transporters. Other multidrug ABC exporters from eukaryotic origin, e.g. the human P-glycoprotein (also known as MDR1 or ABCB1) or its homolog from the unicellular red alga Cyanidioschyzon merolae have a moderate basal ATPase activity that can be stimulated several fold by small concentrations of drugs [15][16][17][18] (Table 1 and Figure 1).

Why multidrug ABC exporters have a high basal ATPase activity ?

The high basal ATPase activity of multidrug ABC exporters has been very puzzling for decades and it has been proposed to be caused by the co-purification of an endogenous substrate or the transport of lipids in reconstituted assays [19][20][21]. Although this explanation might be appropriate for multidrug ABC exporters that often bind and/or translocate lipids or detergents (e.g. [20]), this cannot explain the basal ATPase activity found in very specific ABC transporters such as the vitamin B12 importer (Table 1). A thorough thermodynamic study of human P-glycoprotein led to the alternative conclusion that this basal ATPase activity is an intrinsic property of this transporter [22], as initially suggested based on theoretical models , this scavenging effect will compensate for the weak interactions between drugs and the transporter to make sure that most drug molecules are efficiently captured. However, given the low intrinsic affinity of multidrug transporters for drugs, these compounds might be released from the drug-binding site before being expelled by the transporter. Therefore, the corollary of a weak affinity is that multidrug exporters must react immediately upon drug binding. This will prevent the dissociation of the drug from the transporter as this could lead to passive diffusion inside the cell thereby causing irreversible damages (Figure 2, panel B). It is noteworthy that in this model, the ATPase activity turnover number calculated for the most active multidrug ABC exporters is around few ATP hydrolyzed/sec (i.e. few drugs transported/sec).

This activity is not tremendously elevated and one can wonder if this is enough to cope with, and prevent, the penetration of toxic molecules, especially if the number of transporters per cell is limited. It is important to keep in mind that despite the relatively low affinity of these transporters for most of the drugs, these compounds share a hydrophobic nature that should increase their time of residency inside the membrane (i.e. step 5 should be rather slow in Figure 2, as indicated by a dashed arrow). Therefore, this should give enough time to multidrug ABC exporters to catch most, if not all, harmful compounds.

Drugs can help to reach the OF state for some multidrug ABC exporters

Another point worth mentioning is that due to the poly-specificity of multidrug ABC transporters, it is unlikely that the binding of each drug would generate, by itself, a conformational change sufficient to overcome the energy barrier required to reach the OF conformation (Figure 3). Accordingly, 3D structures of multidrug ABC transporters, or the related lipid A exporter MsbA, show that limited conformational modifications occur upon drug (or substrate) binding [8,27,28], and similar conclusions were drawn for multidrug transporters from the Resistance-Nodulation-Division family [29,30] or for soluble multidrug-binding proteins that control the expression of multidrug efflux pumps [31,32]. ATP hydrolysis occurs in the OF conformation for multidrug ABC exporters and, at the most, drugs could shift the equilibrium towards this state [11,[33][34][35]. Indeed, it has been shown by single particle cryoelectron microscopy (cryo-EM) that in the presence of ATP/Mg 2+ , whether or not an inhibitor of the ATPase activity is also added (i.e. vanadate), the mammalian P-glycoprotein remains almost exclusively in the IF conformation, similar to the situation found in the resting state (i.e. in the absence of nucleotides). Drugs need to be supplemented, in addition to ATP/Mg 2+ , to be able to populate the OF conformation [36]. In line with this, the transition of Pglycoprotein from IF to OF conformations requires the presence of both, nucleotides and drugs, indicating that the binding of each effector alone is not sufficient to stabilize the OF state [37,38]. Altogether, these results show that P-glycoprotein prevails in IF conformation under ATP hydrolysis conditions and the presence of drugs will help to switch the equilibrium towards the OF conformation. This is congruent with a stimulatory effect brought by low concentrations of drugs on the basal ATPase activity of this transporter (Figure 3). This IF conformation is presumably stabilized by the presence of several hydrogen bonds near the top of the drugbinding site of eukaryotic P-glycoproteins [25]. On the other hand, in the cases of bacterial homologues such as MsbA, the two states appear equally populated under turnover conditions and the addition of vanadate or the use of an ATPase deficient mutant strongly stabilize the OF conformation [36]. The propensity to reach a stable OF conformation was also demonstrated for the bacterial multidrug exporter, BmrA, by different biophysical approaches including solidstate NMR [39,40], small angle neutron scattering [6], nano-differential scanning fluorimetry [6,41], hydrogen/deuterium exchange coupled to mass spectrometry [6,42], and crystallography and cryo-EM [7]. Therefore, bacterial multidrug exporters appear to easily fluctuate from IF to OF states under turnover conditions, independently of the presence of the drugs. This is presumably because the energy required to reach the OF state is intrinsically lower for microbial multidrug ABC exporters than for their eukaryotic counterparts (Figure 3).

Concluding remarks and future perspectives

Due to this easiness to reach the OF state, microbial multidrug ABC exporters have acquired the ability to hydrolyze ATP at a fast pace, even in the absence of drugs. In fact, in yeast cells expressing major multidrug ABC transporters, specific inhibition of Pdr5, for example, increased cellular ATP levels indicating that these transporters constantly hydrolyze ATP in vivo [43] (see Outstanding Questions). But this seemingly waste of chemical energy give them the ability to promptly translocate any drug captured. Therefore, the high basal ATPase activity of microbial multidrug ABC exporters is most likely the price to pay to make sure that they readily preserve microorganisms from drug penetration and cell death. A similar conclusion could be applied for the basal ATPase activity of other ABC transporters where this could help the transporter to quickly respond to the presence of scarce substrates [44]. An ensuing unsolved question is the coupling efficiency of multidrug transporters (i.e. how many ATP molecules are hydrolyzed per drug transported). It is likely that in the presence of drugs, some transporters hydrolyze ATP in a non-productive manner while others are better coupled to expel drugs.

Studies on that matter are scarce, but a recent work with the tripartite system MacAB-TolC demonstrated that it has a low ATPase activity but it transports substrate with very high coupling efficiency [45]. Another major issue regarding drug transport is how the drug is released from multidrug ABC exporters? A twist and squeeze mechanism has been proposed to allow the direct expulsion of the drug from the P-glycoprotein pump into the external milieu [46]. Alternatively, a floppase mechanism has been proposed for Pdr5 where the drug will be moved by the transporter from the inner-to the outer-leaflet of the membrane [3]. Such a mechanism was also put forward for multidrug-like bacterial transporters, e.g. Sav1866 or

MsbA, based on structural variations found in the OF conformation between these transporters and P-glycoproteins [15].

Future works will certainly enlighten our understanding on how these fascinating transporters work at the molecular level.

Outstanding Questions

What is the energetic burden associated with the basal ATPase activity of ABC transporters for cells? This question relates to both the basal level of ATPase activity of each ABC transporter and its expression level in the cell.

In vivo, can ABC transporters use other energetic sources than ATP (GTP, protons etc.)? It has been shown that PatA/PatB has a strong preference for GTP as the energy source but other pieces of evidences suggest that this might not be an oddity among ABC transporters (e.g. Pdr5 in some instances).

What is the number of ATP hydrolyzed per molecule transported? For ABC transporters with a high basal ATPase activity (e.g. microbial multidrug exporters), this is a very delicate, yet essential, question to address. It is likely that in the presence of drugs, some transporters might hydrolyze ATP in a non-productive manner (i.e. if their drug-binding site is empty) while others would expel drugs. Therefore, the ratio between ATP hydrolyzed and drug transported can be overestimated. To overcome this issue, one might need to use single molecule approaches where both ATPase and drug transport could be monitored at once. What are the physiological substrate(s) of multidrug transporters and to which extent some transporters export drugs in an opportunistic way? In microbes, several putative multidrug exporters often co-exist in a single organism. Therefore, it is likely that some of them exports natural compounds that are presumably chemically related to certain drugs. What is the mechanism that allows the release of the drug? A direct release from a drug exit site has been proposed but the drug can also be delivered in the outer leaflet of the membrane according to a floppase mechanism. Can this mechanism vary according to the origin of the transporter and/or the nature of the drug translocated ?
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  23]. This activity might then appear futile leading to a seemingly useless consumption of ATP in vivo. In contrast, we propose that the high basal ATPase activity confers upon microbial multidrug transporters the ability to readily expel noxious molecules before they penetrate inside the cell(Figure 2, Key Figure). Some observations support this postulate. First, multidrug transporters have been tailored to recognize many different drugs with unrelated structures. This is presumably due to the intrinsic flexibility of the transporter in the IF conformation allowing a plasticity and re-shaping of the drug-binding pocket[24], which most likely involves an aromatic hydrophobic network on top of this site in ABCB1 transporters[25]. This promiscuity of the drug-binding site was presumably acquired at the expense of their affinity for drugs which remains intrinsically low[17, 26]. But because drugs are likely recognized by multidrug transporters directly from the membrane[21], which can concentrate a drug up to 10 4 depending on its lipid-water partition properties[26]

  While some specialized ABC transporters, such as the maltose importer, have an ATPase activity strictly dependent on the presence of the substrate-binding protein and maltose[12], many ABC transporters show a basal ATPase activity in the absence of any added molecule. This basal

	ATPase activity ranges from few dozen of nmoles to few moles ATP hydrolyzed/min/mg
	proteins depending on the ABC transporter [2] (Table 1). A high level of basal ATPase activity
	is a typical feature found in microbial multidrug ABC exporters, such as BmrA from Bacillus
	subtilis [7], PatA/PatB from Streptococcus pneumoniae [13], or Pdr5 from Saccharomyces
	cerevisiae [14] (Table

. This OF state is competent for ATP hydrolysis that will reset the transporter in the IF conformation prone for a new catalytic cycle

[4, 11]
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