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ABC Systems: structural and functional variations on a common theme

ATP-binding cassette (ABC) systems constitute one of the largest superfamilies of proteins that catalyze an extremely wide variety of biological processes. They are involved not only in unidirectional transport through cellular or organelle membranes, but also in transcriptional regulation, mRNA translation, DNA repair and chromosome organization, and biogenesis of ironsulfur centers. These ATP-dependent nanomachines are present in all living organisms, Archaea, Bacteria and Eukaryotes, and they are also found in the genome of some large viruses [START_REF] Davidson | Structure, function, and evolution of bacterial ATP-binding cassette systems[END_REF].

All ABC systems share a conserved nucleotide-binding domain or protein (NBD) that binds and hydrolyzes ATP to energize them. Strikingly, genes encoding the NBDs are among the most highly conserved ones on Earth, together with rRNA and tRNA gene sequences [START_REF] Isenbarger | The most conserved genome segments for life detection on Earth and other planets[END_REF]. This NBD interacts with other components (proteins, protein domains or nucleic acids) to constitute the three main families of ABC systems: transporters, which are either importers or exporters, and systems involved in non-transport processes. In ABC transporters, the NBDs interact with transmembrane domains or proteins (TMD). Almost all importers are of prokaryotic origin. In general, they have a common architecture with TMD and NBD carried by two independent polypeptides and segregate into three types [START_REF] Rice | Diversity in ABC transporters: type I, II and III importers[END_REF]. Type I and type II importers have at least one additional extra-cytoplasmic (periplasmic or membrane-tethered) substrate-binding protein (SBP), which captures the substrate and delivers it to the TMDs. Type III importers, however, directly recruit their substrate through a dedicated membrane protein. Exporters are found in eukaryotes and prokaryotes, with their TMD and NBD mostly present on the same polypeptide chain. They have either the TMD or the NBD at the N-terminus of the protein, with configurations symbolized as (TMD-NBD) and (NBD-TMD), respectively. These transporters can form homo-or hetero-dimers. In eukaryotes, the four domains are often borne on the same polypeptide and in these cases they alternate with either a (TMD-NBD)2 or a (NBD-TMD)2 organization. ABC systems involved in cellular processes unrelated to transport are comprised of soluble NBD proteins that interact with other cytosolic protein complexes or nucleic acids to fulfill their functions [START_REF] Davidson | Structure, function, and evolution of bacterial ATP-binding cassette systems[END_REF]. We present in this special issue a series of papers focused on the characterization of selected representatives of the three ABC systems families.

In the opening article of this issue, I. Barry Holland draws a vivid historical sketch tracing the milestones leading to the present understanding of the evolution, structures and functions of these systems and critically analyzes the mechanistic models that were proposed through the years [START_REF] Holland | Rise and rise of the ABC transporter families[END_REF].

Type I importers contain at least five transmembrane segments in each TMD and function by an alternating access mechanism. The maltose-maltodextrin transport system is one of the most studied representatives of type I importers, whose structure and mechanism is the object of the review by Rebecca Mächtel and collaborators [START_REF] Mächtel | An integrated transport mechanism of the maltose ABC importer[END_REF].

Oligopeptide ABC importers are key players in providing bacteria with complex nitrogen and carbon sources, but not only. Specific systems in Gram-positive bacteria, which are involved in the uptake of signaling peptides are important in the regulation of sporulation, virulence and conjugation, as discussed by Leyla Slamti and Didier Lereclus [START_REF] Slamti | The oligopeptide ABC-importers are essential communication channels in Gram-positive bacteria[END_REF].

Type II importers, whose main representatives are Vitamin B12 and iron-siderophores transport systems, possess a single larger TMD that probably arose from an ancient TMD with six transmembrane segments by duplication. In this issue, structures of SBPs of Type II importers and the mechanism of transport are reviewed by Philippe Delepelaire [START_REF] Delepelaire | Bacterial ABC transporters of iron containing compounds[END_REF].

Type III importers, also known as Energy-Coupling Factor (ECF) systems, are involved in the transport of transition metals, vitamins and micronutrients. ECF systems comprise a membrane-bound substrate-binding protein (S component), unrelated in sequence and structure to SBPs, which forms a complex with two other subunits, the A (ATPase) and T (transmembrane) components. This assembly constitutes the whole type III importer, and is reviewed by Friedrich Finkenwirth and Thomas Eitinger [START_REF] Finkenwirth | ECF-type ABC transporters for uptake of vitamins and transition metal ions into prokaryotic cells[END_REF].

ABC exporters, as stated above, are generally composed of homo-or heterodimeric proteins displaying fused TMDs and NBDs. However, the inner membrane complex in a very few number of exporters displays the same architecture as importers, with subunits carried by individual polypeptides. This is the case for the LPT system, involved in the trafficking of LPS across the Gram-negative bacteria envelope. Recently, progresses were made in the understanding of the LPT system structure and mechanism, as described in the review of Paola Sperandeo and collaborators [START_REF] Sperandeo | The Lpt ABC transporter for lipopolysaccharide export to the cell surface[END_REF].

The Escherichia coli ftsE gene was found to be involved in cell division in 1968. Later, it was reported that FtsE is the ATPase that interacts with FtsX, its TMD counterpart, to form an ABC transporter. Recent genetic studies demonstrated that the FtsEX complex is located at cell division sites and is involved in cell division for a wide variety of bacteria. It is presently established that this atypical ABC transporter (probably of type VI) interacts with peptidoglycan hydrolases to control cell separation after septation and regulates the assembly and activation of the divisome, as discussed by Sebastien Pichoff and collaborators [START_REF] Pichoff | Roles of FtsEX in cell division[END_REF].

Canonical prokaryotic exporters, with a TMD-NBD organization (TMD at the N-terminus of the polypeptide) participate in the efflux of several molecules, including proteins, peptides, polysaccharides and drugs. They also participate in the flipping of lipids or lipid-linked macromolecules across the cytoplasmic membrane. Multidrug ABC exporters are clinically important because of the promiscuity of their expelled molecules and their up-regulation in response to certain stresses thereby contributing to the failure of chemotherapy and antibiotic treatments. The properties and the transport mechanism of such transporters are the subject of the review of Cédric Orelle and collaborators [START_REF] Orelle | Multidrug ABC transporters in bacteria[END_REF].

Energy coupling of transport is very predominantly dependent on ATP binding and hydrolysis in ABC systems. However, Hendrik van Veen and collaborators provide arguments in favor of an involvement of ion-gradients in some members of this family, as discussed in their review [START_REF] Van Veen | Energy coupling in ABC exporters[END_REF].

The emergence of multidrug resistant bacteria (MDR) and the decrease in the development of new antibiotics led to evaluation of the efficacy of new antibacterial agents.

Bacterial antimicrobial peptides (bacteriocins) might be promising tools to combat drug resistance. Bacteria use ABC systems to export bacteriocins into their environment, to outcompete other microorganisms living in the same ecological niche and also to develop immunity against the toxic peptides they produce. Konstantinos Beis and Sylvie Rebuffat present the mechanistic and structural aspects of these systems [START_REF] Beis | Multifaceted ABC transporters associated to microcin and bacteriocin export[END_REF].

In Gram-negative bacteria, the highly conserved CydDC export system, presented by Robert Poole and collaborators in this issue, translocates cysteine and glutathione across the cytoplasmic membrane into the periplasmic space, where the latter are needed for the redox cycle of enzymes involved in disulphide bond formation and isomerization [START_REF] Poole | The CydDC family of transporters[END_REF].

Pleiotropic Drug Resistance (PDR) multidrug ABC transporters are found in fungi and plants. They differ from other ABC exporters by an NBD-TMD organization. In pathogenic fungi, they are the major actors of multidrug resistance, and play a role in virulence. In their review, Alexis Moreno and coauthors discuss substrate polyspecificity of PDR systems and their NBD asymmetry in terms of ATP-binding sites [START_REF] Moreno | PDR-like ABC systems in pathogenic fungi[END_REF]. ABC systems involved in cellular processes unrelated to membrane transport comprise cytoplasmic ATPase whose function and mechanisms of action have long remained enigmatic until recently. The first example is the SUF system, distributed in prokaryotes and chloroplasts, which is involved in the assembly of Iron-Sulfur centers and their delivery to target proteins.

Recent advances were made in understanding the structure and the mechanism of action of the SUF machinery, as reviewed by Pierre Simon Garcia and collaborators [START_REF] Garcia | The SUF system: an ABC ATPase-dependent protein complex with a role in Fe-S cluster biogenesis[END_REF].

The ABC-F proteins, widely distributed among living organisms, modulate mRNA translation by interaction with the ribosomal E-site. A prokaryotic subgroup named ARE-ABC-F is implicated in resistance to many classes of antibiotics. Farés Ousalem and co-authors discuss the structure and mechanism of ABC-F systems [START_REF] Ousalem | ABC-F proteins in mRNA translation and antibiotic resistance[END_REF].

The universality and importance of ABC systems among living organisms were recognized about 35 years ago [START_REF] Higgins | A family of closely related ATP-binding subunits from prokaryotic and eucaryotic cells[END_REF], although their conservation within bacteria was reported earlier [START_REF] Gilson | Extensive homology between membrane-associated components of histidine and maltose transport systems of Salmonella typhimurium and Escherichia coli[END_REF].

Many research teams worldwide participated in the acquisition of the present body of knowledge, most notably during the past ten years, with the elucidation of dozens of structures of ABC complexes. Looking beyond the present status, based mainly on static snapshots of various conformational states of different ABC systems, novel discoveries will reveal the dynamics and kinetics of conformational changes occurring during their catalytic cycles by using methods such as single molecule Förster resonance energy transfer (sm-FRET) as stated by several contributors of this special issue [START_REF] Holland | Rise and rise of the ABC transporter families[END_REF][START_REF] Mächtel | An integrated transport mechanism of the maltose ABC importer[END_REF][START_REF] Beis | Multifaceted ABC transporters associated to microcin and bacteriocin export[END_REF].
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