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Introduction

As non-essential extra-chromosomal DNA molecules, plasmids require special strategies for efficient replication and stable propagation in growing bacterial populations. These include multimer resolution, addiction and partition systems, all of which have been identified in both Gram-negative and Gram-positive bacteria. Some high copy number plasmids rely on a stochastic distribution of their copies and do not require partition systems to ensure that the fraction of cells without plasmids is low enough for their maintenance. In contrast, large low copy number plasmids often require all three types of dedicated systems to be stably inherited [START_REF] Sengupta | Prevalence and significance of plasmid maintenance functions in the virulence plasmids of pathogenic bacteria[END_REF].

Most well-studied low copy-number plasmids, which are maintained at less than 5-6 copies per chromosome, encode one or more partition system. Briefly, these systems assemble a dedicated nucleoprotein complex around a centromere-like site, then separate and position them at specific subcellular positions, allowing each daughter cell to receive at least one copy after cell division. Partition systems described so far share common features: they include a cis-acting centromere-like site and contain two genes organized in tandem in an autoregulated par operon that encode two trans-acting proteins. In all cases, one gene encodes a centromere binding protein (CBP) forming a nucleoprotein complex at the centromere (i.e. the partition/segregation complex) (for reviews: [START_REF] Baxter | Plasmid Partition Mechanisms[END_REF][START_REF] Bouet | Plasmid Localization and Partition in Enterobacteriaceae[END_REF][START_REF] Gerdes | Plasmid and chromosome partitioning: surprises from phylogeny[END_REF]. The other gene codes for an NTPase interacting with the partition complex and essential for segregation.

The family of NTPase defines to which type belongs a given partition system. To date, three main types have been identified in bacteria. Type I systems (or ParABS), of which the well-studied models are the P1 and F plasmids are the paradigm, encode Walker-type ATPase proteins (ParA). They are by far the most prevalent in low-copy-number plasmids and are the only type present on chromosomes. They are divided into two sub-types, Ia and Ib, which differ by the nature of the DNA-binding domain of their CBP (ParB), the size of the Par proteins and the mode of transcriptional autoregulation of the par operon. In type Ib, the CBPs include a ribbon-helix-helix (RHH) domain and regulate transcription of the par operon [START_REF] Golovanov | ParG, a protein required for active partition of bacterial plasmids, has a dimeric ribbon-helix-helix structure[END_REF][START_REF] Hayes | The partition system of multidrug resistance plasmid TP228 includes a novel protein that epitomizes an evolutionarily distinct subgroup of the ParA superfamily[END_REF]. In type Ia, the CBPs contain a helix-turn-helix (HTH) domain and par transcription is rather regulated by the associated NTPase [START_REF] Friedman | The P1 plasmid-partition system synthesizes two essential proteins from an autoregulated operon[END_REF][START_REF] Hirano | Autoregulation of the partition genes of the mini-F plasmid and the intracellular localization of their products in Escherichia coli[END_REF]. Recently, type I ParB proteins have been shown to belong to a new family of cytosine triphosphate (CTP) dependent molecular switches , which is required for the partition complex assembly [START_REF] Jalal | A CTP-dependent gating mechanism enables ParB spreading on DNA[END_REF][START_REF] Osorio-Valeriano | The CTPase activity of ParB determines the size and dynamics of prokaryotic DNA partition complexes[END_REF][START_REF] Soh | Self-organization of parS centromeres by the ParB CTP hydrolase[END_REF]. Type II systems (or ParRMC), identified in the Escherichia coli plasmid R1, encode actin-like ATPases (ParM) and CBPs containing a RHH DNA-binding domain that contributes to the operon transcriptional autoregulation [START_REF] Gerdes | Plasmid and chromosome partitioning: surprises from phylogeny[END_REF][START_REF] Jensen | Partitioning of plasmid R1. The parA operon is autoregulated by ParR and its transcription is highly stimulated by a downstream activating element[END_REF]. Type III systems (or TubZRC), exemplified by plasmid pXO1 of Bacillus anthracis, encode tubulin-like GTPases and HTH-carrying CBPs [START_REF] Larsen | Treadmilling of a prokaryotic tubulin-like protein, TubZ, required for plasmid stability in Bacillus thuringiensis[END_REF][START_REF] Ni | Plasmid protein TubR uses a distinct mode of HTH-DNA binding and recruits the prokaryotic tubulin homolog TubZ to effect DNA partition[END_REF].

In types I-III systems, plasmid segregation strictly relies on the activity of their NTPases, which provides energy to separate plasmid copies and to position them to specific subcellular locations. Type II, which are the best characterized, and III systems use filamentation-based mechanisms relying on the ATP-dependent polymerization of the NTPase to drive partition complexes toward opposite cell poles, either via a pushing or a pulling mechanism, respectively (Figure 1) [START_REF] Aylett | New insights into the mechanisms of cytomotive actin and tubulin filaments[END_REF][START_REF] References Aylett | Superstructure of the centromeric complex of TubZRC plasmid partitioning systems[END_REF][START_REF] Møller-Jensen | Bacterial mitosis: ParM of plasmid R1 moves plasmid DNA by an actin-like insertional polymerization mechanism[END_REF][START_REF] Vecchiarelli | Surfing biological surfaces: exploiting the nucleoid for partition and transport in bacteria[END_REF]. Although a mechanism involving similar dynamic NTPase filaments has been initially proposed for type I systems [START_REF] Ebersbach | Regular cellular distribution of plasmids by oscillating and filament-forming ParA ATPase of plasmid pB171[END_REF][START_REF] Ringgaard | Movement and equipositioning of plasmids by ParA filament disassembly[END_REF], recent studies have shown that ParA ATPases rather promotes segregation by using a Brownian-ratchet mechanism [START_REF] Hu | Brownian ratchet mechanisms of ParA-mediated partitioning[END_REF][START_REF] Hwang | ParA-mediated plasmid partition driven by protein pattern self-organization[END_REF][START_REF] Gall | Bacterial partition complexes segregate within the volume of the nucleoid[END_REF][START_REF] Lim | Evidence for a DNA-relay mechanism in ParABS-mediated chromosome segregation[END_REF][START_REF] Vecchiarelli | A propagating ATPase gradient drives transport of surface-confined cellular cargo[END_REF][START_REF] Vecchiarelli | Cell-free study of F plasmid partition provides evidence for cargo transport by a diffusion-ratchet mechanism[END_REF][START_REF] Vecchiarelli | Surfing biological surfaces: exploiting the nucleoid for partition and transport in bacteria[END_REF]. This mechanism relies on ParA ATP-dependent nonspecific DNA binding activity to the bacterial nucleoid. Briefly, the partition complex binds to the nucleoid via ParA, which stimulates ParA release from the DNA. The ParA rebinding to the nucleoid is slow, such that a void of ParA is created on the nucleoid around the partition complexes. This asymmetric redistribution of unbound ParA induces the partition complexes to move away from each other, towards the ParA remaining bound to the nucleoid (Figure 1). Partition systems are not mutually exclusive, since some naturally-occurring plasmids carry two different systems, generally one of each type, such as plasmids R27 and pB171 [START_REF] Ebersbach | The double par locus of virulence factor pB171: DNA segregation is correlated with oscillation of ParA[END_REF][START_REF] Lawley | Characterization of the double-partitioning modules of R27: correlating plasmid stability with plasmid localization[END_REF][START_REF] Planchenault | Intracellular Positioning Systems Limit the Entropic Eviction of Secondary Replicons Toward the Nucleoid Edges in Bacterial Cells[END_REF]. Although both systems contribute to plasmid stability for these plasmids, the type I system makes the larger contribution. Besides, an number of sequenced low-copy-number plasmids do not encode typical partition systems (types I-III), suggesting the existence of alternative systems [START_REF] Planchenault | Intracellular Positioning Systems Limit the Entropic Eviction of Secondary Replicons Toward the Nucleoid Edges in Bacterial Cells[END_REF]. In that line, two additional and distinct segregation systems have been highlighted. Although unrelated, they share the particularity of involving a single plasmid-encoded DNA-binding protein: a CBP not associated with an NTPase (Guynet et al., 2011;[START_REF] Simpson | A single gene on the staphylococcal multiresistance plasmid pSK1 encodes a novel partitioning system[END_REF]. These proteins, which have no homology to each other or to other known partitioning proteins, are the Par and the StbA proteins of the staphylococcal plasmid pSK1 and the Escherichia coli conjugative plasmid R388, respectively. Plasmids R388 and pSK1 are low-copy-number plasmids. R388 is maintained at about 5 copies per chromosome (Guynet et al., 2011), and, to our knowledge, the copy number of pSK1 has not been determined experimentally, but pSK1 minireplicons are also about 5 copies per chromosome [START_REF] Grkovic | Stable low-copy-number Staphylococcus aureus shuttle vectors[END_REF]. This range of copy number, which is theoretically not high enough for faithful vertical transmission to rely on a stochastic distribution [START_REF] Nordström | Mechanisms that contribute to the stable segregation of plasmids[END_REF], requires an active segregation process.

Here, we present an update on the distribution and organization of the StbA system. We also look back at recent biochemical, structural and in vivo studies and discuss hypotheses on possible models of segregation of R388 and pSK1, as experimental plasmids for these unusual segregation pathways involving a single plasmid-encoded protein.

Genetic organizations and regulation of par and stbA loci

pSK1 Par is encoded by the par gene, which is divergently transcribed from the plasmid's replication initiation gene rep (Figure 2A; [START_REF] Firth | Replication of Staphylococcal Multiresistance Plasmids[END_REF]). The intergenic region between rep and par genes contains several features involved in plasmid replication and stability. These include the promoter of rep, the promoter of an antisense RNA, complementary to the leader region of rep (PrnaI), mediating negative regulation of pSK1 copy number, and the centromere-like site [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF][START_REF] Kwong | Analysis of the pSK1 replicon, a prototype from the staphylococcal multiresistance plasmid family[END_REF]. The origin of replication of pSK1 is located within the rep gene [START_REF] Kwong | Analysis of the pSK1 replicon, a prototype from the staphylococcal multiresistance plasmid family[END_REF][START_REF] Liu | Genetic requirements for replication initiation of the staphylococcal multiresistance plasmid pSK41[END_REF]. This organization of the rep-par intergenic region is conserved among staphylococcal multiresistance plasmids [START_REF] Kwong | Analysis of the pSK1 replicon, a prototype from the staphylococcal multiresistance plasmid family[END_REF][START_REF] Kwong | Staphylococcus aureus multiresistance plasmid pSK41: analysis of the replication region, initiator protein binding and antisense RNA regulation[END_REF]). This configuration, in which the partition locus and other maintenance features are located near the rep locus, is widespread in plasmids. The centromere site, recognized by Par, is composed of seven repeats of a 12-bp DNA sequence with the consensus sequence TTAGGYRSYWAR (Y=C/T, R=A/G, S=G/C, W=A/T) containing a palindrome TTAG(X)4CTAA ( [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF][START_REF] Simpson | A single gene on the staphylococcal multiresistance plasmid pSK1 encodes a novel partitioning system[END_REF]; Figure 2A). The promoter of pSK1 par has been identified among other putative promoters between the par and rep genes. The Ppar -35 sequence is located between repeats 3 and 4 of the centromere site, the -10 sequence encompasses repeats 2 and 3, and the transcriptional start point is in repeat 2. As observed in many partition systems, Par autoregulates the expression of its own gene by binding the centromere repeats in the promoter region [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF], Figure 2A). R388 StbA is encoded in the stb operon, which is divergently transcribed from the trwABC mobility operon (MOB) involved in conjugative DNA processing [START_REF] Fernández-López | Dynamics of the IncW genetic backbone imply general trends in conjugative plasmid evolution[END_REF]Guynet et al., 2011); Figure 2B). The intergenic region between the two operons contains the origin of conjugative transfer (oriT) and stbS, the centromere site. stbS is composed of two sets of five repeats of a 9-bp DNA sequence (the stbDR) with the consensus (T/C)TGCATCAT separated by 2 bp (Figure 2B). The PstbA -35 and -10 sequences are predicted to be in the stbDRs of the centromere site. StbA was shown to repress its own promoter, as well as four other promoters of plasmid R388. These latter contain two to five stbDR repeats, and makes StbA an important transcriptional regulator of the plasmid [START_REF] Fernandez-Lopez | Negative feedback and transcriptional overshooting in a regulatory network for horizontal gene transfer[END_REF][START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF]. Except ardC, which encodes an antirestriction protein, necessary for conjugation in certain conditions (González-Montes et al., 2020), the other genes regulated by StbA have unknown functions. In addition to stbA, the stb operon contains two other genes, stbB and stbC, which are not involved in plasmid segregation in E. coli (Guynet et al., 2011).

StbB is involved in the control of conjugation (see below), while StbC functions remain unknown.

Distribution of single-protein partitioning systems

The par locus was essentially found in Staphylococcal plasmids. These usually range in size from small (usually less than 10 kb) plasmids replicating by a rolling circle mechanism, to larger low-copy-number theta-replicating plasmids (generally 15 to 60 kb). These latter usually carry antibiotic resistance determinants and are referred to as staphylococcal multiresistance plasmids, which are divided into three groups based on resistance phenotypes and conjugative properties: the pSK41-like conjugative plasmids, the nonconjugative antimicrobial and heavy-metal resistance plasmids, and the pSK1 family [START_REF] Firth | Replication of Staphylococcal Multiresistance Plasmids[END_REF][START_REF] Shearer | Major families of multiresistant plasmids from geographically and epidemiologically diverse staphylococci[END_REF]. The par locus distribution has been investigated only in staphylococcal genomes so far.

In 2011, a survey of plasmids of a large number of natural isolates of staphylococci reported 93 fully sequenced plasmids ranging from 1290 bp to 64909 bp, of which about 60 were > 10 kb [START_REF] Shearer | Major families of multiresistant plasmids from geographically and epidemiologically diverse staphylococci[END_REF]. All the 29 small plasmids of less than 10 kb appeared to lack any known partition system. In contrast, the vast majority of large plasmids harbored segregation functions. Of these, genes homologous to the pSK1 par locus were the most frequent, present in about 80% of plasmids of more than 10 kb (Figure 3). Interestingly, par was mostly present in medium-sized plasmids (20 to 37 kb). Largest plasmids (above 38 kb) carried either a type II (all pSK41-like conjugative plasmids), or a type Ib partitioning system.

Homologs of the other single-protein mediated segregation system, StbA, were found in about 14 % of the plasmids from a database containing 971 secondary replicons from Enterobacteria selected for their representativity based on the diversity of their replication and transfer machineries and the genus they belong to [START_REF] Planchenault | Intracellular Positioning Systems Limit the Entropic Eviction of Secondary Replicons Toward the Nucleoid Edges in Bacterial Cells[END_REF]. We further searched for StbA homologs in all Enterobacterial plasmids present in RefSeq (Materials and methods). In agreement with our previous results, StbA was found in 17 % of plasmids (957 of 5820), the large majority (92 %) ranging from 20-kb to 150-kb (Figure 3). Thus, as Par homologs in Staphylococci, StbA is preferentially found in medium-sized plasmids in enterobacteria.

We next built a phylogenetic tree based on amino acid sequences of homologs of StbA, from previously identified alleles ( (Guynet et al., 2011), Figure 4, Materials and methods). StbA family members fall into four major groups. Groups 1, 2 and 4 seem to be restricted to ϒ-and β-proteobacteria and group 3 also includes cyanobacteria (Table S1).

Overall, these data indicate that the Par and StbA proteins are widespread, at least in Staphylococcal and Proteobacterial species, respectively. They also suggest that their function is well adapted to medium size plasmids (i.e., ranging from 20-kb to 40-kb and to 150-kb, respectively).

What do proteins tell us about their functions?

Binding to the centromere-like site

Recent data, mostly from structural and in vitro approaches, have provided information on how the partition complex assembles, which is the first step in the segregation process.

The crystal structures of the pSK1 Par and the R388 StbA N-terminal DNA-binding domains (residues 1-53, (PDB ID: 8CSH) and residues 1-75 (PDB ID: 7PC1), referred to as StbA1-75 throughout the text, respectively) have been solved. They display a winged-helix-turn-helix (wHTH) for pSK1 and a typical HTH for StbA, but without structural homology to other characterized CBPs or to each other [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF][START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF].

Par is a 245-residues protein predicted to contain three domains: a N-terminal HTH domain, a C-terminal disordered domain, which frame a short disordered region and a central coiled coil (CC) region that might be involved in oligomerization of the protein [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF], Figure 5A).The structure of Par 53 N-terminal residues bound to a 18-mer DNA site consists in two Par subunits. These show no contacts with each other, and the α-helix 2 inserts into the major groove of the duplex DNA, which consist of a half-site of a centromere repeat (Figure 5B, [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF]). Further studies indicate that Par is able to bind to at least one centromere consensus half sequence for high affinity binding in vitro. In addition, the organization of the centromere in seven contiguous repeats but separated by 1 to 19-bp or even overlapped suggests that one Par DNA binding entity in bound to each repeat. Notably, most contacts between Par and the DNA are hydrophobic and water mediated, without highly specific hydrogen bond-base interactions, which might indicate that Par is able to make contacts with DNA sites that deviate from the consensus [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF].

R388 StbA is a small protein of 110 residues that was shown to harbor two domains, a pretty conserved N-terminal half composed of the HTH, and a non-conserved C-terminal half with a predicted disordered region (residues 69 to 108)( [START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF]) Figure 5A). The HTH domain is a typical HTH with three α helices, of which α3 is supposed to be the recognition helix responsible for the specific binding to the major groove of DNA. StbA N-terminal HTH domain (StbA1-75) contains the DNA binding activity required for specific binding to the stbDR sequences and for plasmid segregation [START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF]. In vitro experiments (EMSA) further strongly suggest that FL StbA, as well as StbA1-75, binds to the stbDRs with high cooperativity resulting in the binding of two StbA HTH domains to every two stbDRs. Since no structure of StbA in the presence of DNA is yet available, we attempted to generated a model of StbA1-75 bound to DNA (Figure 5C). StbA N-terminal domain HTH domain is structurally related (DALI search) to the wHTH domain of several members of the PadR family transcription regulators, except that it lacks the C-terminal wing. The wHTH domain of the protein Rv3488 of Mycobacterium tuberculosis H37Rv (PDB ID: 5ZHC) showed the strongest structural similarity to StbA [START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF]. We thus used Rv3488 as a query structure for a Vast+ search in order to find protein structures, in complex with a DNA substrate, which have the closest similar 3D shape [START_REF] Madej | Biological Assembly Comparison with VAST[END_REF]. We found a replication terminator protein of Bacillus subtilis, arranged in a dimer, in complex with part of one of its DNA termination sites (PDB ID: 1F4K; Figure S1 [START_REF] Vivian | An asymmetric structure of the Bacillus subtilis replication terminator protein in complex with DNA[END_REF]), and used it to build a model of DNA-bound StbA (Figure 5C). With all the caution in the different interpretations that working with models requires, some interesting observations can be made. In the model, StbA assembles as a dimer and, as expected, the recognition α3-helix of each monomer inserts into the major groove of the DNA. Noteworthy, both monomers contact the DNA on the same side. This is consistent with the organization of stbS in two arrays of five 9-bp stbDRs spaced by 2-bp, thus corresponding to a complete helix turn. This is reminiscent of the ParR proteins (type II CBPs) from plasmids pB171 and pSK41. These cooperatively assemble into a continuous structure on their cognate centromeres, which are organized very similarly to stbS (Møller- Jensen et al., 2007;[START_REF] Schumacher | Segrosome structure revealed by a complex of ParR with centromere DNA[END_REF]. The putative oligomerization of the N-terminal domain of StbA as suggested by the model will be discussed below.

The potential roles of the other domains of both proteins on binding to the DNA have been investigated. For both proteins, Par and StbA, the C-terminal disordered region does not appear to be involved in centromere binding [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF][START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF]. However, in the case of Par, deletion of the central CC domain or mutation at a specific position predicted to interfere with dimer formation (see below) led to reduced binding to the centromere in vitro. This suggests that, although the CC domain does not directly contact DNA, oligomerization of Par has an impact on DNA binding affinity [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF].

Oligomerization

Protein oligomerization is proved to be an important property of proteins involved in segregation functions, whether for the assembly of large nucleoprotein partition complexes or the process generating the driving force that promotes adequate plasmid positioning.

Par protein structural data indicate that there are no interactions between the two Par wHTH (Figure 5B), which is confirmed by size exclusion chromatography (SEC) [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF]. In silico predictions combined with SEC, circular dichroism and microscopy assays also [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF]. It shows that the CC domain mediates the formation of Par A dimers, which assemble in dimer-of-dimers through interactions between the C-terminal ends of the CC domains. Altogether, these data strongly suggest that the oligomerization mediated by the CC domain is important in Par segregation function.

Regarding StbA, a body of evidence points to an oligomerization of the protein, but the involvement of each domain, the N-terminal HTH and the C-terminal disordered domain, as well as the oligomerization level, are not clear. StbA, as most bacterial transcription factors, including the PadR proteins to which it is structurally most related, is likely to dimerize. In that line, SEC analysis and bacterial two-hybrid assays indicate that FL StbA forms dimers [START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF]. Crystallographic data of StbA N-terminal HTH domain (StbA1-75) showed that the asymmetric unit contained one monomer, which correlates with SEC assays showing that it is a monomer in solution. This suggests that the N-terminal domain of StbA is not involved in oligomerization of the protein, yet bacterial two-hybrid assays show that StbA1-75 interacts with itself. Besides, the fact that it exhibits specific and cooperative binding to the stbDRs properties similar to those of FL StbA suggests that interactions between StbA1-75 monomers might be promoted or stabilized by binding to the DNA [START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF]. In agreement with this, EMSA experiments indicate that neither StbA nor StbA1-75 are able to form stable complexes with a single stbDR site, leading to the hypothesis that two StbA HTH domains bind to every two stbDRs. StbA and StbA1-75 form specific high molecular weight complexes in the presence of DNA carrying stbDRs in vitro, suggesting that the proteins are capable of higher order oligomerization.

Structural and modeling data suggest roughly three different models that could explain how StbA1-75 may form dimers. The first one is predicted from the nature of the crystals. Indeed, although the asymmetric unit (a.s.u.) contained a single StbA1-75 monomer, the crystals showed a threefold symmetry between three identical subunits [START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF].

The N-terminus of helix α1 of one monomer packed into a hydrophobic pocket formed with residues from helices the α1 and α2 helices of the second monomer (Figure 6A). The second model follows AlphaFold 2 predictions using StbA1-75 as a query (Figure 6B). The putative dimerization interface is similar, but in contrast to the first model, the dimer assembles in a head-to-tail fashion. A loop located within helix α1 allows the N-terminus of helix α1 of the second monomer to contact helices α1 and α2 of the first monomer. The third model arises from our model based on structural homologies with a replication terminator protein (see above, Figure 5C), in which monomers interact through their α1 helices. All three models suggest that the long α1 helix has an important role for StbA oligomerization. 

Segregation mechanism models for single-protein systems

Although the pSK1 Par and R388 StbA segregation systems are unrelated, both involve a single plasmid-encoded CBP, and thus share the absence of the NTPase encoded together with the CBP in all partition systems described so far. This raises the question, how a single DNA binding protein can ensure both the assembly of the segregation complex and the addressing of the plasmid to both daughter cells.

Fate of the plasmids when cohabiting with chromosomal DNA

pSK1 minireplicons and R388 plasmids have been localized in live cells, using a TetR-GFP/tetO fluorescent repressor-operator system in S. aureus [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF][START_REF] Lau | Spatial and temporal organization of replicating Escherichia coli chromosomes[END_REF], and a ParBP1-GFP/parS system in E. coli (Guynet et al., 2011;[START_REF] Li | The P1 plasmid in action: time-lapse photomicroscopy reveals some unexpected aspects of plasmid partition[END_REF][START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF], respectively. The presence of Par correlates with a weak mobility of pSK1 minireplicons foci, mostly two in number per cell, and which are confined in restricted areas and separate into two or more foci in dividing cells (Figure 7A). For plasmid R388, most cells carrying R388 exhibit between 4 and 6 foci of fluorescent-tagged plasmid (Guynet et al., 2011).

This roughly corresponds to the copy number of R388, suggesting that most foci contain a single copy of the plasmid. Foci appear to be evenly assorted within nucleoid area (Figure 7B).

In both cases, deletion of the CBP leads to a decrease in the number, as well as aberrant localization or variations in the dynamics of fluorescent-tagged plasmids, which is associated with plasmid instability. In the absence of Par, most cells do not contain any foci. In focicontaining cells, foci are highly mobile and do not separate, hence the absence of faithful inheritance in the daughter cells upon division (Figure 7C). The absence of StbA, which does not affect plasmid copy-number, correlates with a significant decrease in the number of foci (between 1 and 3), which are clustered in nucleoid-free spaces, mostly at one cell pole (Figure 7D, (Guynet et al., 2011).

These observations are reminiscent of the non-uniform plasmid distribution in the cell driven by entropic forces that tend to physically separate plasmids from the chromosome, resulting in plasmid exclusion from nucleoid space. Entropy had also been proposed previously as the driving force behind the spontaneous unmixing of daughter chromatids leading to chromosome segregation in dividing bacteria [START_REF] Jun | Entropy as the driver of chromosome segregation[END_REF]. High copy number plasmids (>15 copies), for which no segregation systems have been identified, have a hybrid distribution, composed of both large clusters and single random molecules. They are located mainly in the nucleoid-free area, at the poles and around the nucleoid periphery with occasional movements between poles, which is conducive for efficient random assortment to the daughter cells at cell division [START_REF] Hsu | High-Copy-Number Plasmid Segregation-Single-Molecule Dynamics in Single Cells[END_REF][START_REF] Reyes-Lamothe | High-copy bacterial plasmids diffuse in the nucleoid-free space, replicate stochastically and are randomly partitioned at cell division[END_REF][START_REF] Wang | fuscans str. 4834-R plb 19514 Bacteria; Pseudomonadota; Gammaproteobacteria; Xanthomonadales; Xanthomonadaceae; Xanthomonas LT853884 Xanthomonas fragariae strain PD885 pPD885-27 27106 Bacteria; Pseudomonadota; Gammaproteobacteria; Xanthomonadales; Xanthomonadaceae; Xanthomonas CP000060 Pseudomonas savastanoi pv. phaseolicola 1448A small 51711 Bacteria; Pseudomonadota; Gammaproteobacteria; Pseudomonadales; Pseudomonadaceae; Pseudomonas NC_019292 Pseudomonas savastanoi NCPPB 3335 pPsv48C 42103 Bacteria; Pseudomonadota; Gammaproteobacteria; Pseudomonadales; Pseudomonadaceae; Pseudomonas KY296095 Pseudomonas aeruginosa strain 14057 p14057-KPC 516636 Bacteria; Pseudomonadota; Gammaproteobacteria; Pseudomonadales; Pseudomonadaceae; Pseudomonas KC170282 Uncultured bacterium pMBUI6 47999 Bacteria; environmental samples AXBS02000019 Xylella fastidiosa 6c (whole genome shotgun sequence) pXF6c 39572 Bacteria; Pseudomonadota; Gammaproteobacteria; Xanthomonadales; Xanthomonadaceae; Xylella NC_014385 Escherichia coli pEC_L46 144871 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; Escherichia KX518744 Escherichia coli strain HYEC7 pHYEC7-110 110226 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; Escherichia NZ_CP006801 Klebsiella pneumoniae subsp. pneumoniae PittNDM01 p3 70814 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; Klebsiella/Raoultella group; Klebsiella. NC_007182 Sodalis glossinidius pSG1 81553 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Bruguierivoracaceae; Sodalis CP011646 Klebsiella pneumoniae strain CAV1596 pKPC_CAV1596-97 96702 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; Klebsiella/Raoultella group; Klebsiella AY046276 Salmonella enterica subsp. enterica serovar Typhimurium R46 50969 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; Salmonella NZ_CP015505 Klebsiella pneumoniae strain SKGH01 unnamed 5 34611 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; Klebsiella/Raoultella group; Klebsiella. CP021974 Methylophaga nitratireducenticrescens strain GP59 pGP59-34 33560 Bacteria; Pseudomonadota; Gammaproteobacteria; Thiotrichales; Piscirickettsiaceae; Methylophaga NC_011148 Salmonella enterica subsp. enterica serovar Agona str. SL483 unnamed 37978 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae; Salmonella. NC_010696 Erwinia tasmaniensis Et1/99 pET35 35494 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Erwiniaceae; Erwinia. NC_017903 Escherichia coli Xuzhou21 pO157_Sal 37785 Bacteria; Pseudomonadota; Gammaproteobacteria; Enterobacterales; Enterobacteriaceae[END_REF]. Besides, experimental studies in E. coli as well as in silico simulations demonstrated that DNA circles devoid of partition system, resulting either from excised chromosomal circles or natural plasmids, are unmixed from the chromosome but maintained at the nucleoidcytoplasm transition [START_REF] Planchenault | Intracellular Positioning Systems Limit the Entropic Eviction of Secondary Replicons Toward the Nucleoid Edges in Bacterial Cells[END_REF]. This unmixing strongly depends of the replicon size. While plasmids below 25 kb diffuse rapidly across the chromosome, which would ensure efficient random segregation, largest plasmids suffer the highest missegregation and require the presence of a partitioning system for stability [START_REF] Planchenault | Intracellular Positioning Systems Limit the Entropic Eviction of Secondary Replicons Toward the Nucleoid Edges in Bacterial Cells[END_REF]. In the same vein, when mixed in cavities provided by artificial nanofluidic model systems, plasmid molecules are found excluded from large DNA molecules [START_REF] Liu | Confinement anisotropy drives polar organization of two DNA molecules interacting in a nanoscale cavity[END_REF]. Polymer physics further predicts that shape anisotropy of the cell influences the organization of DNA molecules in bacterial compartments, such that unmixing would be significantly increased in rod-shaped bacteria compared to round-shaped bacteria [START_REF] Jun | Entropy-driven spatial organization of highly confined polymers: lessons for the bacterial chromosome[END_REF][START_REF] Jun | Entropy as the driver of chromosome segregation[END_REF][START_REF] Liu | Confinement anisotropy drives polar organization of two DNA molecules interacting in a nanoscale cavity[END_REF]. These data can be accounted for when considered in light of the distributions of pSK1(Δpar) and R388(ΔstbA) minireplicons. Both make foci that appear to be released from the nucleoid. Eviction appears stronger in rod-shaped E. coli cells for R388(ΔstbA) plasmids, which are found primarily at the cell poles and, as far as can be deducted from 2-dimension images, at the nucleoid edges, than in round-shaped S. aureus cells for pSK1(Δpar) minireplicons, which appear to form clusters and foci that are more mobile than in the presence of Par (Figures 7C and7D). The Par and StbA proteins can therefore be considered as sub-cellular positioning systems that act to localize plasmids molecules to the nucleoid, which could allow plasmids to counter entropy. A potential strategy for efficient segregation and consistent with these observations would be the tethering of plasmids to the bacterial nucleoid by physical interactions, which would be ensured by the activities of Par and StbA.

"Chromosome hitchhiking" or "pilot fish" model

This idea of a physical association of plasmids with the host chromosome for their stable propagation, is reminiscent of the partitioning systems of eukaryotic extra -chromosomal elements, exemplified by the 2-micron yeast plasmid and episomes of certain mammalian viruses (reviewed in [START_REF] Sau | Hitchhiking on chromosomes: A persistence strategy shared by diverse selfish DNA elements[END_REF]). This is the so-called 'hitchhiking' model, positing that plasmids utilize the chromosomes as vehicles for segregation. Although the physical association between the partition proteins of these elements and chromosomes has been established, the molecular basis of the interactions, as well as direct evidence of the hitchhiking mechanism, are still missing.

The hitchhiking model has also been proposed for both pSK1 and R388 plasmids [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF]Guynet et al., 2011). It was also called the 'pilot-fish' model, where plasmid copies of R388 resemble pilot-fishes, who take advantage of the bow wave created by the swimming of big marine predators, which would be the chromosome in the case of plasmids (Guynet and de la Cruz, 2011). In this model, Par and StbA CBPs would bind to their respective centromeres and the resulting segregation complex would associate with the nucleoid. This could be done through direct interactions with chromosomal DNA sequences, or through indirect interactions involving one or more unknown chromosome-associated host factors. dimer could bind to the centromere site, while the other dimer would interact with the host chromosome. Searches of the S. aureus genomes showed that it carries many candidate sequences for Par binding. Indeed, more than 20 sites contain 9 of the 12-bp of the centromere consensus repeat of pSK1, and there are likely many more sites, given that experimental data show that Par is able to bind to one centromere consensus half site, and probably to DNA sites that deviate from the consensus, as suggested by the absence of specific hydrogen-bond base interactions [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF]. How CBPs binding to multiple sites scattered around the chromosome could ensure faithful segregation of the plasmids to new daughter cells remains however unclear. The case of StbA appears to be different. Even if more than 350 matches to the 9-bp stbDR repeats sequences are found on the E. coli chromosome, the combination of two stbDRs in direct repetition separated by 2 bp, required to detect binding in vitro [START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF], is not found.

Another way to mediate plasmid attachment to the chromosome would be through the intervention of another protein. In this view, Par and StbA C-terminal domains might be involved in interactions with a host-encoded protein that would make the link between the segregation complex and the nucleoid (Figure 7E(ii)). No potential host partners have been identified so far by genome-wide assays: in S. aureus using the yeast two-hybrid, and in E. coli using the bacterial two-hybrid screen. Attempted to specifically reveal interactions between StbA and E. coli nucleoid-associated proteins (NAPs) by bacterial two-hybrid assays were also unsuccessful. A clue could have been given by the structural similarities between the Par DNAbinding domain with the wHTH of the Bacillus subtilis protein RacA. RacA plays a critical role in DNA segregation during sporulation by tethering the chromosome at the poles, presumably by binding to centromere-like DNA sites near the origin of replication and then interacting with the pole-located DivIVA protein via its C-terminal domain. [START_REF] Ben-Yehuda | Defining a centromere-like element in Bacillus subtilis by Identifying the binding sites for the chromosome -anchoring protein RacA[END_REF], 2003;[START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF][START_REF] Schumacher | Molecular insights into DNA binding and anchoring by the Bacillus subtilis sporulation kinetochore-like RacA protein[END_REF]. However, yeast-two hybrid assays did not reveal any interaction between Par and the S. aureus DivIVA [START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF].

The above hitchhiking models rely on interactions between partition complexes and the host nucleoid, requiring a certain degree of specificity hardly compatible with the broad host range of some plasmids as R388 [START_REF] Fernández-López | Dynamics of the IncW genetic backbone imply general trends in conjugative plasmid evolution[END_REF]. Alternatively, plasmid copies may position relative to each other to optimize their distribution. Such a process could rely on repulsion forces between partition complexes by an unknown mechanism. Plasmid copies would thus occupy the largest possible volume, while remaining bound to the nucleoid by non-specific interactions, ensuring adequate positioning upon cell division (Figure 7E(iii)).

StbA and the interplay between vertical segregation and horizontal transfer

If the segregation process strives to keep plasmid copies in the centre of the cell, this calls into question the ability of conjugative plasmids such as R388 to undertake conjugation, which takes place at the membrane. Conjugation is the process by which plasmids are transferred from a donor bacterium to a recipient bacterium through a conjugative pore (T4SS, type IV secretion system), which is established at the bacterial membrane between the two cells in physical contact [START_REF] Cabezón | Towards an integrated model of bacterial conjugation[END_REF][START_REF] Llosa | Bacterial conjugation: a two-step mechanism for DNA transport[END_REF][START_REF] Virolle | Plasmid Transfer by Conjugation in Gram-Negative Bacteria: From the Cellular to the Community Level[END_REF]. In this context, the stb operon the first evidence for a mechanistic interplay between s egregation (vertical transfer) and conjugation (horizontal transfer). Indeed, StbA is not only the sole plasmidencoded protein involved in R388 segregation, but is also an inhibitor of conjugation. StbA inactivation makes R388 a super-spreader plasmid with up to 50-fold higher transfer frequency than the wild type, whereas StbA presence makes the second protein encoded in the opreron stb, StbB, strictly required for conjugative transfers (Guynet et al., 2011). Note that as mentioned above, StbB, which contains a variant Walker A nucleotide triphosphatebinding motif related to that found in the Soj/MinD superfamily of ATPases, including type I par motor proteins, is not involved in R388 segregation. Strikingly, the activities of StbA and StbB in controlling vertical and horizontal transfer of R388 correlate with subcellular localization of plasmid copies: StbA-mediated segregation of R388 and inhibition of conjugation correlates with the confinement of plasmids to nucleoid areas, whereas StbB stimulation of conjugation correlates with the presence of plasmid copies in nucleoid-free zones at the membrane T4SS. Plasmid R388 thus appears to encode in the same operon two proteins that act to position plasmids. These counteract each other, and go ag ainst entropic forces, which tend to position plasmids at the edge of the nucleoid, i.e. neither at the nucleoid nor near the membrane, where StbA and StbB position plasmids, respectively. The StbAB system can illustrate evolutionary parsimony applied to plasmid physiology, using only two actors to ensure faithful plasmid propagation.

Conclusion

Despite recent progress in characterizing the proteins involved in the two unrelated oneprotein plasmid segregation systems described so far, the mechanisms underlying the assembly of their segregation complex, as well as how the plasmid copies separate and strategically position themselves to ensure their stable maintenance in progeny are not yet elucidated. No host protein that might play a role analogous to that of the NTPases of typical partition systems, by an as yet unknown mechanism, has been identified. Polymer physics studies could also potentially help in the understanding of the behavior of selfish elements and chromosomal DNA in the very crowded yet dynamic bacterial compartment. Although a hitchhiking mode of segregation is appealing for the pSK1 and R388 plasmid, no direct or indirect evidence for an association with the chromosome or any other host factor exists. The next step forward would be to identify potential plasmid tethering sites on the nucleoid and /or host factors if any. This mode of segregation would involve DNA-protein and proteinprotein interactions that also have to be characterized. Whatever the molecular basis governing the one-protein segregation systems, it seems to be adapted to medium-sized plasmids. These plasmids may be small enough not to interfere with chromosome dynamics, either physically due to their size, or metabolically due to the number of genes they carry.

They may thus keep a medium copy number (about 5 copies per chromosome in both cases), allowing stable inheritance to rely on an even subcellular assortment using the nucleoid as a scaffold, with no need of active transportation of plasmid copies before cell divis ion.

Materials and methods

StbA reference dataset

The sequence of StbA alleles described in (Guynet et al., 2011) was used as a query in an iterative BLASTP search at NCBI (Genbank non-redundant database, May 2019). These alleles were those found in plasmids R388, R46, NAH7, pTF-FC2, and RP4. Since the full sequence of the latter was not available, the StbA allele of plasmid pBS228, which was identical, was used, and the StbA allele of plasmid pET49 was added following the iterative search. For each potential non-redundant StbA sequence, the corresponding plasmid sequence was downloaded and annotated using SnapGene software (www.snapgene.com), and oriTfinder (https://tool-mml.sjtu.edu.cn/oriTfinder/oriTfinder.html) was used to determine possible oriT site, relaxases, and type IV secretion system genes. Hypothetical StbA sequences were retained if at least, either stbB or the MOB gene encoding the relaxase was present nearby.

Enterobacterial StbA dataset

An HMM profile was constructed using a MAFFT alignment of the conserved N-terminal domains of the StbA reference set. This HMM was then used as a query to search for StbA homologs in the full set of Enterobacteria plasmids (5820 plasmids) available in RefSeq (May 2019). We obtained 977 results for StbA in 957 plasmids (16 plasmids carried 2 StbA copies and 2 plasmids had 3 copies).

Phylogenetic tree

StbA sequences were analyzed via NGPhylogeny (https://ngphylogeny.fr/). They were aligned using MAFFT [START_REF] Katoh | MAFFT Multiple Sequence Alignment Software Version 7: Improvements in Performance and Usability[END_REF] and fitted with TrimAl [START_REF] Capella-Gutiérrez | trimAl: a tool for automated alignment trimming in large-scale phylogenetic analyses[END_REF].

The tree was built from the StbA reference dataset, to which we added 18 sequences (highlited in blue in Table S1) selected from previous results [START_REF] Planchenault | Intracellular Positioning Systems Limit the Entropic Eviction of Secondary Replicons Toward the Nucleoid Edges in Bacterial Cells[END_REF] for a better representation of all StbA sequences. A phylogenetic tree was constructed with PhyML (maximum-likelihood) [START_REF] Guindon | New algorithms and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0[END_REF]) (evolutionary model LG ; Tree topology search : SPR (Subtree Pruning and Regraphing)) and visualized with iTOL ( [START_REF] Letunic | Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation[END_REF], https://itol.embl.de). enterobacterial replicons (red vertical lines), respectively, and which were ranked according to their size (x-axis). The data for staphylococcal plasmids are from [START_REF] Shearer | Major families of multiresistant plasmids from geographically and epidemiologically diverse staphylococci[END_REF]. includes plasmids R46 (AY046276), pNAH7 (AB237655), R721 (NC_002525) and R388 (NC_028464) -Group 2 (green) includes pBS228 (NC_008357) -Group 3 (blue) include plasmid pTF-FC2 (TFETFFC2) -Group 4 (orange) include plasmid pET49 (CU468131). The tree display was obtained with online iTOL ( [START_REF] Letunic | Interactive Tree Of Life (iTOL) v5: an online tool for phylogenetic tree display and annotation[END_REF], https://itol.embl.de). between the segregation protein and the chromosomal DNA (i), or through interactions with one or more host proteins that bind to the nucleoid (ii). The plasmids thus take advantage of the segregation of the chromosomes to distribute themselves between the two daughter cells during bacterial division. In (iii), the partition complexes would interact with each other rather than with the nucleoid to partition plasmids into the nucleoid space and ensure daughter cells to receive at least one copy of the plasmid. Table S1. List of plasmids used to build the phylogenetic tree. For each, the accession number, the name, the size, the host and the group of StbA proteins (group 1 in red, group 2 in green, group 3 in blue and group 4 in orange) are indicated. The reference plasmids are in bold type, and the 18 additional sequences are highlighted in blue. 0 1 8 2 1 2 A P 0 1 8 3 2 5 C P 0 1 6 6 1 9 Tree scale: 1 Group 1 (R388, NAH7, R46, R721) Group 2 (pBS228) Group 3 (pTF-FC2) Group 4 (pET49) 

Figure legends

  show strong evidence converging on the presence of a CC domain in the central domain of Par, mediating the formation of Par dimer-of-dimers[START_REF] Chan | Molecular Analysis of pSK1 par: A Novel Plasmid Partitioning System Encoded by Staphylococcal Multiresistance Plasmids[END_REF]. Besides, wild type Par expressing GFP at its C-terminus forms distinct fluorescent foci in S. aureus cells. Foci of GFPtagged Par carrying a mutation in the wHTH domain that abolishes DNA binding are more diffuse but visible, suggesting that Par multimerizes in the absence of DNA binding, although potential aggregation artifacts cannot be ruled out. A model of the full-length (FL) Par protein bound to the DNA was proposed by combining the crystal structure of the wHTH, AlphaFold 2 modeling of the central CC and the disordered domains, and docking the ends of the domain from each dimer

  The contribution of StbA C-terminal domain in the oligomerization of the protein is unknown. One might expect that, as with the characterized PadR family proteins to which StbA is structurally related, it would mediate dimerization through interactions with the HTH domain of the other monomer, but there is no evidence for this yet. Its disordered nature probably correlates with the failure to crystallize FL StbA despite numerous attempts , as well as the very low confidence in all predictions with AlphaFold 2, which does not allow to propose a 3D structure model of the FL protein. Although the C-terminal domain is not required for the formation of specific StbA-stbDRs complexes in vitro, it is clearly necessary for StbA activities in vivo. Indeed, StbA1-75 exhibits only partial activities in segregation and subcellular positioning, as well as reduced activity in repressing the stbDR-carrying promoters of plasmid R388. The C-terminus of StbA might thus stabilize interactions between StbA and the stbDR sites, and/or promote interactions with other partners, as discussed below[START_REF] Quèbre | Characterization of the DNA Binding Domain of StbA, A Key Protein of A New Type of DNA Segregation System[END_REF].
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