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I-Introduction

Bacteria have been extensively used to study the fundamental processes governing the cell cycle for 70 years. In this thesis we used Escherichia coli bacterium to study the regulation of topological homeostasis of the chromosome.

Escherichia coli is a Gram-negative rod-shaped bacterium of the Enterobacteriaceae family (figure 1,A). E. coli has both commensal and pathogenic types. Escherichia coli is arguably the most comprehensively studied organism known to science. It is also an indispensable tool in the lab used mainly for cloning genes on plasmids and protein purification.

The E. coli 4.6 Mbp genome is compacted and harbors thousands of genes organized in single genes or operons. The nucleoid (the structure formed by chromosomal DNA and chromatin) is 1000-fold compacted occupying one-third of the cell volume (figure 1,A) (Wang et al. 2013). To achieve compaction, the cell relies on two aspects, the supercoiling of DNA and the DNA binding proteins. The supercoiling results from constraining the free movement of one or both ends of a DNA fiber. In solution a circular genome twists about itself as that of a rubber band achieving a first degree of compaction [START_REF] Holmes | Closing the ring: links between SMC proteins and chromosome partitioning, condensation, and supercoiling[END_REF]. DNA binding proteins form the nucleoid. Nucleoids are bound by different families of proteins that are: i) Nucleoid Associated Proteins (NAPs) ii) condensin from the SMC family in E. coli called MUKB, iii) proteins involved into nucleic acid transactions (RNA polymerase RNAP, and DNA polymerases DNAP) [START_REF] Toro | Bacterial Chromosome Organization and Segregation[END_REF][START_REF] Dame | Chromosomal macrodomains and associated proteins: Implications for DNA organization and replication in gram negative bacteria[END_REF]. The synergetic effect of supercoiling and nucleoid-bound proteins together results in the final compaction degree manifested by the topological domains (TDs) formation. TDs are 10kb in size. The E. coli genome harbors around 400 TDs during exponential growth [START_REF] Postow | Topological domain structure of the Escherichia coli chromosome[END_REF][START_REF] Higgins | Surveying a supercoil domain by using the gamma delta resolution system in Salmonella typhimurium[END_REF]) (figure 2,A) [START_REF] Goodsell | Escherichia coli[END_REF]Wang et al. 2013;[START_REF] Foo | Single cell super-resolution imaging of E. coli OmpR during environmental stress[END_REF] A C

B

The NAPs family is made up of various proteins which are differentially expressed among different growth phases (figure 2, B) [START_REF] Dame | Chromosomal macrodomains and associated proteins: Implications for DNA organization and replication in gram negative bacteria[END_REF][START_REF] Rimsky | Pervasive regulation of nucleoid structure and function by nucleoidassociated proteins[END_REF][START_REF] Dame | The role of nucleoid-associated proteins in the organization and compaction of bacterial chromatin[END_REF].

NAPs proteins have different functions. DNA bridging is catalyzed by H-NS dimers and/or LRP (hexadecameric of octameric complexes). DNA aggregation is catalyzed by DPS and CbpA that form hexagonally packed two-dimensional arrays leading to NAP-DNA aggregates. Some NAPS can also perform DNA bending. IFH bends DNA by 180°. HU preferably binds distorted and supercoiled DNA forming rigid HU-DNA complexes reminiscent to eukaryotic histones.

FIS bends two segments to form cross segments.

E. coli SMC MukBEF complex is not a NAP but rather a condensin that bridges far DNA segments forming knotting of negatively supercoiled DNA loops [START_REF] Cui | MukB acts as a macromolecular clamp in DNA condensation[END_REF][START_REF] Petrushenko | DNA reshaping by MukB: Right-handed knotting, left-handed supercoiling[END_REF]. Last but not least , complexes that are involved in nucleic acid metabolism also compact the genome as reported by [START_REF] Murphy | Multiple restraints to the unfolding of spermidine nucleoids from Escherichia coli[END_REF]. They have shown that extracted nucleoids with active gene expression kept extracted nucleoids condensed.

Throughout vital DNA transaction processes, the supercoiling/DNA compaction status is altered. Topoisomerases are the enzymes responsible for the supercoiling management they are also at the center of the process of chromosome compaction. They are also vital for chromosome replication, gene transcription and sister chromatid segregation. The regulation of one of these topoisomerase (Topoisomerase IV) is the subject of my Ph. D.

work where I tried to decipher both its role and activity hotspots at the genome-wide scale. Wang et al. 2013;[START_REF] Rimsky | Pervasive regulation of nucleoid structure and function by nucleoidassociated proteins[END_REF][START_REF] Cui | MukB acts as a macromolecular clamp in DNA condensation[END_REF][START_REF] Dame | Chromosomal macrodomains and associated proteins: Implications for DNA organization and replication in gram negative bacteria[END_REF] 1

.1 The DNA double Helix

Immense efforts in the past century have been devoted to unraveling the secrets and structures of DNA. Deoxyribonucleic acid (DNA) is made up of polymers of simpler units called nucleotides. Nucleotides are of four types composed of the same sugar called deoxyribose and phosphate group while differing in the nucleobase groups that make up these different types of nucleotides. These are called Adenine, Guanine, Thymine, and Cytosine.

Genomic DNA folds in a double helix of two anti-parallel polynucleotide strands where each strand is formed by phosphodiester bonds of nucleotides(Figure 3, A) [START_REF] Klug | The discovery of the DNA double helix[END_REF][START_REF] Watson | The Complementary Structure of Deoxyribonucleic Acid[END_REF]WATSON & CRICK 1953). The structure of DNA has been unraveled in the 1950's by the compiled efforts of James Watson, Francis Crick, Rosalind Franklin, and Maurice Wilkins whose work on X-Ray diffraction experiments guided Watson and Crick to propose the 3-D form of DNA (figure 3,B). [START_REF] Franklin | Molecular Configuration in Sodium Thymonucleate[END_REF][START_REF] Watson | Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid[END_REF]. J. Watson and F. Crick also postulated the Watson-Crick base pairs stating that inside the hydrophobic core of the DNA double helix, antiparallel strands form hydrogen bonds amongst each other.

Adenine forms two hydrogen bonds with Thymine and Guanine forms three hydrogen bonds with Cytosine, which were called later Watson and Crick base pairs (figure 3,C).

In their Nature articles J. Watson and F. Crick have depicted the more frequent form of DNA which is the form frequently observed in vivo, called the B-DNA. It is identified by having 10.1 base pairs per turn and that the orientation of the turns about the invisible helix is clockwise thus right-handed. Each turn is around 34 A° in length. Thus, the length of each phospo-nucleoside is around 3.3A°. The B-DNA conformation is dominant in high water availability. DNA can be found is different isoforms. The A-DNA is dominant in conditions where water availability is less than 75% [START_REF] Franklin | Molecular Configuration in Sodium Thymonucleate[END_REF]. In fact, the A and B DNA were found by the X-ray diffraction experiments conducted by R. Franklin. In her article she referred to the A-DNA as the crystalline form of low water constituent whereas, the B-DNA assumed another conformation assuming the characteristic radial X-shaped pattern at high humidity(figure 4, A) [START_REF] Franklin | Molecular Configuration in Sodium Thymonucleate[END_REF]. It has been shown that in contrast to B-DNA, A-DNA is more compact having the phosphorous group facing the major groove and it has 11

DNA per turn and as low as 28 A° in length. These two forms are readily interchangeable and are modulated by water accessibility. Adapted from [START_REF] Drew | Conformation and dynamics in a Z-DNA tetramer[END_REF][START_REF] Franklin | Molecular Configuration in Sodium Thymonucleate[END_REF][START_REF] Watson | The Complementary Structure of Deoxyribonucleic Acid[END_REF]WATSON & CRICK 1953;[START_REF] Travers | DNA structure and function[END_REF] 1.1.1 .Alternative DNA structures

Right handed double helices such as the A-and the B-forms are the canonical forms.

However, plenty of DNA forms have been identified both in vivo and in vitro (figure 4, B-G) [START_REF] Travers | DNA structure and function[END_REF]). H-form is a form of DNA composed of triple helices. This triple helix is the result of a Hoogsteen base pair with a Watson-Crick double helix in the major groove causing a unorthodox triple helix base pairing [START_REF] Harvey | DNA stem-loop structures in oUgopurine-oligopyrlmkiine triplexes Stephen[END_REF][START_REF] Htun | Single Strands, Triple Strands, and Kinks in H-DNA[END_REF]. Double-stranded sequences that form a G-quadruplex are G-rich on one strand and C-rich on the other strand where the G-rich strand form Hoogsteen base-paring between the 4-strand formations. However the C-rich strand forming the i-motif form yet another non-canonical base pairing and is pH dependent [START_REF] Kang | Crystal Structure of four-stranded Oxytricha telomeric DNA[END_REF]Sundquist & Aaron 1989). G-quadruplexes are frequently found in the single stranded termini of the eukaryotic telomeres [START_REF] Htun | Single Strands, Triple Strands, and Kinks in H-DNA[END_REF]Sundquist & Aaron 1989). Z-DNA and its variants such as cruciforms and slipped loops are promoted by negative supercoiling and therefore highly abundant in the vicinity of promoters where negative supercoiling accumulates [START_REF] Mace | Association of an S1 nuclease-sensitive structure with short direct repeats 50 of Drosophila heat shock genes[END_REF][START_REF] Lilley | The inverted repeat as a recognizable structural feature in supercoiled DNA molecules Biochemistry : Lilley[END_REF][START_REF] Singleton | Left-handed Z-DNA is induced by supercoiling in physiological ionic conditions[END_REF][START_REF] Glaser | Optimal Heat-induced Expression of the Drosophila hsp26 Gene Requires a Promoter Sequence Containing ( CT )n . ( GA )n Repeats[END_REF]. Another variant that is also dependent on negative super helicity is called the Bubble form. It is found in AT-rich sequences that are readily weak and are prone to unfold easily forming the bubble formation [START_REF] Drew | Negative supercoiling induces spontaneous unwinding of a bacterial promoter Horace[END_REF]. P-and S-DNAs are DNA forms found in vitro by exerting extensive torsional forces that have not been described yet in biological systems [START_REF] Bustamante | Ten years of tension: single-molecule DNA mechanics[END_REF]. P-form is the overwound form with 2.7 bp/turn whereas the S-form is the under-wound having up to 33bp/turn [START_REF] Bustamante | Ten years of tension: single-molecule DNA mechanics[END_REF][START_REF] Allemand | Stretched and overwound DNA forms a Pauling-like structure with exposed bases[END_REF]). The S-form is formed under extensive force of at least 60pN whereas P-DNA is formed under a stable torque of 30 pN/nm [START_REF] Smith | Direct Mechanical Measurements of the Elasticity of Single DNA Molecules by Using Magnetic Beads[END_REF]).

DNA supercoiling

DNA supercoiling is one the "pillars" contributing to DNA compaction. It is the result of coiling of the double helix around its axis. To be supercoiled, DNA has to have constrained ends for torsional stress to build up. This formation is called a topological domain. Two types of supercoiling can form in topological domains. Plectonemic supercoiling, forms in underwound or overwound DNA free in solution. Toroidal supercoiling is yielded as a result of DNA winding around proteins. The change in supercoiling yields various forms called topoisomers.

To monitor the change in topoisomers, two mathematicians J. White and F. Brock Fuller proposed a way to calculate supercoiling changes using the field of topology.

For a closed topological domain, the number of times two strands can intertwine is constant and is defined by the linking number (Lk). To change the linking number, DNA has to be broken. The LK is defined by two geometric parameters that describe the shape of DNA.

Twist (Tw) and the Writhe (Wr) [START_REF] Khodursky | Analysis of topoisomerase function in bacterial replication fork movement: use of DNA microarrays[END_REF]. Tw is the total number of helical turns in circular DNA under a given condition for example: A circular B-form DNA of 210 bp Tw is equal to 20 The ɣ is prone to change depending on the composition of the DNA's solution ionic strength, temperature, pH, etc… Moreover, ɣ can be indicative of the crossing angle. More base pairs per turn implies a smaller crossing angle below <90° leading to left-handed crossing. On the other hand, Less bp/turn suggests a crossing angle >120° implying right-handed crossings. [START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF] This will help in determining the DNA topology. DNA presenting more left-handed crosses tends to be positively supercoiled whereas DNA presenting abundant right-handed crosses tends to be negatively supercoiled [START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF] To describe the variation of certain circular DNA from one topoisomer to the other, τ (which is difference in linking number with respect to the relaxed DNA LK°) is calculated: τ = LK-LK° = LK -N/ ɣ [START_REF] Martínez-Robles | Interplay of DNA supercoiling and catenation during the segregation of sister duplexes[END_REF] τ = LK-LK° = (Tw-Tw°) + Wr [4] If the linking difference (τ) is positive, then the DNA is positively supercoiled and overwound, whereas if it is negative the DNA is negatively supercoiled and under wound. In order to be able to compare the supercoiling status of one DNA to the other regardless the size difference, the linking difference has to be normalized to the corresponding DNA length (N).

This is called the superhelical density. Defined as follows (Ơ) Ơ = Ʈ/ LK° = ɣ Ʈ/ N [START_REF] Zechiedrich | Topoisomerase IV, not gyrase, decatenates products of site-specific recombination in Escherichia coli[END_REF] This permits the discrete comparison of two supercoiled DNA regardless of difference in size of DNA.

Different Types of DNA Supercoils

Studies in E. coli, using Integrase from phage ( Int) recombination system, have shown that plectonemic supercoils accounted for 40% of DNA topoisomers. The other 60% were protein-bound toroidal supercoils [START_REF] Bliska | Use of site-specific recombination as a probe of DNA structure and metabolism in vivo[END_REF]. The Two forms can co-exist on DNA such as plasmids and chromosomes. The way writhes are formed are what differentiates toroidal from plectonemic supercoiling. Toroidal DNA has a constrained Wr bound by proteins. The bound proteins hinder toroidal tension. On the other hand, plectonemic supercoiling has free toroidal tension(figure 5, A) [START_REF] Gilbert | Supercoiling in DNA and chromatin[END_REF]. This is because for a given DNA with the same ΔLK, the writhing cross angle (toroidal) is different from that of plectonemic (figure 5,B). Thus, DNA wrapping around proteins changes handedness of crossing angles [START_REF] Mirkin | DNA Topology : Fundamentals[END_REF][START_REF] Calladine | A constant size extension drives bacterial cell size homeostasis[END_REF]. In bacteria and archea, discussed here E. coli , toroidal DNA is formed by nucleoid associated proteins (NAPs)

binding [START_REF] Lal | Genome scale patterns of supercoiling in a bacterial chromosome[END_REF][START_REF] Peeters | The interplay between nucleoid[END_REF]. NAPs, not only compact DNA but also regulate gene expression [START_REF] Lal | Genome scale patterns of supercoiling in a bacterial chromosome[END_REF][START_REF] Peeters | The interplay between nucleoid[END_REF][START_REF] Rimsky | Pervasive regulation of nucleoid structure and function by nucleoidassociated proteins[END_REF][START_REF] Toro | Bacterial Chromosome Organization and Segregation[END_REF]. NAPs expression change with growth phases. As a result, toroidal DNA formation and components vary with both NAPs species availability and quantity at a given growth phase (Kahramanoglou et al. 2011;[START_REF] Dame | Chromosomal macrodomains and associated proteins: Implications for DNA organization and replication in gram negative bacteria[END_REF][START_REF] Rimsky | Pervasive regulation of nucleoid structure and function by nucleoidassociated proteins[END_REF]) (figure 5,B).

Plectonemic supercoiling occurs when supercoiled DNA forms in a manner unconstrained by proteins. Thus plectonemic writhes (Wr) are generated to accommodate the twisting change and maintain a steady linking number (figure 5,A). Plectonemic supercoiling is tightly regulated to maintain the bacterial genomes in a negatively supercoiled state [START_REF] Worcel | On the structure of the folded chromosome of Escherichia coli[END_REF] . This is because negative supercoiling is the most energetically favorable state for unwinding DNA. DNA unwinding is vital to undertake essential nucleic acid transaction processes [START_REF] Drew | Negative supercoiling induces spontaneous unwinding of a bacterial promoter Horace[END_REF]. Plectonimic DNA plays an important role in DNA condensation [START_REF] Holmes | Closing the ring: links between SMC proteins and chromosome partitioning, condensation, and supercoiling[END_REF]. Due to its importance, plectonemeic supercoiling is tightly regulated by a family of enzymes called topoisomerases. Toposiomerases regulate DNA topology. Topoisomerases are indispensable for topology regulation and they are present throughout all domains of life (for a review: [START_REF] Vos | All tangled up: how cells direct, manage and exploit topoisomerase function[END_REF]) 

Regulation of supercoiling homeostasis

The Linking number of a closed DNA molecule is a fixed number as long as the molecule is not cleaved. Therefore, opening of the DNA duplex by helicases, involved in DNA replication or transcription, will generate compensatory Twist and eventually changes writhes in the vicinity. These supercoiling changes can be used as signaling information by the cell for the control of neighboring gene expression, and can also impede DNA transaction by blocking the progression of helicases. The cell controls and exploits these changes with Topoisomerases.

Modulation of supercoiling during gene expression

RNA polymerase (RNAP) binding to specific sequences upstream of genes (i.e. promoters ) catalyzes gene expression. Upon binding, it catalyzes the synthesis of a single-stranded messenger RNA from the DNA template(review in [START_REF] Saecker | Mechanism of bacterial transcription initiation: RNA polymerase -Promoter binding, isomerization to initiation-competent open complexes, and initiation of RNA synthesis[END_REF]. During this process a RNAP generates local perturbation of DNA supercoiling producing twin supercoiled domains around transcribed regions [START_REF] Chen | Transcription-induced hypersupercoiling of plasmid DNA[END_REF][START_REF] Wu | Transcription generates positively and negatively supercoiled domains in the template[END_REF][START_REF] Tsao | Transcription-driven supercoiling of DNA: Direct biochemical evidence from in vitro studies[END_REF]). The perturbation is manifested by the accumulation of positive supercoils ahead of the transcription track and negative supercoiling upstream of the RNAP (figure 6). R. Rahmouni and R. Wells [START_REF] Rhamouni | Direct evidence for the effect of transcription on local DNA supercoiling in vivo[END_REF])demonstrated the model using molecular methods that revealed the formation of Z DNA in GC rich sequences upon transcription of an upstream gene. Then inhibition of either/or both topoisomerases Topo I and Gyrase demonstrated that topoisomerases are essential to control the Twin supercoiled domain generated by transcription [START_REF] Wu | Transcription generates positively and negatively supercoiled domains in the template[END_REF][START_REF] Rovinskiy | Rates of Gyrase Supercoiling and Transcription Elongation Control Supercoil Density in a Bacterial Chromosome[END_REF][START_REF] Baaklini | RNase HI overproduction is required for efficient full-length RNA synthesis in the absence of topoisomerase I in Escherichia coli[END_REF][START_REF] Tsao | Transcription-driven supercoiling of DNA: Direct biochemical evidence from in vitro studies[END_REF]) The negative supercoiling wave on plasmids can propagate up to 800 bp upstream of the promoter site upon gene expression induction [START_REF] Krasilnikov | Large-scale effects of transcriptional DNA supercoiling in Vivo[END_REF]). However, on the chromosome, the negative supercoiling wave can span up to 7kb [START_REF] Moulin | Topological insulators inhibit diffusion of transcription-induced positive supercoils in the chromosome of Escherichia coli[END_REF]. Gene positioning, orientation, and expression levels, can impact transcription of neighboring genes. The transcription initiation of one gene can silence its converging other by increasing negative supercoiling on the other promoter region [START_REF] Masulis | Visualizing the activity of Escherichia coli divergent promoters and probing their dependence on superhelical density using dual-colour fluorescent reporter vector[END_REF]. Using a mutated promoter(Leu500) that is only transcribed when negative supercoiling increases above normal levels, proved this phenomenon [START_REF] Hanafi | Activation and silencing of leu-500 promoter by transcriptioninduced DNA supercoiling in the Salmonella chromosome[END_REF]. Accumulation of excessive negative supercoiling behind the RNAP causes the formation of RNA-DNA hybrids called Rloops that can stall gene expression [START_REF] Baaklini | RNase HI overproduction is required for efficient full-length RNA synthesis in the absence of topoisomerase I in Escherichia coli[END_REF][START_REF] Drolet | Growth inhibition mediated by excess negative supercoiling: The interplay between transcription elongation, R-loop formation and DNA topology[END_REF].This requires both Gyrase and RNAse HI together for the dissociation of the duplex and the restart of transcription [START_REF] Baaklini | RNase HI overproduction is required for efficient full-length RNA synthesis in the absence of topoisomerase I in Escherichia coli[END_REF]). R-loops can pose a number of problems to genome integrity. For instance, R-loops can be used to initiate ectopic DNA replication [START_REF] Gowrishankar | Why is transcription coupled to translation in bacteria[END_REF][START_REF] Rudolph | RecG protein and single-strand DNA exonucleases avoid cell lethality associated with PriA helicase activity in Escherichia coli[END_REF][START_REF] Drolet | Growth inhibition mediated by excess negative supercoiling: The interplay between transcription elongation, R-loop formation and DNA topology[END_REF]. Twin supercoiled domains are also observed in eukaryotes, but they are formed in a chromatin context [START_REF] Bancaud | Structural plasticity of single chromatin fibers revealed by torsional manipulation[END_REF][START_REF] Victor | Pulling chromatin apart: Unstacking or Unwrapping?[END_REF].

Single molecule experiment showed that resisting torque slowed RNAP and increased its pause frequency and duration [START_REF] Ma | Transcription under torsion[END_REF]. The transcription mode of highly expressed genes occurs in stochastic bursts. Positive supercoiling buildup ,caused by transcription, slows down transcription elongation and eventually stops transcription initiation. Only

Gyrase is capable of resuming transcription. This shows that cycles of transcriptional bursting depend on the intracellular Gyrase concentration and is dependent on Gyrase efficiency.

Gyrase manages transcriptional bursting of highly expressed genes by reversible dissociation by binding and dissociating to a DNA segment [START_REF] Chong | Mechanism of transcriptional bursting in bacteria[END_REF]. In vivo experiments have shown that Gyrase and Topo I regulate the Twin supercoiled domains outside the coding regions of highly expressed genes. The reason for which is that high transcription forms transcriptional barriers that block supercoiling-tension propagation (Booker et al. 2010;[START_REF] Deng | Transcription-induced barriers to supercoil diffusion in the Salmonella typhimurium chromosome[END_REF][START_REF] Rovinskiy | Rates of Gyrase Supercoiling and Transcription Elongation Control Supercoil Density in a Bacterial Chromosome[END_REF][START_REF] Scheirer | Transcription induces a supercoil domain barrier in bacteriophage Mu[END_REF].

A microarray study showed that the inhibition of topoisomerase IV and Gryrase, changes the expression profiles of 306 supercoiling-sensitive genes. Of which, 106 genes showed increased gene expressio upon chromosome relaxation (relaxation-induced genes or RIG), whereas 200 genes were under expressed (relaxation-repressed genes or RRG) [START_REF] Peter | Genomic transcriptional response to loss of chromosomal supercoiling in Escherichia coli[END_REF]).

Impact of NAPs on supercoling homeostasis

NAPs have two major roles in bacteria which are the regulation of gene expresssion and DNA compaction [START_REF] Muskhelishvili | General organisational principles of the transcriptional regulation system: a tree or a circle?[END_REF]. These roles however are co-exisitant. NAPs constrain highly dynamic supercoils in DNA-protein inteaction sustaining compaction while regulating gene expression. This occurs by the competition of individual NAPs for DNA binding causing the interconversion of supercoiling from plectonemic to toroidal [START_REF] Maurer | A Systematic In Vitro Study of Nucleoprotein Complexes Formed by Bacterial Nucleoid-Associated Proteins Revealing Novel Types of DNA Organization[END_REF][START_REF] Muskhelishvili | General organisational principles of the transcriptional regulation system: a tree or a circle?[END_REF]. The mutation of either NAPS or RNA polymerase affect expression of supercoiling-sensitive genes [START_REF] Geertz | Structural coupling between RNA polymerase composition and DNA supercoiling in coordinating transcription: A global role for the omega subunit?[END_REF][START_REF] Blot | Homeostatic regulation of supercoiling sensitivity coordinates transcription of the bacterial genome[END_REF]). H-NS for example, stabilises tightly interwound transcriptionally inactive DNA plectonemes. H-NS have biased binding to intergenic regions that bridges DNA and silences genes by supercoiled loops [START_REF] Maurer | A Systematic In Vitro Study of Nucleoprotein Complexes Formed by Bacterial Nucleoid-Associated Proteins Revealing Novel Types of DNA Organization[END_REF]. HU proteins constrain dynamic toroidal supercoils readily accessible to transcription machinery [START_REF] Maurer | A Systematic In Vitro Study of Nucleoprotein Complexes Formed by Bacterial Nucleoid-Associated Proteins Revealing Novel Types of DNA Organization[END_REF][START_REF] Lang | High-affinity DNA binding sites for H-NS provide a molecular basis for selective silencing within proteobacterial genomes[END_REF]). HUrepressed genes overlap with Gyrase binding sites suggesting that HU-Binding regulates Gyrase activity by gene expression regulation [START_REF] Sobetzko | Gene order and chromosome dynamics coordinate spatiotemporal gene expression during the bacterial growth cycle[END_REF]. IHF binds specific promoters, for most of them it intereferes with transcription by bending the DNA with 180°

angle. IHF also participates in the regulation of the ilvPG promoter by facilitating diffusion of supercoil energy to the promoter to increase the frequency of open complex formation [START_REF] Sheridan | Activation of gene expression by a novel DNA structural transmission mechanism that requires supercoiling-induced DNA duplex destabilization in an upstream activating sequence[END_REF].

Regulation of supercoiling during DNA replication 1.3.3.1 Positive supercoils and precatenanes

As for the twin supercoiled domain during transciption, DNA replication gives rise to multiple supercoiling changes. Upon initiation of replication, positive supercoils accumulate ahead of the fork that requires TypeIIA topoisomerases to promote fork progression (Khodursky et al. 2000). The processivity of the replication machinary catalyzes the propagation of the supercoils behind the replication fork in the form of sister chromatid entanglements called precatenanes (figure 7). The notion of precatenanes were first proposed by Champoux [START_REF] Champoux | Topoisomerases and the swivel problem. In Mechanistic Studies of DNA Replication and Genetic Recombination[END_REF]) and demonstrated by molecular biology methods in vivo [START_REF] Schvartzman | A topological view of the replicon[END_REF]Peter et al. 1998). Evidence of precatenanes was shown by analysis of replication intermediates of plasmid replication with a stalled replication fork [START_REF] Cebrian | Direct Evidence for the Formation of Precatenanes during DNA Replication[END_REF]. At the end of a replication cycle, unresolved precatenanes acumulate in the form of catenated chromosomes(figure 7, bottom panel) [START_REF] Martin-Parras | Topological complexity of different populations of pBR322 as visualized by two-dimensional agarose gel electrophoresis[END_REF][START_REF] Adams | The Role of Topoisomerase IV in Partitioning Bacterial Replicons and the Structure of Catenated Intermediates in DNA Replication[END_REF][START_REF] Wasserman | The helical repeat of double-stranded DNA varies as a function fo catenation and supercoiling[END_REF]. Topoisomerase IV undertakes catenanes resolution in a process called decatenation (Zechiedrich et al. 1997;Peng & Marians 1993;[START_REF] Hiasa | Topoisomerase IV Can Support oriC DNA Replication in Vitro[END_REF]. Inhibition of Topo IV results in the accumulation of catenanes causes a defect in chromosome sepration (Wang et al. 2008).

Catenanes are different from normal Supercoiled DNA . Supercoiled DNA is the over-twisting of a single DNA duplex over itself (inter-molecular) whereas catenanes are the twisiting of two different DNA duplexs around each other. There is a relationship between the accumulation of negative supercoils and decatenation. Krimer's lab studied have shown that negative supercoils buildup yields faster segregation of sister plasmids compared to when the level of negative supercoils was low [START_REF] Martinez-Robles | Interplay of DNA supercoiling and catenation during the segregation of sister duplexes[END_REF]). 

DNA knots

Catenanes and Knots are not exclusively replication intermediates, they can also be formed as a consequence of recombination. For example Tn 3 Resolvase, Phage Mu integrase, or Gin Site-specific recombinase, produce knots during the recombination process [START_REF] Benjamin | Contributions of supercoiling to Tn3 resolvase and phage Mu Gin sitespecific recombination[END_REF]. These systems are called topological filters because they require certain topology substrates to initiate recombination reactions and generate a product with a different topology. The fate of DNA whether yield knots or catenanes is dependent on the orientation of the recombination sites in head to head or head to tail orinetation(L. Olavarrieta et al. 2002).

Knots can form upon intra-molecular collesion within one molecule of DNA or can be the products of replication. The collesion fo two DNA molecules can form knotted DNA as an intermediary product (figure 8). Knots are frequently formed by the collision of sister duplexes that become loosly interwound [START_REF] Lopez | Topo IV is the topoisomerase that knots and unknots sister duplexes during DNA replication[END_REF]. The decrease in Gyrase activity causing more replication stalls has been shown to increase knot formation to up to 10fold [START_REF] Witz | DNA supercoiling and its role in DNA decatenation and unknotting[END_REF]. Knots can be formed in different variants depending on the type of collision. Head on collision of transcription and replication favors the formation of a positively oriented knot bubble. Head on collision of transcription and transcription form negatively oriented knot(L. Olavarrieta et al. 2002). [START_REF] Sogo | Formation of knots in partially replicated DNA molecules[END_REF], showed that stalled replication forks formed kontted origins of positive orientation. The authors suggested that knots were inflicted by Topoisomerase IV. Taken from [START_REF] Schvartzman | The benefit of DNA supercoiling during replication[END_REF])

Fork regression

Inhibition of fork progression promotes the formation of a four way holiday junction or the chicken foot [START_REF] Michel | Multiple pathways process stalled replication forks[END_REF]). The encoutering of a break or collision with the transcirption machinary, can cause the replication arrest and the fork Reversal (for a review [START_REF] Postow | Topological challenges to DNA replication: conformations at the fork[END_REF]. Fork reversal is used in the DNA damage repair. However, it can also have deleterious effect causing premature replication termination [START_REF] Viguera | Visualisation of plasmid replication intermediates containing reversed forks[END_REF]L Olavarrieta et al. 2002). This phenomenon has been observed upon lesion in the leading strand [START_REF] Higgins | A model for replication repair in mammalian cells[END_REF][START_REF] Briggs | Interplay between DNA replication, recombination and repair based on the structure of RecG helicase[END_REF]). The repair machinary then uses the sister chromatid as a template. If successful resorption of the chicken foot will occur and ,by extension, the rescue of replication [START_REF] Postow | Topological challenges to DNA replication: conformations at the fork[END_REF]. The resolution of the fork reversal is dependent on the homologous recombination pathway to resolve the four-way holiday junction and restart replication [START_REF] Michel | Multiple pathways process stalled replication forks[END_REF]. Fork reversal resolution starts by blunting of the double stranded reversed fork (figure 9, A) so that it can load RecBCD proteins to the blunted double stranded protrusion ( figure 9 The key characteristic of this family of enzymes is the ability to modify and relax DNA by cleaving one strand of DNA. The catalytic activity is summarized in (figure 10,A). The relaxing of supercoils occurs by an enzyme-bridged strand passage activity [START_REF] Forterre | Origin and evolution of DNA topoisomerases[END_REF][START_REF] Dekker | The mechanism of type IA topoisomerases[END_REF]. The catalytic cycle starts by the binding of the enzyme to a single stranded DNA. Then it cleaves of one strand of the supercoiled substrate by forming a transient 5' phospho-Tyrosine covalent bond and uses the energy yielded from the phospho di-ester bond breakage to energize the strand passage of the other DNA strand [START_REF] Forterre | Origin and evolution of DNA topoisomerases[END_REF][START_REF] Dekker | The mechanism of type IA topoisomerases[END_REF]. This will yield a change in the linking number Lk by 1. The cristallographic structures of Topo I [START_REF] Zhang | Crystal structure of a covalent intermediate in DNA cleavage and rejoining by Escherichia coli DNA topoisomerase I[END_REF] and Topo III [START_REF] Mondragón | The structure of Escherichia coli DNA topoisomerase III[END_REF] present the same overall fold and same structural domains except for a 17 amino acid positively-charged domain protruding from the cavity of Topo III (figure 10,C). The structural domains present on type IA topoisomerases are: i) The scaffold domain that forms the cavity of Topo IA. ii) The 5y-cap domain containing the catalytic tyrosine site. iii) The Toporim domain which is a part of catalytic complex that has two conserved motifs, one of which centers at a conserved glutamate and the other one at two conserved aspartates (DxD). The Toprim functions by anchoring two Mg 2+ ionw that modulate the gate formation and the rejoining of DNA ends [START_REF] Aravind | Toprim -A conserved catalytic domain in type IA and II topoisomerases, DnaG-type primases, OLD family nucleases and RecR proteins[END_REF]. iv) a cap-like domain which has structural homology with the 5Y-cap but lacks the catalytic tyrosine (Figure 10,B). Adapted from [START_REF] Vos | All tangled up: how cells direct, manage and exploit topoisomerase function[END_REF][START_REF] Zhang | Crystal structure of a covalent intermediate in DNA cleavage and rejoining by Escherichia coli DNA topoisomerase I[END_REF][START_REF] Mondragón | The structure of Escherichia coli DNA topoisomerase III[END_REF]. [START_REF] Napierala | Increased negative superhelical density in vivo enhances the genetic instability of triplet repeat sequences[END_REF][START_REF] Tsao | Transcription-driven supercoiling of DNA: Direct biochemical evidence from in vitro studies[END_REF][START_REF] Baaklini | RNase HI overproduction is required for efficient full-length RNA synthesis in the absence of topoisomerase I in Escherichia coli[END_REF][START_REF] Wu | Transcription generates positively and negatively supercoiled domains in the template[END_REF]).

Topoisomerase III

Topo III was discovered by the D.R Morris group [START_REF] Srivenugopal | Escherichia coli DNA topoisomerase III: purification and characterization of a new type I enzyme[END_REF] Topo III has decatention activity as shown in in vitro experiments (Li, Mondragon, Hiasa, Marians, & DiGate, 2000). The 17 amino acid C-terminal domain, denoted "decatenation loop", is the domain responsible for the decatenation activity (figure 10,C). Deletion of the decatenation loop decreases decatenation activities by multiple orders of magnitude [START_REF] Li | Identification of a unique domain essential for Escherichia coli DNA topoisomerase III-catalysed decatenation of replication intermediates[END_REF]. Single molecule expermiments have shown that Topo III has a strong decatenation activity given that there is a single stranded protrusion on the DNA substrate [START_REF] Seol | Comparison of DNA decatenation by Escherichia coli topoisomerase IV and topoisomerase III: Implications for non-equilibrium topology simplification[END_REF]. Topo III activity is stimulated by RecQ helicase in decatenation and relaxing activties.

Topo III binding and activity is dependent on the unwinding and protrusion of single stranded DNA [START_REF] Maurer | A Systematic In Vitro Study of Nucleoprotein Complexes Formed by Bacterial Nucleoid-Associated Proteins Revealing Novel Types of DNA Organization[END_REF]. This underwinding was dependent on both RecQ helicase and the maintainance of a single stranded binding protein (SSB from E. coli or the yeast homologue) [START_REF] Harmon | RecQ Helicase Stimulates Both DNA Catenation and Changes in DNA Topology by Topoisomerase III[END_REF]. Moreover, the Topoisomer products types( catenates, or supercoiled) was dependent on molecular crowding and the concentration of Topo III found in the reacation. High concentration of only Topo III induced catenation. However, the RecQreplication forks-SSB complex formation stimulates decatenation by creating a dock for recruiting Topo III [START_REF] Harmon | RecQ Helicase Stimulates Both DNA Catenation and Changes in DNA Topology by Topoisomerase III[END_REF]. In vitro replication experiments by Marians' lab have

shown that decatenation was aided by RecQ addition. In vivo, Topo III was identified as a high copy suppressor mutant for its family member Topo I [START_REF] Broccoli | Isolation of the topB gene encoding DNA topoisomerase III as a multicopy suppressor of topA null mutations in Escherichia coli[END_REF] and the E.

coli decatenase Topo IV [START_REF] Nurse | Topoisomerase III can serve as the cellular decatenase in Escherichia coli[END_REF]. topA deletion rendered the cell extremely sick.

Coupling deletions of topA and topB causes a filamentation phenotype which can be reversed by recA deletion [START_REF] Zhu | Type I topoisomerase activity is required for proper chromosomal segregation in Escherichia coli[END_REF]. This suggests that Topo III actitivty is pronounced on the recombination by-products that can have catenanes or hemicatenanes. In vitro replication experiments by Suski et al. [START_REF] Suski | Resolution of Converging Replication Forks by RecQ and Topoisomerase III[END_REF], showed that Topo III and RecQ act on resolving the clash of the converging replication fork. Vos et el, 2011,speculated that the clash of converging replication forks yileds a homologous recombination intermediate that gnerates a substrates fro RecQ-SSB-Topo III (figure 11). 

Coumarins and Subunit B

The Structures of both Gyrase B [START_REF] Wigley | Crystal structure of an N-terminal fragment of the DNA gyrase B protein[END_REF] and ParE [START_REF] Bellon | Crystal Structures of Escherichia coli Topoisomerase IV ParE Subunit (24 and 43 Kilodaltons): a Single Residue Dictates Differences in Novobiocin Potency against Topoisomerase IV and DNA Gyrase[END_REF]) N-terminal subunits (43KDa) in complex with an ATP antagonist have allowed to capture the GyrB and ParE as dimers (figure 13,A). Strikingly,the strucures presented vast structural homology between both homo dimers. A monomer of Subunit B (Gyrase B or ParE) is composed of eight-stranded beta sheets and 5 alpha helices on the N-teminal part. This includes the GHKL ATPase domain. The C-terminal part is made up of 4 beta sheets and 4 alpha helices.

Comparing the strucuture of C-teminal parts of the 43 KDa N-terminal domain, ParE presents longer alpha helices dictating bigger enzymatic cavities that are arginine-rich. The variation in coumarin sensitivty of both Topo IV and Gyrase, despite structural homology, was due to conserved amino acids changes among both enzymes. The coumarins key target residue in GyrB is I87 whereas the main coumarin target in ParE is M74 [START_REF] Bellon | Crystal Structures of Escherichia coli Topoisomerase IV ParE Subunit (24 and 43 Kilodaltons): a Single Residue Dictates Differences in Novobiocin Potency against Topoisomerase IV and DNA Gyrase[END_REF]).

The exchange of I78M in Gyrase yielded 20-fold decrease in sensitivity to novobiocin as well as an increase in ATP hydrolysis. This explains why Gyrase in more sensitive to coumarins than Topo IV. Moxifloxacin (a quinolone). This structure resolution discribed how the Topo IV-DNAquinolone complex is formed [START_REF] Laponogov | quinolone -DNA cleavage topoisomerases[END_REF])(figure 13,B). This antibiotic targets the toporim-Cap catalytic interface. TypeIIA topoisomerases require Mg² + for activity. The importance of magnesium has been confirmed by an in vitro study showing that in the absence of Mg² + , quinolone addition had no effect on Topo IV-induced DNA cleavage. This suggests that the ability of Topo IV to cleave the G-segment is dependent on magnesium, and is a prerequisite for DNA-Topo IV cleavage complex formation [START_REF] Oppegard | Fluoroquinolones stimulate the DNA cleavage activity of topoisomerase IV by promoting the binding of Mg2+ to the second metal binding site[END_REF].

The sensitivity of Gyrase to quinolone is 10-fold higher than that of Topo IV [START_REF] Khodursky | Topoisomerase IV is a target of quinolones in Escherichia coli[END_REF]. The replacement of the ParC Alpa helix 4 with that of Gyrase showed higher sensitivity to quinolones. This proves that despite structural homology, the of alpha helix 4 is important for quinolone-catalyzed DNA cleavage [START_REF] Pfeiffer | Replacement of ParC ␣ 4 Helix with That of GyrA Increases the Stability and Cytotoxicity of Topoisomerase IV-Quinolone-DNA Ternary Complexes[END_REF]. As for that of Novobiocin, various alleles conferring quinolone resistance have been described. More of these were found after Naldixic acid treatment, therefore they have been called nalR. The nalR mutations were found in gyrA and parC genes. Gyrase nalR strains present a gyrase insensitive to standard quinolones concentration. As a result, this finding was used to demonstrate that quinolones also target Topoisomerase IV [START_REF] Khodursky | Topoisomerase IV is a target of quinolones in Escherichia coli[END_REF]. These alleles can be used to test selective effects of both Gyrase and Topo IV separately. Adapted From [START_REF] Bellon | Crystal Structures of Escherichia coli Topoisomerase IV ParE Subunit (24 and 43 Kilodaltons): a Single Residue Dictates Differences in Novobiocin Potency against Topoisomerase IV and DNA Gyrase[END_REF][START_REF] Wigley | Crystal structure of an N-terminal fragment of the DNA gyrase B protein[END_REF][START_REF] Laponogov | quinolone -DNA cleavage topoisomerases[END_REF])

DNA Gyrase

Gyrase is a special type of Topoisomerases found mostly in bacteria and some archea [START_REF] Forterre | Origin and evolution of DNA topoisomerases[END_REF]. Gyrase is an essential enzyme for every bacterium. Gyrase is a heterotetramer composed of a 97 KDa GyrA and a 90 KDa GyrB in a 2:2 stoichiometry. All topoisomerases relax supercoils, but Gyrase is the only enzyme able to introduce negative supercoils from postive supercoiled or relaxed DNA molecule. In 1976 [START_REF] Gellert | DNA gyrase: an enzyme that introduces superhelical turns into DNA[END_REF] gyrase was first purified . The functional studies showed that the reaction of introducing negative supercoils from relaxed or positive supercoils is both ATP and Mg²+ dependent. In vitro analysis, have shown that Gyrase introduces negative supercoils on relaxed plasmids [START_REF] Brown | A sign inversion mechanism for enzymatic supercoiling of DNA[END_REF][START_REF] Gellert | DNA gyrase: an enzyme that introduces superhelical turns into DNA[END_REF]. Single molecule experiments have shown that Gyrase has minimal activity on negative supercoils and that positive supercoils is its main target. Gyrase negatively-supercoil DNA in two steps starting by positive supercoil relaxation followed by the introduction of negative supercoils. Gyrase activity is selective. Its rate of activity is dependent on a defined degree of tension and torque in the DNA substrate.

Gyrase is mostly active at low tension and blocked at high tension [START_REF] Nollmann | Multiple modes of Escherichia coli DNA gyrase activity revealed by force and torque[END_REF]. All bacterial chromosomes are negatively supercoiled. Gyrase activity is one of the main contributors in maintaing somewhat constant superhelical density of genomes [START_REF] Pruss | Escherichia coli DNA topoisomerase I mutants: Increased supercoiling is corrected by mutations near gyrase genes[END_REF][START_REF] Chen | Roles of Topoisomerases in Maintaining Steadystate DNA Supercoiling in Escherichia coli *[END_REF][START_REF] Dinardo | Escherichia coli DNA topoisomerase I mutants have compensatory mutations in DNA gyrase genes[END_REF]. In vitro, Gyrase is able to catenate and decatenate DNA [START_REF] Kreuzer | Formation and resolution of DNA catenanes by DNA gyrase[END_REF]. Topo IV however has 10 to 40 fold faster activity in decatenation compared to positive supercoils relaxation. Conversely, DNA gyrase is a rela-tively poor decatenase, catalyzing strand-passage events that result in supercoiling at rates several orders of magnitude faster than those causing decatenation [START_REF] Ullsperger | Contrasting enzymatic activities of topoisomerase IV and DNA gyrase from Escherichia coli[END_REF]. Foot printing experiment have shown that DNA Gyrase binds a big stretch of DNA ranging from 120 to 150 with a 40-50 bp more protected in the core than the flanking segments [START_REF] Fisher | Site-specific interaction of DNA gyrase with DNA[END_REF][START_REF] Kirkegaard | Mapping the topography of DNA wrapped around gyrase by nucleolytic and chemical probing of complexes of unique DNA sequences[END_REF][START_REF] Morrison | Contacts between DNA gyrase and its binding site on DNA: features of symmetry and asymmetry revealed by protection from nucleases[END_REF][START_REF] Klevan | Deoxyribonucleic acid gyrase-deoxyribonucleic acid complex containing 140 base pairs of deoxyribonucleic acid and an alpha 2 beta 2 protein core[END_REF][START_REF] Orphanides | Evidence for a conformational change in the DNA gyrase-DNA complex from hydroxyl radical footprinting[END_REF][START_REF] Liu | DNA-DNA gyrase complex: the wrapping of the DNA duplex outside the enzyme[END_REF]. Some bacteria have only one Type IIA toposiomerases. As is the case for Mycobacterium tuberculosis, it has only DNA Gyrase. DNA Gyrase in M. tuberculosis has two functional GyrA boxes instead of one on the C-Terminal domain of GyrA. GyrA box is the motif responsible for Gyrase activity. This evolutionary doubling permits Gyrase to augment its decatenation activity and actively compensate for the absence of Topo IV [START_REF] Bouige | Mycobacterium tuberculosis DNA gyrase possesses two functional GyrAboxes[END_REF].

Roles of DNA gyrase

In the presence of thermosensitive mutations in the gyrase genes or in the presence of novobiocine or quinolones, chromosome replication immediately stops suggesting an important role for DNA gyrase in the management of replication induced positive supercoils (Khodursky et al. 2000). In vitro it has been demonstrated that Gyrase is required for the initiation of DNA replication [START_REF] Filutowicz | Requirement of DNA Gyrase for the initiation of chromosome replication in Escherichia coli K-12[END_REF]) and for replication elongation [START_REF] Hiasa | Two Distinct Modes of Strand Unlinking during θ-Type DNA Replication[END_REF]. Gyrase activity is denoted the sign inversion activity. Sign inversion is the transformation of (+) SC formed ahead of the replication fork into (-)SC [START_REF] Brown | A sign inversion mechanism for enzymatic supercoiling of DNA[END_REF].

Gyrase alterations also modulate the expression of hundreds of genes [START_REF] Peter | Genomic transcriptional response to loss of chromosomal supercoiling in Escherichia coli[END_REF]suggesting that its activity is important for the control of transcription as well as DNA replication [START_REF] Rovinskiy | Rates of Gyrase Supercoiling and Transcription Elongation Control Supercoil Density in a Bacterial Chromosome[END_REF]. Gyrase is involved in the managing of the Twin supercoiled domains [START_REF] Liu | Supercoiling of the DNA template during transcription[END_REF].Gyrase relaxes tension formed ahead of the transcription track on pBR322 plasmid. Inhibition of Gyrase accumulates positive supercoils ahead of RNAP [START_REF] Liu | Supercoiling of the DNA template during transcription[END_REF].

Topoisomerases are DNA interacting enzymes that seem to have poor DNA specificity. Never the less, some DNA sequences appear to enhance Gyrase binding or cleavage. These sequences are called strong gyrase site (SGS). Perhaps one of the strongest SGS is found at the center of phage Mu genome [START_REF] Pato | Replication of Mu prophages lacking the central strong gyrase site[END_REF]. Gyrase inhibition by novobiocin, completely blocks phage replicational transposition in the E. coli genome [START_REF] Sokolsky | DNA gyrase requirements distinguish the alternate pathways of Mu transposition[END_REF].

Gyrase has 40-fold stronger cleavage activity on par site of pSC101 compared to non-specific DNA sequences. This site is used to promote plasmid partitioning [START_REF] Wahle | The partition locus of plasmid pSC101 is a specific binding site for DNA gyrase[END_REF][START_REF] Beaucage | Gyrase-dependent stabilization of pSC 101 plasmid inheritance by transcriptionally active promoters[END_REF]. Gyrase cleaves the E. coli genome on the BIME-2 repetitive sequences (Espéli & Boccard 1997;[START_REF] Jovanovic | The RIB element in the goaG-pspF intergenic region of Escherichia coli[END_REF][START_REF] Bachellier | Structural and functional diversity among bacterial interspersed mosaic elements (BIMEs)[END_REF]. Insertion of BIMEs or par site in the viccinity of a supercoiling sensitive gene is sufficient to remove the effect of an upstream transcription. This observation suggests that Gyrase sites are important to maintain topological homeostasis during transcription [START_REF] Moulin | Topological insulators inhibit diffusion of transcription-induced positive supercoils in the chromosome of Escherichia coli[END_REF].

Genome studies have shown that Gyrase binding overlaps highly expressed genes (Jeong et al. 2004). Gyrase modulates the expression of highly-expressed genes in a range that extends up to 800kb domain (Jeong et al. 2004). Pulsed Field Gel electrophoresis experiments in the presence of Norfloxacin showed that Gyrase cleavage profile results in loop-sized genomic fragments ranging from 50 to 95Kb. This might suggest that most supercoiling microdomains contain at least one Gyrase activity site (figure 14) (Hsu et al. 2006) 

Structural insight for substrate specificity

Gyrase property to reverse the supercoiling orientation from positive to negative by sign inversion [START_REF] Brown | A sign inversion mechanism for enzymatic supercoiling of DNA[END_REF]) is linked to DNA chiral wrapping. Gyrase wraps 120-150 bp of DNA around it [START_REF] Fisher | Site-specific interaction of DNA gyrase with DNA[END_REF][START_REF] Kirkegaard | Mapping the topography of DNA wrapped around gyrase by nucleolytic and chemical probing of complexes of unique DNA sequences[END_REF][START_REF] Morrison | Contacts between DNA gyrase and its binding site on DNA: features of symmetry and asymmetry revealed by protection from nucleases[END_REF][START_REF] Klevan | Deoxyribonucleic acid gyrase-deoxyribonucleic acid complex containing 140 base pairs of deoxyribonucleic acid and an alpha 2 beta 2 protein core[END_REF][START_REF] Orphanides | Evidence for a conformational change in the DNA gyrase-DNA complex from hydroxyl radical footprinting[END_REF][START_REF] Liu | DNA-DNA gyrase complex: the wrapping of the DNA duplex outside the enzyme[END_REF]. The chiral wrapping in orchestrated by the C-terminal domain(CTD) of GyrA. Deletion of the CTD impedes Gyrase binding to DNA [START_REF] Reece | The C-terminal domain of the Escherichia coli DNA gyrase A subunit is a DNA-binding protein[END_REF]. The GyrA CTD structure resolution gave insight in to the chiral wrapping mechanism. GyrA CTD is made up of six blade-like structures called β-pinwheel domains (Corbett et al. 2004) (figure 15,A). This pinwheel has external positively charged residues mostly blades 4,5,6, and 1. Blade 1 has an 8 amino acids sequence called GyrA box. The GyrA box is essential for the chiral wrapping mechanism and is unique to Gyrase (Corbett et al. 2004). This occurs when DNA is rotated around the CTD to form transient toroidal supercoiling [START_REF] Ruthenburg | A superhelical spiral in the Escherichia coli DNA gyrase A C-terminal domain imparts unidirectional supercoiling bias[END_REF]. The CTD of GyrA is not the only domain involved in DNA binding, an insertion in the GyrB C-terminal part is a key player for DNA binding and supercoiling where the 170a.a. insertion braces the Toprim domain around the coiled-coil arms of GyrA. This helps in the comunication between different functional motifs [START_REF] Schoeffler | A domain insertion in Escherichia coli GyrB adopts a novel fold that plays a critical role in gyrase function[END_REF]. Gyrase catalytic cycle starts by G-segment binding to the cleavage core (Toprim-Cap), the rolling of the DNA segments flanking the bound G-segment around the GyrA-CTD. These events then bring the flanking DNA segments and introduces it to the cleavage core as the T-segment [START_REF] Reece | The C-terminal domain of the Escherichia coli DNA gyrase A subunit is a DNA-binding protein[END_REF]Corbett et al. 2004) and create a constrained positive supercoils around the enzyme. Then strand passage will inverse the crossing from positive crossovers to negative [START_REF] Brown | A sign inversion mechanism for enzymatic supercoiling of DNA[END_REF] relative to the G-segment to catalyse strand passge and sign inversion [START_REF] Papillon | Structural insight into negative DNA supercoiling by DNA gyrase, a bacterial type 2A DNA topoisomerase[END_REF]. 1993).Topo IV activity is ATP and Mg²+ dependent (Peng & Marians 1993). Footprinting experiments have shown that topo IV only protects 34 bp [START_REF] Peng | The Interaction of Escherichia coli Topoisomerase IV with DNA[END_REF]which correspond to the G-segment. This is in contrast with the 120-150 bp Gyrase footprint needed to perform the chiral wrapping [START_REF] Fisher | Site-specific interaction of DNA gyrase with DNA[END_REF][START_REF] Kirkegaard | Mapping the topography of DNA wrapped around gyrase by nucleolytic and chemical probing of complexes of unique DNA sequences[END_REF][START_REF] Morrison | Contacts between DNA gyrase and its binding site on DNA: features of symmetry and asymmetry revealed by protection from nucleases[END_REF][START_REF] Klevan | Deoxyribonucleic acid gyrase-deoxyribonucleic acid complex containing 140 base pairs of deoxyribonucleic acid and an alpha 2 beta 2 protein core[END_REF][START_REF] Orphanides | Evidence for a conformational change in the DNA gyrase-DNA complex from hydroxyl radical footprinting[END_REF][START_REF] Liu | DNA-DNA gyrase complex: the wrapping of the DNA duplex outside the enzyme[END_REF]. This explains why Topo IV has no supercoiling activity [START_REF] Kato | Purification and Characterization of DNA Topoisomerase IV in Escherichia coli *[END_REF][START_REF] Peng | The Interaction of Escherichia coli Topoisomerase IV with DNA[END_REF]Peng & Marians 1993). Topo IV activity assays in vitro have shown that Topo IV preferentially relaxes positive than negative supercoils and efficiently decatenates DNA catenanes [START_REF] Kato | Purification and Characterization of DNA Topoisomerase IV in Escherichia coli *[END_REF][START_REF] Peng | The Interaction of Escherichia coli Topoisomerase IV with DNA[END_REF]Peng & Marians 1993) . In comparison
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with Gyrase, Topo IV exhibits more ability to relax negative supercoils [START_REF] Hiasa | Two Distinct Modes of Strand Unlinking during θ-Type DNA Replication[END_REF]. In vitro replication experiments have shown that Topo IV can support replication fork progression when Gyrases activity is absent [START_REF] Hiasa | Topoisomerase IV Can Support oriC DNA Replication in Vitro[END_REF][START_REF] Hiasa | Two Distinct Modes of Strand Unlinking during θ-Type DNA Replication[END_REF].

This finding has been validated in vivo by khodoursky et al. (Khodursky et al. 2000).

Microarray experiments showed that in the absence of Gyrase activity Topo IV promoted replication fork progression at one third of the normal replication fork progression rate.

Gyrase was first thought to be the enzyme responsible for decatenation activity in E. coli [START_REF] Kreuzer | Formation and resolution of DNA catenanes by DNA gyrase[END_REF]. In vitro assays demonstrated that Topo IV decatenation activity was 100 fold higher than Gyrase (Zechiedrich & Cozzarelli 1995). In vivo, it has been unambiguously demonstrated that Topo IV can also perform unknotting [START_REF] Deibler | Topoisomerase IV, alone, unknots DNA in E. coli[END_REF],and that Gyrase is unable to decatenate plasmids when Topo IV is inhibited (Zechiedrich & Cozzarelli 1995;[START_REF] Hiasa | Two Distinct Modes of Strand Unlinking during θ-Type DNA Replication[END_REF][START_REF] Ullsperger | Contrasting enzymatic activities of topoisomerase IV and DNA gyrase from Escherichia coli[END_REF]Zechiedrich et al. 1997). Nurse et al. showed that precatenanes are removed by Topo IV and not Gyrase in vitro [START_REF] Nurse | Topoisomerase III can serve as the cellular decatenase in Escherichia coli[END_REF]. The current model for replication mediated topology control is that Gyrase is preferably active ahead of the replication fork to resolve positive supercoils. Topo IV on the other hand, would work on precatenanes behind the replication fork and after replication on complete catenanes. Topo IV is called the bacterial decatenase (Zechiedrich et al. 1997) it is able to unlink DNA catenanes at a rate of 1Lk/sec (Zechiedrich & Cozzarelli 1995). It also removes positive supercoils at a rate of (3Lk/sec) [START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF].

Pulsed Field Gel electrophoresis experiments in the presence of Norfloxacin showed that Topo IV cleaves the genome in fragments ranging from ~250 kb to ~ 400kb(figure 14). This suggests that Topo IV has fewer activity sites per genome per replication cycle.

Strucutral insight in Topo IV chirality sensing

In efforts to identify how Topo IV activity is determined, single molecule experiments were performed. The DNA substrates were prepared as follows. For single DNA duplex, magnetic tweezers were employed to orient twists to the left or to the right in order to create positive or negative supercoils. To test decatenation activity, braids of two DNA duplexes were created by twisting one duplex around the other. Topo IV relaxed positive supercoils 20-fold more efficiently than negative supercoils relaxtion [START_REF] Crisona | Preferential relaxation of positively supercoiled DNA by E. coli topoisomerase IV in single-molecule and ensemble measurements[END_REF]. Topo IV activity on positive supercoils was processive whereas it was found to be distributive for negative supercoils [START_REF] Neuman | Mechanisms of chiral discrimination by topoisomerase IV[END_REF]).This would be limiting but sufficient in order for Topo IV to relax positive supercoils and promote fork progression (Khodursky et al. 2000) .This selective processivity favors the accumulation of the biologically favorable negative supercoils in homeostasis for the maintenance of DNA replication [START_REF] Hiasa | Topoisomerase IV Can Support oriC DNA Replication in Vitro[END_REF]. Experiments

using braided DNA supercoiles have also shown Topo IV to decatenate left-handed catenanes and not right-handed (figure 16,A). Strikingly, Topo IV could catalyze the selective relaxation of high-density right-handed braids that possess second-order superhelices with left-handed crossings (figure 16,B) [START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF]. This suggests that the preferable substrate for decatenation is left handed crossings.. Topo IV showed more binding affinity to circular supercoiled DNA rather than linear [START_REF] Peng | The Interaction of Escherichia coli Topoisomerase IV with DNA[END_REF]. However, the binding to the G-segment discussed above is no sufficient for a proper activity. Instead the correct juxtaposition of the T to G segments during strand passage is the activity determining step [START_REF] Hsieh | Structure of the topoisomerase IV C-terminal domain: A broken ??-propeller implies a role as geometry facilitator in catalysis[END_REF][START_REF] Charvin | Single-molecule study of DNA unlinking by eukaryotic and prokaryotic type-II topoisomerases[END_REF][START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF]. Resolution of ParC structure of E. coli Topo IV [START_REF] Corbett | The structural basis for substrate specificity in DNA topoisomerase IV[END_REF] Recently, it appears that E. coli is not a paradigm. Different bacteria exhibit a cell cycle different than that of E. coli such as the Bacillus subtilis [START_REF] Hajduk | Connecting the dots of the bacterial cell cycle: Coordinating chromosome replication and segregation with cell division[END_REF], and Caulobacter crescentus which has asymmetric cell division [START_REF] Lasker | An intracellular compass spatially coordinates cell cycle modules in Caulobacter crescentus[END_REF]. The purpose of this chapter is to give the essential information to interpret my work concerning the regulation of Topo IV during the E. coli cell cycle. Therefore, this chapter will focus on E. coli knowledge.

B, C, D Periods

The cell cycle is the process by which two daughter cells are produced from a progenitor mother cell. In bacteria, the cell cycle is divided into three successive periods, the B-period (the time between birth of the daughter cells and initiation of replication), the C-period (the time separating the initiation and termination of replication summarizing DNA replication)

and the D-period (the period between the end of replication and cell division). In slow growing bacteria, the C-period can be considered as the equivalent of the S phase in eukaryotes and the D period is the equivalent of the M phase since it includes chromosome segregation and cell division [START_REF] Bates | Chromosome and replisome dynamics in E. coli: Loss of sister cohesion triggers global chromosome movement and mediates chromosome segregation[END_REF]. The B,C and D periods are highly coordinated to maintain cell cycle homeostasis. Replication initiates when the cell attains a certain cell mass [START_REF] Donachie | Relationship between cell size and time of initiation of DNA replication[END_REF]). Donachie proposed that initiation of replication was dependent on the oriC /mass ratio. Once the cell attained a specific critical size, replication initiates at oriC.

However, studies on plasmids and chromosomal oriC copy number variation refuted this model. The studies have shown that having more oriC per cell mass has no effect on replication initiation at oriC [START_REF] Leonard | Cell cycle-specific replication of Escherichia coli minichromosomes[END_REF][START_REF] Wang | Replication and segregation of an Escherichia coli chromosome with two replication origins[END_REF]. [START_REF] Wang | Replication and segregation of an Escherichia coli chromosome with two replication origins[END_REF], have shown that initiation of replication is regulated and modulated by total chromosomal DNA concentration found per cell at initiation.

The cell cycle duration is calculated by the doubling time t. Therefore, t, is the sum of all three periods. The doubling time can vary between a range 20-60 min [START_REF] Cooper | Chromosome Replication and the Division Cycle of Escherichia coli B / r[END_REF][START_REF] Skarstad | Cell cycle parameters of slowly growing Escherichia coli B / r studied by flow Cell Cycle Parameters of Slowly Growing Escherichia coli B / r Studied by Flow Cytometry[END_REF]. The major determinant of doubling time is the DNA replication time. At optimum conditions of growth, the doubling time is around 20 min. The time needed to replicate 4.6 Mbp E. coli genome is around 40 min [START_REF] Lewis | The E. coli DNA Replication Fork 1st[END_REF].

Therefore, DNA replication can be longer than the doubling time (C+D>t). A model therefore has been suggested that fast growing cells can have overlapping rounds of replication by having multiple initiation of replication [START_REF] Helmstetter | Origin and sequence of chromosome replication in Escherichia coli[END_REF][START_REF] Helmstetter | Bacterial Synchronization By Selection of Cells At Division[END_REF].

Flow cytometry analysis and fluorescent microscopy have validated this finding [START_REF] Adachi | Dynamic events of sister chromosomes in the cell cycle of Escherichia coli[END_REF]). On the other hand, in poor medium, bacteria have a longer doubling time that can be as long as 300 min. The doubling time variation between different growth conditions (carbon source, temperature) can therefore be linked to metabolism and gene expression [START_REF] Adachi | Dynamic events of sister chromosomes in the cell cycle of Escherichia coli[END_REF])(figure 18).

Early studies were population studies and lacked single cell precision. Recent cell cycle studies using single cell microscopy analyses, coupled with in silico modelling have deciphered two mechanisms by which individual cells modulate size variation during cell cycle as to maintain, on average, a constant cell size for the population [START_REF] Adiciptaningrum | Stochasticity and homeostasis in the E. coli replication and division cycle[END_REF][START_REF] Calladine | A constant size extension drives bacterial cell size homeostasis[END_REF]. The length of the B-period varies from cell to cell to compensate for stochastic variability in birth size and growth rate. The D-period also compensates for size and growth variability, invalidating the notion that replication initiation is the principal trigger for cell division. In contrast, the C-period does not display such compensation. Interestingly, the C-period did show small but systematic decreases for cells that spontaneously grew faster, which suggests a coupling between metabolic fluctuations and replication [START_REF] Adiciptaningrum | Stochasticity and homeostasis in the E. coli replication and division cycle[END_REF]. Escherichia coli and Caulobacter crescentus achieve cell size homeostasis by growing, on average, the same amount between divisions, irrespective of cell length at birth. This simple mechanism provides a remarkably robust cell size control without the need of being precise, abating size deviations exponentially within few generations [START_REF] Calladine | A constant size extension drives bacterial cell size homeostasis[END_REF]. Adapted from [START_REF] Adachi | Dynamic events of sister chromosomes in the cell cycle of Escherichia coli[END_REF])

Tools to study the cell cycle

Multiple tools have been developed to study the durations of cell cycle periods. Perhaps, the most widely used is flow cytometry. Flow cytometry is the method of choice for the study of the cell cycle in a population of bacterial cell [START_REF] Skarstad | Cell cycle parameters of slowly growing Escherichia coli B / r studied by flow Cell Cycle Parameters of Slowly Growing Escherichia coli B / r Studied by Flow Cytometry[END_REF]. Measuring cell size and labeling DNA with fluorescent dyes allow the determination of the amount of DNA at each cell age (figure 19). Flow cytometry analysis of cell treated with drugs that block initiation of replication and cell division (i.e. rifampicin and cephalexin) allows to determine the number of origins of replication per cell, the timing of initiation and eventually the length of the Cperiod. The initiation of replication can also be blocked using temperature sensitive mutants of the main initiators of replication such as DNA C ts and DNA A ts [START_REF] Carl | Eschericha coli mutants with temperature-sensitive synthesis of DNA[END_REF]. At nonpermissive temperature (40-42°C), the replication machinery is unable to start new rounds of replication. Prolonged incubation at 40°C will synchronize the cell in the B phase, all cells in culture fire replication at once upon shifting temperature to the permissive temperature [START_REF] Kawakami | Arrest of cell division and nucleoid partition by genetic alterations in the sliding clamp of the replicase and in DnaA[END_REF]. The synchronization can also be achieved by induction of stringent response using the amino acid analog DL-serine hydroxamate. Stringent response induction blocks DNA replication initiation [START_REF] Ferullo | Cell cycle synchronization of Escherichia coli using the stringent response, with fluorescence labeling assays for DNA content and replication[END_REF]. Non-invasive methods can be done to obtain physical separation of newly born daughter cells from a mother cell attached to a surface [START_REF] Helmstetter | Bacterial Synchronization By Selection of Cells At Division[END_REF]. This method "Baby

Machine" had a drawback where few cells were harvested after filtration. This method was further optimized by attaching cells to beads whereby only newly divided daughter cells can be eluted in a method called the" Baby Column" [START_REF] Bates | Chromosome and replisome dynamics in E. coli: Loss of sister cohesion triggers global chromosome movement and mediates chromosome segregation[END_REF].

Marker frequency analysis (MFA) is an adequate complement to flow cytometry methods to estimate replication profile of a bacterial population. A cheap MFA method is the determination of oriC/ter ratio that allows estimating the how efficiently a bacterium does replicate [START_REF] Sueoka | The chromosome of Bacillus subtilis. I. Theory of marker frequency analysis[END_REF]. MFA can also be performed at the whole genome scale with deep sequencing method, giving access to the replication status of any genomic loci. Recent spectacular discoveries have been made with MFA-deep sequencing method, for example the presence of a specific peak of initiation in the terminus region in the absence of the RecG protein [START_REF] Rudolph | Avoiding chromosome pathology when replication forks collide[END_REF] or the mechanism involved in the coordination of replication of both vibrio cholera chromosomes [START_REF] Val | A checkpoint control orchestrates the replication of the two chromosomes of Vibrio cholerae[END_REF].

The progress of bacterial imaging methods has permitted the cell cycle monitoring at the single cell level [START_REF] Adiciptaningrum | Stochasticity and homeostasis in the E. coli replication and division cycle[END_REF][START_REF] Bates | Chromosome and replisome dynamics in E. coli: Loss of sister cohesion triggers global chromosome movement and mediates chromosome segregation[END_REF][START_REF] Calladine | A constant size extension drives bacterial cell size homeostasis[END_REF].

Replication proteins fusions with fluorescent proteins such as SSB-GFP or dnaX-GFP fusions have been widely used to monitor replication in a population of cells [START_REF] Fisher | Four-dimensional imaging of E. coli nucleoid organization and dynamics in living cells[END_REF].

Such experiments revealed cell to cell heterogenic behaviors. 

DNA Replication

The E. coli circular chromosome is replicated bi-directionally. It was the initial observation of John Cairns [START_REF] Cairns | The bacterial chromosome and its manner of replication as seen by autoradiography[END_REF]) (figure 24,A). In an autoradiography after labeling with tritiated thymidine, the E. coli DNA was shown as a single molecule that is replicated at a moving locus (the replicating fork) at which both new DNA strands are being synthesized. The DNA replication progresses in two replichores (a clock-wise and an anti-clockwise sense) (figure 24,B) . The E. coli replication initiates at the origin of replication and terminates in the terminus region [START_REF] Duggin | Termination Structures in the Escherichia coli Chromosome Replication Fork Trap[END_REF].

Initiation of replication

The initiation of replication controls the transition from the B-period to the C-period. This transition is necessary for the control of Cell cycle [START_REF] Helmstetter | Origin and sequence of chromosome replication in Escherichia coli[END_REF][START_REF] Donachie | Relationship between cell size and time of initiation of DNA replication[END_REF]). OriC is the site of replication initiation. OriC contains A-T rich 13-mer repeats and four 9-mer repeats sequences [START_REF] Katayama | Regulation of the replication cycle: conserved and diverse regulatory systems for DnaA and oriC[END_REF]). This AT-rich profile make it energetically favorable to unfold which is why it is the Initiation of replication site [START_REF] Meijer | Nucleotide sequence of the origin of replication of the Escherichia coli K-12 chromosome[END_REF][START_REF] Tabata | The 245 base-pair oriC sequence of the E. coli chromosome directs bidirectional replication at an adjacent region[END_REF]. The replisome was first described by François Jacob as the "replicon" [START_REF] Jacob | On the regulation of DNA replication in bacteria[END_REF]. Jacob and colleagues hypothesized that the replisome should present a regulator that control replication initiation. Indeed, the assembly of the huge replisome complex is finely regulated by key proteins that ensure the step-wise manner. Once, the Arguably, the DnaA-ATP readily present can be capable of launching timely successive initiation of replication at the same oriC. E. coli has evolved a system to fine-tune DnaAdependent Initiation using DNA methylation. DNA in E. coli is methylated on both strands by an enzyme called DAM methylase that acts on GATC repeats at the adenine [START_REF] Geier | Recognition sequence of the dam methylase of Escherichia coli K12 and mode of cleavage of Dpn 1 endonuclease . *[END_REF].

GATC repeats are abundant at the oriC. Newly replicated sister chromosomes are hemimethylated. Newly hemi-methylated GATC sequences at the oriC, are bound by SeqA protein that sequesters the oriC. This sequestration prevents over-initiation of replication by inhibiting DnaA from binding oriC (figure 20,B) [START_REF] Lu | SeqA: a negative modulator of replication initiation in E. coli[END_REF]) and the lagging strand difference in processivity, the fork advances uniformly. This is due to the primase-pol III competition for DnaB that affect activity rates to keep the same pace as fork progression proceeds [START_REF] Tanner | Single-molecule studies of fork dynamics in Escherichia coli DNA replication[END_REF]Reyes-Lamothe et al. 2010b;[START_REF] Lee | DNA primase acts as a molecular brake in DNA replication[END_REF]).

Fork progression roadblocks

Replication Forks can be prone to halting or complete arrest. This can be due to clash between different nucleic acid metabolism pathways or defect in local or global supercoiling of the cell. The speed of replication is faster than that of transcription 1000bp/s vs 42bp/s respectively. This effect of transcription on replication fork progression is dependent on the orientation of transcription with respect to the replication fork. It can impede replication if it is co-directional or block replication if it is in the opposite orientation (heads-on) (figure 21, A)(Elias-Arnanz & Salas 1999; [START_REF] Liu | Head-on collision between a DNA replication apparatus and RNA polymerase transcription complex[END_REF][START_REF] Liu | The DNA replication fork can pass RNA polymerase without displacing the nascent transcript[END_REF].

Head-on collision between transcription and replication can cause aberrant DNA conformations such as knots and fork reversal formation [START_REF] Postow | Topological challenges to DNA replication: conformations at the fork[END_REF][START_REF] Michel | Multiple pathways process stalled replication forks[END_REF]Olavarrieta et al. 2002). Moreover, it can increase the rate of DNA mutation at the and introducing negative supercoils (Khodursky et al. 2000). Topo IV on the other hand, has can support one third of the replication fork progression in the absence of Gyrase that is able to fully support fork progression [START_REF] Hiasa | Topoisomerase IV Can Support oriC DNA Replication in Vitro[END_REF]Khodursky et al. 2000). Topo IV main activity is behind the replication fork. With fork progression, sister chromatids twist over each other forming precatenanes made up of left-handed crossing [START_REF] Cebrian | Direct Evidence for the Formation of Precatenanes during DNA Replication[END_REF][START_REF] Postow | Topological challenges to DNA replication: conformations at the fork[END_REF][START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF][START_REF] Vos | All tangled up: how cells direct, manage and exploit topoisomerase function[END_REF]. Lesterlin et al. 2012 demonstrated, using Cre-loxP site-specific recombination system, that the rate of interaction of sister chromatids vary with Topo IV activity. Topo IV depletion increased the rate of sister chromatid interaction whereas its upregulation decreased the duration of this interaction behind the progressing replication fork. The authors showed the importance of Topo IV in managing precatenanes and their importance for sister chromatid interaction.

Replication termination

The converging forks progress toward a region opposite to the origin of replication in a 

Insights in chromosome segregation

Segregation is the complete separation of existing links between two sister chromosomes.

The chromosome segregation model has undergone multiple modifications over the years where new evidences helped to refine and validate misconceptions towards a more reliable model. The first model of chromosome segregation has been proposed as early as 1963 speculated that anchoring of newly replicating origins to the cell membrane. This way chromosome segregation would progress with cell elongation until division [START_REF] Jacob | On the regulation of DNA replication in bacteria[END_REF]. However this is inconsistent with recent studies showing that oriC segregates twice much faster than cell elongation (Espeli et al. 2008;[START_REF] Reyes-Lamothe | Independent Positioning and Action of Escherichia coli Replisomes in Live Cells[END_REF].

From a polymer physics point of view an interesting theory hypothesized that the chromosome behaves as a self-avoiding polymer in a confined environment and therefore could unmix only using the sole entropic force. Doing so, the increase in entropy when replication duplicates chromosome results in chromosome repulsion leading to segregation [START_REF] Jun | Entropy as the driver of chromosome segregation[END_REF][START_REF] Jun | Entropy-driven spatial organization of highly confined polymers: lessons for the bacterial chromosome[END_REF]. Never the less, even if self-avoidance does contribute to the unmixing of chromosomes, segregation profiles are far more complex than that we can obtain from entropic unmixing [START_REF] Junier | Polymer modeling of the E. coli genome reveals the involvement of locus positioning and macrodomain structuring for the control of chromosome conformation and segregation[END_REF]. Studies monitoring chromosome dynamics showed that nucleoids exhibit adherent behavior and are capable of assuming various architectures and abrupt structural transitions under different growth conditions [START_REF] Yazdi | Variation of the folding and dynamics of the Escherichia coli chromosome with growth conditions[END_REF][START_REF] Fisher | Four-dimensional imaging of E. coli nucleoid organization and dynamics in living cells[END_REF][START_REF] Kleckner | The bacterial nucleoid: Nature, dynamics and sister segregation[END_REF].

For chromosome segregation to be executed properly, certain cellular conditions have to be met. Compaction factors play an important role in segregation. Some NAPS such as HNS and HU deletions resulted in the formation of anucleated cells and, as so, exhibit defects in segregation. However, HU deletion does not cause neither replication halting nor arrest [START_REF] Faelen | Multiple Defects in Escherichia coli Mutants Lacking HU Proteint[END_REF]). E. coli SMC complex MUKBEF defects have shown aberrant delocalization of the oriC, chromosome organization, and the increase of anucleated cell formation [START_REF] Niki | The new gene mukB codes for a 177 kd protein with coiled-coil domains involved in chromosome partitioning of E. coli[END_REF][START_REF] Danilova | MukB colocalizes with the oriC region and is required for organization of the two Escherichia coli chromosome arms into separate cell halves[END_REF]). In some bacteria, the dedicated partition system (parABS) participates to segregation in coordination with SMC [START_REF] Wang | The SMC condensin complex is required for origin segregation in Bacillus subtilis[END_REF][START_REF] Wang | Bacillus subtilis chromosome organization oscillates between two distinct patterns[END_REF][START_REF] Graham | ParB spreading requires DNA bridging[END_REF][START_REF] Santi | Chromosome organization and replisome dynamics in Mycobacterium smegmatis[END_REF].

DNA supercoiling is also a factor affecting segregation. Alteration in Topo I, Gyrase, or/and Topo IV lead to segregation defects. Notably, Topo IV alteration shows the most prominent defects in segregation (figure23) (Wang et al. 2008). This might be explained by the fact that Topo IV is the bacterial decatenase being able to resolve both precatenanes and catenanes. (Zechiedrich et al. 1997;[START_REF] Cebrian | Direct Evidence for the Formation of Precatenanes during DNA Replication[END_REF][START_REF] Crisona | Preferential relaxation of positively supercoiled DNA by E. coli topoisomerase IV in single-molecule and ensemble measurements[END_REF][START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF]. 

Sister chromatids segregation

Fluorescent microscopy experiments labeling the chromosome arms as well as the origin and terminus of replication gave an insight in to chromosome dynamics in the cell (figure 24,C) [START_REF] Wang | The two Escherichia coli chromosome arms locate to separate cell halves service The two Escherichia coli chromosome arms locate to separate cell halves[END_REF][START_REF] Nielsen | The Escherichia coli chromosome is organized with the left and right chromosome arms in separate cell halves[END_REF]Espeli et al. 2008). In the non-replicative state, the oriC and ter co-localize to mid cell. After replication initiation, oriC duplication is followed by oriC movement to the opposite cell quarters while ter remains at mid cells. After replication termination, sister chromosomes are then arranged in a L-R-L-R configuration (L and R are the right and left replichores). Then chromosomes are segregated at mid cell at ter followed by cells division. 
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). The divisome is the complex of proteins anchored to mid cell that assembles progressively and constricts once fully assembled [START_REF] Hajduk | Connecting the dots of the bacterial cell cycle: Coordinating chromosome replication and segregation with cell division[END_REF][START_REF] Reyes-Lamothe | Chromosome Replication and Segregation in Bacteria[END_REF]). Among the divisome proteins, FtsK is a DNA pump that couples segregation of the chromosome terminus, the ter region, with cell division. It is a powerful and fast translocase that reads chromosome polarity to find the end, thereby sorting sister ter regions on either side of the division septum, and activating the last steps of segregation [START_REF] Bigot | FtsK, a literate chromosome segregation machine[END_REF].

FtsK proteins has an essential N-terminal membrane bound domain involved in cell division and the C-terminal domain involved in chromosome localization and segregation [START_REF] Yu | Role of the C terminus of FtsK in Escherichia coli chromosome segregation[END_REF][START_REF] Liu | FtsK is a bifunctional protein involved in cell division and chromosome localization in Escherichia coli[END_REF]. FtsK recognizes special over-represented sequences, that are heavily oriented towards the dif site, called KOPS( ftsK Oritenting Polar Sequences) to localize dif to the septum site [START_REF] Bigot | KOPS: DNA motifs that control E. coli chromosome segregation by orienting the FtsK translocase[END_REF][START_REF] Bigot | Oriented loading of FtsK on KOPS[END_REF]). The septum is meticulously localized at mid-cell to ensure symmetrical division of daughter cell. [START_REF] Wu | Nucleoid occlusion and bacterial cell division[END_REF][START_REF] Ortiz | The keepers of the ring: Regulators of FtsZ assembly[END_REF][START_REF] Hajduk | Connecting the dots of the bacterial cell cycle: Coordinating chromosome replication and segregation with cell division[END_REF][START_REF] Schumacher | Structures of the nucleoid occlusion protein SlmA bound to DNA and the C-terminal domain of the cytoskeletal protein FtsZ[END_REF]. When all of those conditions are met two fates are possible as described below=.

Segregation of fully replicated chromosomes

The chromosome terminus has an organizer called MatP that binds to 23 matS sites (figure 25,A). MatP compacts sister termini and targets them to the septum (figure 25,B). MatP also delays the segregation of the terminal region by its interaction with the septal ring. (Mercier et al. 2008;Bigot & Marians 2010;[START_REF] Espeli | A Physical and Functional Interaction between Escherichia coli FtsK and Topoisomerase IV[END_REF][START_REF] Espéli | A MatPdivisome interaction coordinates chromosome segregation with cell division in E. coli[END_REF].

FtsK is able to strip MatP off DNA and activates the last steps of segregation that include the decatenation of sister chromosomes by Topo IV (figure 25,C).

Chromosome dimer resolution

During replication double stranded breaks that form has to be repaired by homologous recombination. As a result of odd number of homologous recombination sister chromatids fuse into a big circular structures called a chromosome dimer (figure 26, A, Left and middle panels) [START_REF] Adams | The Role of Topoisomerase IV in Partitioning Bacterial Replicons and the Structure of Catenated Intermediates in DNA Replication[END_REF][START_REF] Kuempel | dif , a recA -independent recombination site in the terminus region of the chromosome of Escherichia coli[END_REF]. Chromosome dimers fail to segregate and thus cell DNA will accumulate and cells will filament due to SOS regulon induction.

Chromosome dimers account for ~15% of a bacterial population [START_REF] Pérals | Functional polarization of the Escherichia coli chromosome terminus: The dif site acts in chromosome dimer resolution only when located between long stretches of opposite polarity[END_REF].

Unresolved chromosome dimers are unable to segregate and eventually the cell will die [START_REF] Pérals | Functional polarization of the Escherichia coli chromosome terminus: The dif site acts in chromosome dimer resolution only when located between long stretches of opposite polarity[END_REF]. E. coli resolves these dimers at the dif site. Dimer resolution is conducted as the consequent binding of XerCD site-specific recombinases at the 28bp dif sequence [START_REF] Hayes | Recombinase binding specificity at the chromosome dimer resolution site dif of Escherichia coli[END_REF]. Dimer resolution starts by KOPs-oriented DNA pumping by Ftsk until the two dif sites of the dimers align at the septum (figure 26, A right panel) [START_REF] Grainge | Unlinking chromosome catenanes in vivo by site-specific recombination[END_REF][START_REF] Steiner | The cytoplasmic domain of FtsK protein is required for resolution of chromosome dimers[END_REF]. Doing so, FtsK separates MatP from matS sites that delayed segregation (Stouf et al. 2013). When it reaches dif, the ɤ regulatory C-terminal subdomain of FtsK activates XerD catalytic activity [START_REF] Grainge | Activation of XerCD-dif recombination by the FtsK DNA translocase[END_REF]) (figure 26,B I) that catalyzes holiday junction formation and the junction is then resolved by XerC thus monomerizing the dimers into two separate chromosomes (figure 26, BII, III, IV) (Stouf et al. 2013;[START_REF] Steiner | The cytoplasmic domain of FtsK protein is required for resolution of chromosome dimers[END_REF][START_REF] Grainge | Unlinking chromosome catenanes in vivo by site-specific recombination[END_REF][START_REF] Grainge | Activation of XerCD-dif recombination by the FtsK DNA translocase[END_REF]. severe defects in segregation (Wang et al. 2008). Its depletion is so severe that high copy number suppressors have been identified (Espeli, Levine, et al. 2003;[START_REF] Espeli | SetB: An integral membrane protein that affects chromosome segregation in Escherichia coli[END_REF][START_REF] Nurse | Topoisomerase III can serve as the cellular decatenase in Escherichia coli[END_REF]. Topo IV alteration has been shown to be compensated by Topo III ,the enzyme that was shown to decatenate activity in vitro [START_REF] Seol | Comparison of DNA decatenation by Escherichia coli topoisomerase IV and topoisomerase III: Implications for non-equilibrium topology simplification[END_REF][START_REF] Suski | Resolution of Converging Replication Forks by RecQ and Topoisomerase III[END_REF][START_REF] Broccoli | Isolation of the topB gene encoding DNA topoisomerase III as a multicopy suppressor of topA null mutations in Escherichia coli[END_REF], by supporting chromosome decatenation (Perez-Cheeks et al.

2012; [START_REF] Nurse | Topoisomerase III can serve as the cellular decatenase in Escherichia coli[END_REF]. Other high copy number suppressors such as DnaX have been identified. DnaX encodes the two clamp loader components ɤ and ɟ subunits of the DNA polymerase III holoenzyme. The mutation in dnaX leads to the loss of ParC targeting to the replisome and affects Topo IV decatenation (Espeli, Levine, et al. 2003). SetB, an integral inner membrane protein, was identified as a high copy number suppressor of Topo IV.

Deletion of setB causes a delay in chromosome segregation, whereas its overproduction causes nucleoid disintegration and stretching, leading to segregation and cell division defects. SetB deletion mutant also exhibits a synthetic lethality phenotype when combined with mutations that delete the C-terminal motor domain of the septal ring protein FtsK. SetB localizes in the cell with the actin homologue MreB. These observations demonstrated that chromosome segregation is linked with cellular infrastructure suggesting that Topo IV alteration might be compensated by the mechanical segregation forces [START_REF] Espeli | SetB: An integral membrane protein that affects chromosome segregation in Escherichia coli[END_REF]. It is noteworthy that DnaX and SetB high copy number suppressors viability were still dependent on having Topo III. Topo III can compensate for Topo IV alteration but the exact mechanism is yet to be explored.

Topo IV and FtsK

Major replication proteins have been described to interact with Topo IV. FtsK protein is a membrane bound protein involved in various processes having two major domains. The Nterminal domain essential for septal formation whereas at the C-terminal, it is divided into three domains. One of which is composed of 500 amino acid region FtsKc. FtsKc is involved in chromosome segregation of catenanes and chromosome dimers [START_REF] Yu | Role of the C terminus of FtsK in Escherichia coli chromosome segregation[END_REF][START_REF] Bigot | FtsK, a literate chromosome segregation machine[END_REF]Stouf et al. 2013). This can be linked to the fact that Topo IV interacts directly to the FtsKc (figure 19,c). The activation results in targeting Topo IV to the septum and activating the decatenation activity up to three-fold. Ftsk also stimulates both the decatenation activity and positive supercoils relaxation in vitro (Bigot & Marians 2010;[START_REF] Espeli | A Physical and Functional Interaction between Escherichia coli FtsK and Topoisomerase IV[END_REF].

Topo IV and SeqA

Another Topo IV partner has been identified. The replication protein SeqA modulates Topo IV activity. Kang et al. showed by Yeast two-hybrid experiments and in vitro Topo IV relaxation assays, that SeqA interacts with the ParC subunit of Topo IV to stimulates its decatenation activity [START_REF] Kang | SeqA protein stimulates the relaxing and decatenating activities of topoisomerase IV[END_REF]. However, the author showed that this interaction is dependent on SeqA. High SeqA concentration lead to Topo IV inhibition. SeqA forms hemimethylation zones to sequester sister chromatids. The duration of sequestration is dependent on GATC sequence availability that are sites of methylation [START_REF] Joshi | Escherichia coli sister chromosome separation includes an abrupt global transition with concomitant release of late-splitting intersister snaps[END_REF][START_REF] Geier | Recognition sequence of the dam methylase of Escherichia coli K12 and mode of cleavage of Dpn 1 endonuclease . *[END_REF]). Sites of prolonged sister chromatid interaction, are called SNAPS regions, they are rich in GATC motifs and bind more SeqA [START_REF] Joshi | Escherichia coli sister chromosome separation includes an abrupt global transition with concomitant release of late-splitting intersister snaps[END_REF][START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]. Topo IV alteration delayed segregation and increased cohesion in the SNAPS regions [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]. Another study showed that, the amount of sister chromatid interactions was dependent on the level of Topo IV in the cell (Lesterlin et al. 2012). Dam methylase enzyme completes DNA methylation [START_REF] Geier | Recognition sequence of the dam methylase of Escherichia coli K12 and mode of cleavage of Dpn 1 endonuclease . *[END_REF]. [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF], then proposed a model of sister chromatid cohesion (Figure 27). SeqA deprives access of Topo IV to DNA when it is hemi- 

Topo IV and MukB

Amongst proteins that interact with Topo IV, MukB effect on Topo IV has been extensively studied in different lab for the past decade. MukB deletion renders cells temperature sensitive and shows defective segregation that leads to an increase in anucleated cells production (Niki et al. 2000;Britton et al. 1998;Jensen & Shapiro 1999). This phenotype is rescued by topA deletion. Topo I relaxes negative supercoils, thus suggesting that MukB compacts DNA end can be compensated by a high negative superhelicity state (figure 28, A) [START_REF] Sawitzke | Suppression of chromosome segregation defects of Escherichia coli muk mutants by mutations in topoisomerase I[END_REF]. Both K. Marians and J. Berger labs have observed that Topo IV interacts with MukB in the C-terminal domain of ParC. However, their observations were distinct. The K. Marians lab showed the MukB ParC-CTD interaction stimulated DNA relaxtion interaction and had no effect of decatenation in vtiro [START_REF] Hayama | Physical and functional interaction between the condensin MukB and the decatenase topoisomerase IV in Escherichia coli[END_REF].

They proposed that MukB stimulates Topo IV activity to act on negative supercoils intramolecularly that leads to chromosome condensation by forming knots (figure 22, B) [START_REF] Hayama | The MukB-ParC interaction affects the intramolecular, not intermolecular, activities of topoisomerase IV[END_REF]. This was consistant with previous findings showing the mukB loops DNA into negatively supercoild plectonems and knots DNA in the presence of Topo IV [START_REF] Petrushenko | DNA reshaping by MukB: Right-handed knotting, left-handed supercoiling[END_REF][START_REF] Cui | MukB acts as a macromolecular clamp in DNA condensation[END_REF].

In contrast, J. Berger lab showed, using structural and functional studies, that MukB interacts The polyvalent effect of NAPs in gene regulation, nucleoid compaction, and regulation during different growth phases has been tremendously described mainly by deletion studies and biochemical analysis (reviewed in [START_REF] Azam | Twelve species of the nucleoid-associated protein 481 from Escherichia coli. Sequence recognition specificity and DNA binding[END_REF][START_REF] Luijsterburg | The architectural role of nucleoid-associated proteins in the organization of bacterial chromatin: A molecular perspective[END_REF][START_REF] Rimsky | Pervasive regulation of nucleoid structure and function by nucleoidassociated proteins[END_REF]. However, a more thorough studies using genome-wide analysis by

with
ChIP-seq and RNA-seq has given a global view on their activity. Chip-seq on NAPs such as FIS, H-NS, IHF, HU have provided ample insights about their impact on genome regulation.

FIS and HNS ChIP-seq (Kahramanoglou et al. 2011) have shown the following: H-NS and FIS binding is mutually exclusive. However, H-NS binding is enriched in putative horizontallyacquired regions, whereas FIS binding is not. H-Ns binding co-localized with silenced genes whereas FIS biding was in active genes. H-NS binds longer stretches of DNA than FIS and is present in all growth phases. However, FIS biding was absent in stationary phases. This might be linked to the fact that FIS concentration drops during exponential phase but also to the fact that FIS regulates the same gene targets as CRP. CRP is highly expressed only in stationary phase which might occlude residual FIS binding during stationary phase. These results shed light on the interplay between NAP abundance and gene expression.

Furthermore, HU and IHF ChIP-seq experiments have shown that IHF binds to 30% of E. coli operons. However, its deletion showed only deregulation of 10% of genes, suggesting cooperative regulation with FIS and H-NS. HU however, showed no binding consensus but preferably binds to AT rich sequences that are enriched near the terminus having an ori/ter binding bias [START_REF] Prieto | Genomic analysis of DNA binding and gene regulation by homologous nucleoid-associated proteins IHF and HU in Escherichia coli K12[END_REF].

Modulating Topoisomerases and by extension global superhelical density changed 7% of total gene expression has been compromised. 306 gene are labeled supercoiling-sensitive in result to Gyrase ablation [START_REF] Peter | Genomic transcriptional response to loss of chromosomal supercoiling in Escherichia coli[END_REF]). Gyrase Chip on chip experiments coupled with RNA microarray analysis have shown that the gene expression was correlated with supercoiling variation over a short distance range on the genome spanning 8 to 16 Kb.

However, over medium to long ranges reaching up to 800KB, transcriptional pattern was correlated with Gyrase binding (Jeong et al. 2004). Later correlational studies of Gyrase binding with that of gene expression in WT and HU-knockout background have shown that HU-Knockout upregulated hundreds of genes, at the origin of replication domain, which were overlapping with Gyrase binding suggesting that HU regulates genome superhelicity by inhibiting Gyrase activity on certain genes [START_REF] Sobetzko | Gene order and chromosome dynamics coordinate spatiotemporal gene expression during the bacterial growth cycle[END_REF]. Coherent with this finding a recent genome-wide analysis using a supercoiling sensitive cross-linker called psoralen.

Psoralen binds preferentially to negatively supercoiled DNA and is activated by UV-light. This microarray was done in stationary phase and in exponential phase. Results in stationary phase showed abundant negative supercoiling gradient biased towards the terminus. This pattern was related to HU. hupA hupB double knockout resulted in the loss of this bias [START_REF] Lal | Genome scale patterns of supercoiling in a bacterial chromosome[END_REF]). Sobetzko et al. have proposed that during exponential phase, DNA gyrase maintains a gradient of supercoiling with the origin higher than the terminus. This study showed no bias in exponential phase between ori and ter. It is in coherence with Gyrase regulation of genome superhelicity in exponential phase acting both on fork progression and on twin supercoiled domain [START_REF] Lal | Genome scale patterns of supercoiling in a bacterial chromosome[END_REF]. All results support the crosstalk of DNA supercoiling, NAP binding, gene expression and replication in modulating the maintenance of the chromosome Dynamics. 

II-Thesis Objectives

II-Thesis objectives, strategy and main results

Topoisomerase IV is the main chromosome decatenase of E. coli and most bacteria (Zechiedrich, Khodursky, and Cozzarelli 1997). Topo IV is a heterotetramer form by dimers of ParC and ParE subunits [START_REF] Kato | New topoisomerase essential for chromosome segregation in E. coli[END_REF]) which present a high degree of homology with GyrA and GyrB subunits of DNA Gyrase. Alteration of Topo IV leads to severe chromosome segregation defects [START_REF] Kato | New topoisomerase essential for chromosome segregation in E. coli[END_REF]), but does not halt chromosome replication (Wang, Reyes-lamothe, and Sherratt 2008).

Recently a role for Topo IV in the segregation of replicating sister chromatids has been demonstrated (Lesterlin et al. 2012;Wang, Reyes-lamothe, and Sherratt 2008). It is therefore generally admitted that Topo IV works behind replication forks to remove precatenation links [START_REF] Cebrián | Direct Evidence for the Formation of Precatenanes during DNA Replication[END_REF]Peter et al. 1998) that are formed by the supercoiling propagation behind the replication fork while DNA Gyrase processing positive super-helical tension generated by replication. Sister chromatids segregation is not a homogeneous process in E. coli, some regions of the chromosome appear to segregate with a prolonged delay after their replication compared to other regions which segregate within few minutes following their replication. Among the late segregation regions are the SNAPs regions that are abundant with GATC sequences that might recruit high amounts of SeqA protein that negatively modulate Topo IV decatenation and segregation activities [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]. The E.

coli replication terminus region of the chromosome also segregates late as a results of a combination of events: i) the MatP-septal ring interaction [START_REF] Espéli | A MatPdivisome interaction coordinates chromosome segregation with cell division in E. coli[END_REF]; ii) the MatP-MukB interaction and iii) the MukB-Topo IV interaction [START_REF] Nolivos | MatP regulates the coordinated action of topoisomerase IV and MukBEF in chromosome segregation[END_REF]). These observations suggested that the decatenation activity of Topo IV is highly regulated in time and space. This is in good agreement with observations that Topo IV works preferentially late in the cell cycle (Espeli et al. 2003) and in the chromosome terminus region at the dif site (Hojgaard et al. 1999).

My PhD project sought to obtain more insight into the regulation of Topo IV. Specifically I wanted to address the following questions:

i) Where and when is Topo IV needed during DNA replication?

ii) Are there hotspots of Topo IV activity on the genome?

iii) Is Topo IV activity coordinated with the cell cycle events such as replication or division?

iv) What determines a Topo IV binding/activity site? This is especially intriguing for site that presents strong binding/ activity. 

III-Results

Introduction

DNA replication of a circular bacterial chromosome involves strong DNA topology constraints that are modulated by the activity of DNA topoisomerases [START_REF] Khodursky | Analysis of topoisomerase function in bacterial replication fork movement: use of DNA microarrays[END_REF]. Our current understanding of these topological modifications comes from extensive studies on replicating plasmids [START_REF] Peter | The structure of supercoiled intermediates in DNA replication[END_REF][START_REF] Martínez-Robles | Interplay of DNA supercoiling and catenation during the segregation of sister duplexes[END_REF] These studies suggest that positive supercoils are formed ahead of the replication fork, while precatenanes are formed on newly replicated sister strands. At the end of a replication round, unresolved precatenanes accumulate in the region of replication termination and are converted to catenanes between the replicated sister chromosomes. Neither precatenanes or catenanes have been directly observed on chromosomes but their presence is generally accepted and failure to resolve them leads to chromosome segregation defects and cell death [4].

Topo IV is a type II topoisomerase formed by two dimers of the ParC and ParE subunits and is the main decatenase in Esherichia. coli [START_REF] Zechiedrich | Topoisomerase IV, not gyrase, decatenates products of site-specific recombination in Escherichia coli[END_REF]. in vitro, its activity is 100 fold stronger on catenated circles than that of DNA gyrase [START_REF] Peng | Decatenation activity of topoisomerase IV during oriC and pBR322 DNA replication in vitro[END_REF]. Topo IV activity is dependent on the topology of the DNA substrate; Topo IV activity is strongest on positively supercoiled DNA and has a marked preference for L-braids, which it relaxes completely and processively. Topo IV can also unlink R-braids but only when they supercoil to form L-plectonemes [START_REF] Charvin | Single-molecule study of DNA unlinking by eukaryotic and prokaryotic type-II topoisomerases[END_REF][START_REF] Crisona | Preferential relaxation of positively supercoiled DNA by E. coli topoisomerase IV in single-molecule and ensemble measurements[END_REF][START_REF] Neuman | Mechanisms of chiral discrimination by topoisomerase IV[END_REF]. In vivo, DNA gyrase appears to have multiple targets on the E. coli chromosome [START_REF] Espéli | In vivo cleavage of Escherichia coli BIME-2 repeats by DNA gyrase: genetic characterization of the target and identification of the cut site[END_REF][START_REF] Hsu | Distribution of gyrase and topoisomerase IV on bacterial nucleoid: implications for nucleoid organization[END_REF][START_REF] Jeong | Spatial patterns of transcriptional activity in the chromosome of Escherichia coli[END_REF], whereas Topo IV cleavage sites seem to occur less frequently [START_REF] Hsu | Distribution of gyrase and topoisomerase IV on bacterial nucleoid: implications for nucleoid organization[END_REF]. Interestingly, Topoisomerase IV activity is not essential for replication itself [START_REF] Wang | Modulation of Escherichia coli sister chromosome cohesion by topoisomerase IV[END_REF] but is critical for chromosome segregation [START_REF] Kato | New topoisomerase essential for chromosome segregation in E. coli[END_REF]. The pattern of sister chromatid separation has been shown to vary upon Topo IV alteration, leading to the view that precatenanes mediate sister chromatid cohesion by accumulating for several hundred kilobases behind the replication forks keeping the newly replicated DNA together [START_REF] Wang | Modulation of Escherichia coli sister chromosome cohesion by topoisomerase IV[END_REF][START_REF] Lesterlin | Sister chromatid interactions in bacteria revealed by a site-specific recombination assay[END_REF]. The regulation of Topo IV and perhaps the accessibility of the protein to chromosome dimers was proposed to be an important factor controlling chromosome segregation [START_REF] Lesterlin | Sister chromatid interactions in bacteria revealed by a site-specific recombination assay[END_REF][START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]. Topo IV activity can be modulated by a number of proteins including MukB and SeqA. MukB, is an SMC-related protein in E. coli and is reported to bind to the C-terminus of Topo IV [START_REF] Vos | Structural basis for the MukB-topoisomerase IV interaction and its functional implications in vivo[END_REF] to enhance Topo IV unlinking activities [START_REF] Hayama | The MukB-ParC interaction affects the intramolecular, not intermolecular, activities of topoisomerase IV[END_REF][START_REF] Li | Escherichia coli condensin MukB stimulates topoisomerase IV activity by a direct physical interaction[END_REF]. MukB also appears to be important in favoring the formation of Topo IV foci (clusters) near the origin of replication [START_REF]The SMC complex MukBEF recruits topoisomerase IV to the origin of replication region in live Escherichia coli[END_REF]. SeqA, a protein involved in the control of replication initiation, and Topo IV also interact [21]. These interactions may play a role in sister chromatid segregation at the late segregating SNAP regions near the origin of replication of the chromosome [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF].

Beside its role in the resolution of precatenanes, Topo IV is mostly required in the post-replicative (G2) phase of the cell cycle for the resolution of catenation links. Indeed, Espeli et al. showed that Topo IV activity is mostly observed during the G2 phase, suggesting that a number of catenation links persist after replication [START_REF] Espeli | Temporal regulation of topoisomerase IV activity in E. coli[END_REF]. Recent cell biology experiments revealed that in G2, the terminal region (ter) opposite oriC segregates following a specific pattern [START_REF] Espeli | DNA dynamics vary according to macrodomain topography in the E. coli chromosome[END_REF][START_REF] Li | Segregation of the Escherichia coli chromosome terminus[END_REF][START_REF] Stouf | FtsK actively segregates sister chromosomes in Escherichia coli[END_REF]. Sister ter regions remain associated from the moment of their replication to the onset of cell division. This sister-chromosome association is mediated by the Ter macrodomain organizing protein, MatP [START_REF] Mercier | The MatP/matS site-specific system organizes the terminus region of the E. coli chromosome into a macrodomain[END_REF]. At the onset of cell division, the FtsK DNA-translocase processes this region, releasing the MatP-mediated association. This process ends at the dif site, when the dimeric forms of the sister chromosomes are resolved by the XerC and XerD recombinases. A functional interaction between the MatP/FtsK/XerCD-dif system and Topo IV has long been suspected. FtsK interacts with Topo IV, enhancing its decatenation activity in vitro [START_REF] Bigot | DNA chirality-dependent stimulation of topoisomerase IV activity by the C-terminal AAA+ domain of FtsK[END_REF][START_REF] Espeli | A physical and functional interaction between Escherichia coli FtsK and topoisomerase IV[END_REF] and the dif region has been reported as a preferential site of Topo IV cleavage [START_REF] Hojgaard | Norfloxacin-induced DNA cleavage occurs at the dif resolvase locus in Escherichia coli and is the result of interaction with topoisomerase IV[END_REF]. This functional interaction has been poorly documented to date and is therefore remains elusive.

In this study we have used genomic and molecular biology methods to characterize Topo IV regulation during the Escherichia coli cell cycle on a genome-wide scale. The present work revealed that Topo IV requires DNA replication to load on the chromosome. In addition, we have identified two binding patterns: i) regions where Topo IV binds DNA but is not engaged in a cleavage reaction; ii) numerous sites where Topo IV cleavage is frequent. We show that Topo IV-mediated removal of precatenanes is influenced by both local chromatin structure and gene expression. We also demonstrate that at the dif site, Topo IV cleavage and binding are enhanced by the presence of the XerCD recombinase and the MatP chromosome-structuring factor. The enhancement of Topo IV activity at dif promotes decatenation of fully replicated chromosomes and through interaction with other DNA management processes, this decatenation ensures accurate separation of the sister chromosomes. Interestingly one of these sites corresponds to the dif site (position 1.58Mb), which has previously been identified as a strong Topoisomerase IV cleavage site in the presence of norfloxacin [START_REF] Hojgaard | Norfloxacin-induced DNA cleavage occurs at the dif resolvase locus in Escherichia coli and is the result of interaction with topoisomerase IV[END_REF]. We also observed strong enrichment over rRNA operons, tRNA and IS sequences. To address the significance of the enrichment at rRNA, tRNA and IS, we monitored these sites in ChIP-seq experiments performed in the same conditions with a MatP-flag strain and mock IP performed with strain that did not contain any flag tagged protein. ). Most Topo IV binding sites span a 200 bp region. These sites frequently overlapped intergenic regions, with their mid-points located inside the intergenic region, and did not correlate with any identifiable consensus sequence. In addition to dif, which exhibited a 10-fold enrichment, three other sites were strongly enriched. These sites corresponded to positions 1.25Mb (9.4x), 1.85Mb (31x) and 2.56Mb (19x) on the chromosome (Fig 1A,right panels). Beside these specific sites, Topo IV IP showed non-specific enrichment in the oriC proximal half of the chromosome. This bias was not a consequence of locus copy number, as the enrichment remained after copy number normalization (Fig 1B). We used MatP-Flag IP [START_REF] Dupaigne | Molecular basis for a protein-mediated DNA-bridging mechanism that functions in condensation of the E. coli chromosome[END_REF] and a control IP in a strain that does not contain a Flag tagged gene to differentiate non-specific Topo IV binding from experimental noise (S3A Fig) . In addition, Topo IV enrichment was also observed in GC rich regions of the chromosomes (S3B Fig) . Importantly, the ori/ter bias was not a result of the GC% bias along the chromosome since it was still explicit after GC% normalization (S3C Fig) . More precisely, the Topo IV binding pattern closely followed gene dosage for a ~3Mb region centered on oriC (S3D and S3E Fig and S1 Text). In the complementary ter-proximal region, gene dosage (input reads) was higher than the ChIP-seq profile, suggesting that the nonspecific Topo IV binding was lower or lasts for a shorter time in the cell cycle (since these data are population-averaged). The Terminus region that is depleted in Topo IV binding (1.6Mb) surpassed, by far, the size of the Ter macrodomain (800kb).

Results

Topoisomerase IV binding on the E. coli chromosome

Topo IV binding is influenced by replication

The influence of Topo IV on sister chromatid interactions [START_REF] Lesterlin | Sister chromatid interactions in bacteria revealed by a site-specific recombination assay[END_REF] prompted the question of how Topo IV would follow replication forks and bind to the newly replicated sister chromatids throughout the cell cycle. We performed ChIP-seq experiments in E. coli dnaC2 strains under conditions suitable for cell cycle synchronization of the entire population. Synchronization was achieved through a double temperature shift, as described previously [START_REF] Lesterlin | Sister chromatid interactions in bacteria revealed by a site-specific recombination assay[END_REF]. Using these conditions, in each cell, S phase is initiated on one chromosome, lasts for 40-45 min and is followed by a G2 phase (20 min) (S4 Fig) . We analyzed ParE binding before the initiation of replication, in S phase 20 min (S20) and 40 min (S40) after the initiation of replication and in G2 phase. The synchronization of replication in the population was monitored by marker frequency analysis of the Input DNA (Fig 1C). The profile observed for bacteria that did not replicate at nonpermissive temperature was strictly flat, but the S20 replication profile presented two sharp changes of the marker frequency slope around positions 500kb and 2700kb. This suggested that each replication fork had crossed approximately 1000 to 1300 kb in 20 min. The S40 replication profile demonstrated that most cells had finished replication, with the unreplicated region being limited to 300 kb around dif in no more than 20% of the bacteria. In G2 phase the marker frequency was flat. We used flow cytometry to demonstrate that at G2, the amount of DNA in each bacterium was double compared to that of the G1 bacteria, indicating that cytokinesis has not yet occurred (S4 Fig) . We analyzed Topo IV binding at specific binding sites (Fig 1D). Binding at these sites was strongly impaired in the absence of replication. Binding at every site started in the S20 sample and was maximal in the S40 or G2 samples, without showing any marked decrease, even in the oriC-proximal region. These observations suggest that Topo IV binds to specific sites during S phase. However, since enrichment was observed for non-replicated loci and was maintained for a long time after replication, it was not compatible with a model of Topo IV migration with the replication forks. Synchronization experiments with a higher temporal resolution are required to clarify this observation.

Only certain Topo IV binding sites correspond to Topo IV cleavage sites

To measure Topo IV cleavage at the binding sites, we took advantage of the fact that norfloxacin covalently links Topoisomerase II to the gate segment of DNA and prevent its relegation doi:10.1371/journal.pgen.1006025.g001 [START_REF] Cabral | Crystal structure of the breakage-reunion domain of DNA gyrase[END_REF]. We first monitored Topo IV activity on the Topo IV enriched regions (1.2, 1.8, 2.5, 3.2 Mb and dif) by incubating bacteria with norfloxacin for 10 minutes before genomic extraction and performing Southern blot analysis to detect the cleaved DNA products [START_REF] Espéli | In vivo cleavage of Escherichia coli BIME-2 repeats by DNA gyrase: genetic characterization of the target and identification of the cut site[END_REF][START_REF] Hojgaard | Norfloxacin-induced DNA cleavage occurs at the dif resolvase locus in Escherichia coli and is the result of interaction with topoisomerase IV[END_REF]. This revealed cleavage fragments induced by both DNA Gyrase and Topo IV poisoning in the WT strain, but only Topo IV cleavage in a nalR strain where DNA Gyrase is resistant to norfloxacin. Among the 5 tested sites, only two displayed clear Topo IV cleavage at the expected position (Fig 2A). As expected, the dif site exhibited strong cleavage. Moreover cleavage was also observed at position 2.56 Mb. However the 1.2, 1.8 and 3.2 Mb sites did not show any Topo IV mediated cleavage in the presence of norfloxacin.

Topo IV presents hundreds of cleavage sites on the chromosome

The above result prompted us to investigate Topo IV cleavage at the genome-wide scale. We performed IPs in the presence of norfloxacin as a crosslinking agent instead of formaldehyde. Following this step, all downstream steps of the protocol were identical to that of the ChIP-Seq assay. We referred to this method as NorflIP. The NorflIP profile differed from the ChIP-seq profile ( Fig We observed a total of 571 possible sites in the three experiments with about half of the sites common to at least two experiments and approximately 88 sites common to all three experiments (S1 Table ). We analyzed sequencing reads for the three experiments around the dif, 0.2 Mb and 1.92Mb positions. It revealed abrupt depletions of forward and reverse reads in a 100bp center region suggesting that it corresponds to the site of cleavage. We extrapolated this result for every peak to estimate the cleavage positioning of Topo IV (~150bp downstream of the center of the forward peak, S6D Fig) We manually validated 172 sites that were common to ParC-1 and ParE-1 experiments (S1 Table ) for further analysis.

Characteristics of Topo IV cleavage sites

The Topo IV cleavage at the dif site was the most enriched of the chromosome (~30 fold), fourteen sites were enriched from 5 to 10 fold and other positions were enriched from 2 to 5 fold (Fig 2E). Most NorflIP sites did not correspond to significant peaks in the ChIP-seq experiment (Fig 2E). We also did not observe any cleavage for the majority of the strong binding sites observed by ChIP-seq. This is illustrated for the binding site at 1.85 Mb (Fig 2E). We verified several Topo IV cleavage sites by Southern blot, a significant cleaved DNA fragment was observed at the expected size for each of them (Fig 2F). Southern blotting experiments following DNA cleavage in the presence of norfloxacin on synchronized cultures revealed that, like its binding, Topo IV cleavage is coordinated with DNA replication. In good agreement with 

Genomic distribution of Topo IV cleavage sites

The general genomic distribution of Topo IV cleavage sites was not homogeneous; a few regions had a large number of sites clustered together, while the 1.2Mb-2.5 Mb region contained a low density of sites (Fig 2H). We further analyzed the distribution of cleavage sites in the terminus and the oriC regions. In the terminus region, the average distance of consecutive cleavage sites was long (around 30 kb in the 1.5-2.5 Mb region) compared to 8 kb in the 0.8-1.5 Mb or the 2.5-3.1 Mb regions (S7A Fig) . The oriC region displays a mixed distribution (S7B Fig), a high density of sites near oriC flanked by two depleted regions, including the SNAP2 region [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]. At the gene scale, the mid-point of Topo IV cleavage signal can be localized inside genes (82%) or intergenic regions (16%) but it presents a bias toward the 5' or 3' gene extremities (S7C Fig) .  Since the cleavage signal spans approximately 200bp, nearly 50% of the sites overlapped, at least partly, with intergenic regions that account for only 11% of the genome. Finally, we did not identify any robust consensus between sets of Topo IV cleavage sites. The only sequence traits that we identified are a bias for GC dinucleotides near the center of the sites (S7D Despite the lack of corresponding ChIP-seq enrichment at the position of most highly enriched NorflIP sites, a number of consistencies were observed between these two data sets. Overall the NorflIP and ChIP-seq datasets had a Pearson correlation of 0.3 and the averaged data (1 kb bin) revealed a Pearson correlation of 0.5. First a small amount of local enrichment in the ChIP-seq experiments was frequently observed in the regions containing many cleavage sites (Fig 3A and 3C). This led us to consider that trapped Topo IV engaged in the cleavage reaction could contribute to a small amount of local enrichment in the ChIP-seq experiments. Second, both Topo IV cleavages and binding sites were rare in highly expressed regions (Fig 3A), only one of the 172 manually validated Topo IV cleavage site overlapped a highly expressed region. However cleavages sites were more frequently, than expected for a random distribution, observed in their vicinity (Fig 3C and S8 Fig). Thirty percent (50/172) of the Topo IV sites are less than 2 kb away from the next highly expressed transcription unit (Fig 3).

We explored correlations between the localization of Topo IV cleavages and binding sites of various NAPs thanks to the Nust database and tools [START_REF] Scolari | NuST: analysis of the interplay between nucleoid organization and gene expression[END_REF]. A significant correlation was only observed for Fis binding sites (Fig 3B). Sixty eight genes present both Fis binding [START_REF] Kahramanoglou | Direct and indirect effects of H-NS and Fis on global gene expression control in Escherichia coli[END_REF] and Topo IV cleavage (P value 2x10 -03 ). Thirty-three of the 172 manually validated cleavage sites We performed Southern blot analysis of Topo IV cleavage on representative sites to test whether gene expression and chromatin factors influenced Topo IV site selection. First, we observed that the exact deletion of cleavage sites at position 1.92 Mb and 2.56 Mb did not abolish Topo IV cleavage activity (Fig 3D and3E). Second, since these loci also contain a Fis binding site overlapping Topo IV cleavage signal, we deleted the fis gene. However, deletion of the fis gene did not modify Topo IV cleavage (Fig 3D and3E). Finally we performed cleavage assays in the presence of rifampicin to inhibit transcription. To limit the pleiotropic effects of rifampicin addition we performed the experiment with a 20 min pulse of rifampicin. Rifampicin treatment abolished Topo IV cleavage (Fig 3E). These results suggest that gene expression rather than chromatin factors influences Topo IV targeting.

XerC targets Topo IV to the dif site

Our analysis confirms that the dif region is a hot spot for Topo IV activity [START_REF] Hojgaard | Norfloxacin-induced DNA cleavage occurs at the dif resolvase locus in Escherichia coli and is the result of interaction with topoisomerase IV[END_REF]. Indeed, ChIPseq and NorflIP show that Topo IV binds to and cleaves frequently in the immediate proximity of dif. We measured DNA cleavage by Topo IV in the presence of norfloxacin in various mutants affecting the structure of dif or genes implicated in chromosome dimer resolution. Southern blot was used to measure Topo IV cleavage (Fig 4A). We observed that exact deletion of dif totally abolished Topo IV cleavage. Interestingly, the deletion of the XerC-binding sequence (XerC box) of dif was also sufficient to abolish cleavage, while the deletion of the XerD box only had a weak effect. Deletion of the xerC and xerD genes abolished Topo IV cleavage at dif. However, cleavage was restored when the catalytically inactive mutants XerC K172A or XerC K172Q were substituted for XerC (Fig 4B). This suggests that the role of XerCD/dif in approximately corresponds to the 400 transcription units that were the most expressed (the distribution of read counts scaled from 0 to 30 000). B) Correlation between the localization of Topo IV cleavages and chromatin markers. The NUST [START_REF] Scolari | NuST: analysis of the interplay between nucleoid organization and gene expression[END_REF] hypergeometric test was used to compare Topo IV and chromatin markers localization. The set of 172 validated Topo IV cleavage sites was used. The number of common localizations over the total number of chromatin marker localization is indicated. The P value of a Fisher's exact test is indicated. C) Genome browser magnifications of the panel A's pink and yellows regions. Mid log phase Fis and H-NS binding sites are respectively indicated with burgundy and black boxes [START_REF] Kahramanoglou | Direct and indirect effects of H-NS and Fis on global gene expression control in Escherichia coli[END_REF]. D) Magnification of the 2.56 Mb Topo IV binding and cleavage site that overlaps a Fis binding site. The position of the deleted Topo IV site is marked by vertical lines (frt). Southern blot analysis of Topo IV cleavage at the 2.56 Mb locus, in the nalR strain, the nalR strain with a deletion of the Topo IV cleavage and binding site and the deletion of fis. E) Same as D for the 1.92 Mb Topo IV cleavage site. Southern blot analysis of Topo IV cleavage at the 1.92 Mb locus, in the WT, the nalR strain, the nalR strain with a deletion of the Topo IV cleavage and Fis binding site and the nalR strain with fis deletion. The cleavage was also analyzed following a 20 min treatment with rifampicin (rif). To evaluate the role of XerCD-mediated Topo IV cleavage at dif, we attempted to construct parEts xerC, parEts xerD and parCts xerC double mutants. We could not obtain parCts xerC mutants by P1 transduction at any tested temperature. We obtained parEts xerC and parEts xerD mutants at 30°C. The parEts xerC double mutant presented a growth defect phenotype at 30°C and did not grow at temperature above 35°C (Fig 4D). The parEts xerD mutant presented a slight growth defect at 37°C compared to parEts or xerD mutants. None of the parEts mutant grew above 42°C. Next, we used quinolone sensitivity as a reporter of Topo IV activity. To this aim, we introduced mutants of the FtsK/Xer system into a gyrA nalR (nalR) strain; Topo IV is the primary target of quinolones in such strains. The absence of XerC, XerD, the C-terminal activating domain of FtsK or dif exacerbated the sensitivity of the nalR strain to ciprofloxacin (Fig 4D). We therefore concluded that the impairment of Topo IV was more detrimental to the cell when the FtsK/Xer system was inactivated. Among partners of the FtsK/Xer system the absence of XerC was significantly the most detrimental, suggesting a specific role for XerC in this process.

The above results suggest an interaction between Topo IV and the XerCD/dif complex. We therefore attempted to detect this interaction directly in vitro (Fig 4E and4F). We performed EMSA with two fluorescently labeled linear probes, one containing dif and the other containing a control DNA not targeted by Topo IV in our genomic assays. Topo IV alone bound poorly to both probes (Kd > 100nM). Binding was strongly enhanced when XerC or both XerC and XerD were added to the reaction mix. In contrast, Topo IV binding to dif was slightly inhibited in the presence of XerD alone. These results were consistent with the observation that deletion of the XerC box but not of the XerD box inhibited Topo IV cleavage at dif and pointed to a specific role for XerC in Topo IV targeting. The control fragment showed that these effects are specific to dif. Topo IV-XerC/dif complexes were stable and resisted a challenge by increasing amount of XerD (S10A Fig) . The positive influence of XerCD on TopoIV binding was also observed on a negatively supercoiled plasmid containing dif. In the presence of XerCD (50nM), a delay in the plasmid migration was observed with 40nM of TopoIV. By contrast, 200 nM was required in the absence of XerCD (S10B Fig) . The Southern blot cleavage assay showed that overexpression of the ParC C-terminal domain (pET28parC-CTD) strongly reduced cleavage at dif but enhanced cleavage at the Topo IV site located at 2.56Mb. This suggested that, as observed for MukB [START_REF] Vos | Structural basis for the MukB-topoisomerase IV interaction and its functional implications in vivo[END_REF], Topo IV might interact with XerC through its C-terminal domain (Fig 4G).

Topo IV activity at dif depends on dynamics of the ter region and chromosome circularity

We assayed the effects of the reported Topo IV modulators and proteins involved in chromosome segregation the activity of Topo IV at dif. MukB has previously been shown to influence the activity of Topo IV [START_REF] Vos | Structural basis for the MukB-topoisomerase IV interaction and its functional implications in vivo[END_REF][START_REF] Hayama | The MukB-ParC interaction affects the intramolecular, not intermolecular, activities of topoisomerase IV[END_REF]. We measured Topo IV cleavage in a mukB mutant at dif and at position 2.56 Mb, cleavage was reduced at dif but no significant effect was observed at position 2.56Mb (Fig 5A). We did not detect any effect of a seqA deletion on Topo IV cleavage at either position (Fig 5B). We next assayed the effect of MatP, which is required for compaction and intracellular positioning of the ter region as well as for the its progressive segregation pattern ending at dif [START_REF] Stouf | FtsK actively segregates sister chromosomes in Escherichia coli[END_REF][START_REF] Mercier | The MatP/matS site-specific system organizes the terminus region of the E. coli chromosome into a macrodomain[END_REF]. The Topo IV cleavage at dif was significantly impaired in the matP mutant (Fig 5C). The Topo IV cleavage site at position 1.9Mb is included in the Ter macrodomain, but cleavage at this site was almost unchanged in the absence of MatP (Fig 5C). Introduction of a matP deletion into the nalR strain yielded an increase in ciprofloxacin sensitivity (Fig 5D). We also constructed a parEts matP double mutant. Growth of this strain was significantly altered compared to the parEts parental strain at an intermediate temperature (Fig 5E). Such a synergistic effect was not found when combining the matP deletion with a gyrBts mutation. Taken together, these results led us to consider that MatP itself or the folding of the Ter macrodomain might be important for Topo IV targeting at dif. Since the FtsK/Xer/dif system is dedicated to post-replicative events that are specific to a circular chromosome, it was tempting to postulate that the activity of Topo IV at dif is also dedicated to post-replicative decatenation events and is strictly required for circular chromosomes. To address this question, we used E. coli strains harboring linear chromosomes [START_REF] Cui | Escherichia coli with a linear genome[END_REF]. In this strain, expression of TelN from the N15 phage promotes linearization of the chromosome at the tos site inserted a 6kb away from dif. Indeed, chromosome linearization suppresses the phenotypes associated with dif deletion [START_REF] Cui | Escherichia coli with a linear genome[END_REF]. We analyzed cleavage at the dif site by Topo IV in the context of a linearized chromosome. Cleavage was completely abolished; showing that Topo IV activity at dif is not required on linear chromosomes. This effect was specific to the dif site, since cleavage at the 1.9Mb site remained unchanged after chromosome linearization (Fig 5F). We next assayed if the phenotypes associated with matP deletion, i.e., formation of elongated cells with non-partitioned nucleoids [START_REF] Mercier | The MatP/matS site-specific system organizes the terminus region of the E. coli chromosome into a macrodomain[END_REF], depend on chromosome circularity. Strikingly, most of the phenotypes observed in the matP mutant were suppressed by linearization of the chromosome ( Fig 

Discussion

Specific Topo IV binding and cleavage sites on the chromosome

Whole genome analysis of Topo IV binding by ChIP-seq revealed approximately 10 Topo IV binding sites across the E. coli genome. Among them, only 5 sites were strongly enriched in every experiment and these were mapped to positions 1.25, 1.58 (dif), 1.85, 2.56 and 3.24 Mb. We did not identify any consensus sequence that could explain specific binding to these sites. Band shift experiments at the dif site and the 1.25 Mb site revealed that Topo IV binding is not sequence-dependent.

This led us to favor models involving exogenous local determinants for Topo IV binding as it is the case for the dif site in the presence of XerC. Because XerC is only known to bind to dif, we could speculate that other chromatin factors might be involved in Topo IV targeting. Topo IV and Fis binding sites [START_REF] Kahramanoglou | Direct and indirect effects of H-NS and Fis on global gene expression control in Escherichia coli[END_REF] overlap more frequently than expected (Nust P value 10e-03 [START_REF] Scolari | NuST: analysis of the interplay between nucleoid organization and gene expression[END_REF]. Topo IV and Fis binding sites overlap at the positions 1.25 and 2.56 Mb; it is therefore possible that Fis plays a role in defining some Topo IV binding sites. However our EMSA, cleavage and ChIP experiments did not show any cooperative binding of Topo IV with Fis. In spite of its colocalization with Topo IV, Fis does not contribute in defining Topo IV binding or cleavage sites. Nevertheless, the role of the chromatin in Topo IV localization was also illustrated by the strong negative correlation observed for the Topo IV and H-NS bound regions. H-NS rich regions were significantly less enriched for nonspecific Topo IV binding than the rest of the chromosome.

Topo IV mediated DNA cleavage sites

We postulated that loci where Topo IV is catalytically-active could be identified by DNA cleavage mediated by the quinolone drug norfloxacin. We designed a new ChIP-seq strategy that consisted of capturing DNA-norfloxacin-Topo IV complexes. We called it NorflIP. Three independent experiments show that Topo IV was trapped to a large number of loci (300 to 600) with most of these loci observed in two out of three experiments. A hundred of these loci were identified in all three experiments. Dif presented a strong signal in the NorflIP as in the ChIP-seq but this is not the case for most of the other ChIP-seq peaks. NorflIP peaks presented a characteristic pattern suggesting that they are genuine DNA-norfloxacin-Topo IV complexes. Considering that norfloxacin does not alter Topo IV specificity, our results suggest that for Topo IV the genome is divided into five categories: i) Loci where Topo IV binds strongly but remains inactive for most of the cell cycle; ii) Loci where Topo IV is highly active but does not reside for very long time; iii) Loci where we observed both binding and activity (dif and 2.56 Mb); iv) regions where Topo IV interacts non-specifically with the DNA and where topological activity is not stimulated; v) regions where non-specific interactions are restricted (the Ter domain, chromatin rich regions (tsEPODs [START_REF] Vora | Protein occupancy landscape of a bacterial genome[END_REF], H-NS rich regions). Detection of norfloxacin-mediated genomic cleavage by pulse field electrophoresis has previously revealed that when Topo IV is the only target of norfloxacin the average fragment size is 300-400 kb while it drops to 20 kb when Gyrase is the target [START_REF] Hsu | Distribution of gyrase and topoisomerase IV on bacterial nucleoid: implications for nucleoid organization[END_REF]. This suggests that, for each cell, no more than 10 to 20 Topo IV cleavages are formed in 10 min of norfloxacin treatment. To fit this observation with our data, only a small fraction (10-20 out of 600) of the detected Topo IV cleavage sites would actually be used in each cell. This might explain why Topo IV cleavage sites were hardly distinguishable from background in the ChIPseq assay (Fig 3). This is in good agreement with the estimation that the catalytic cycle only provokes a short pause (1.8 sec) in Topo IV dynamics [START_REF] Zawadzki | The Localization and Action of Topoisomerase IV in Escherichia coli Chromosome Segregation Is Coordinated by the SMC Complex[END_REF]. The mechanism responsible for the choice of specific Topo IV cleavage sites is yet to be determined. As indicated by our findings that deletion of the cleavage site resulted in the formation of a new site or sites in the vicinity, cleavage is not directly sequence-related. We observed several biases that might be involved in determination of cleavage sites (GC di-nucleotide skew, GATC spacing, positioning near gene ends or intergenic regions, proximity with highly expressed genes and Fis binding regions). Interestingly inhibition of transcription with rifampicin inhibits Topo IV cleavage (Fig 3). This raises the possibility that transcription, that can be stochastic, may influence stochastic determination of Topo IV activity sites. The influence of transcription could be direct, if RNA polymerase pushes Topo IV to a suitable place, or indirect if the diffusion of topological constraints results in their accumulation near barriers imposed by gene expression [START_REF] Deng | Organization of supercoil domains and their reorganization by transcription[END_REF][START_REF] Le | High-resolution mapping of the spatial organization of a bacterial chromosome[END_REF]. This accumulation could then, in turn, signal for the recruitment of Topo IV.

Replication influences Topo IV binding and activity

Synchronization experiments revealed that, like Topo IV binding at specific sites, Topo IV cleavage activity is enhanced by chromosome replication. Enrichment was the highest in late S phase or G2 phase; it seems to persist after the passage of the replication fork at a defined locus. Enrichment in asynchronous cultures was significantly reduced compared to S40 or G2 synchronized cultures suggesting that Topo IV is not bound to the chromosome for the entire cell cycle. Unfortunately our experiments did not have the time resolution to determine at what point of the cell cycle Topo IV leaves the chromosome and if it would leave the chromosome during a regular cell cycle. The role of DNA replication of Topo IV dynamics has recently been observed by a very different approach [START_REF] Zawadzki | The Localization and Action of Topoisomerase IV in Escherichia coli Chromosome Segregation Is Coordinated by the SMC Complex[END_REF]. The authors propose that Topo IV accumulates in the oriC proximal part of the chromosome in a MukB and DNA replication dependent process. These observations are in good agreement with our data and suggest that Topo IV is loaded on DNA at the time of replication, accumulate towards the origin of replication and remains bound to the DNA until a yet unidentified event triggers its release. Formation of positive supercoils and precatenanes ahead and behind of the replication forks respectively, could be the reason for Topo IV recruitment. One could hypothesize that MukB is used as a DNA topology sensor that is responsible for redistribution of Topo IV. However we only detected a modest effect of mukB deletion on Topo IV cleavage at dif (Fig 5). Putative events responsible for Topo IV release could be, among others, complete decatenation of the chromosome, SNAPs release, or stripping by other proteins such as FtsK.

Non-specific Topo IV binding

Non-specific Topo IV binding presents a very peculiar pattern; it is significantly higher in the oriC proximal 3Mb than in the 1.6Mb surrounding dif. This pattern is not simply explained by the influence of replication (S3 Fig) . Interestingly, ChIP-seq and ChIP-on-Chip experiments have already revealed a similar bias for DNA gyrase [START_REF] Jeong | Spatial patterns of transcriptional activity in the chromosome of Escherichia coli[END_REF] and SeqA [START_REF] Waldminghaus | Replication fork movement and methylation govern SeqA binding to the Escherichia coli chromosome[END_REF]. The CbpA protein has been shown to present an inverse binding bias [START_REF] Chintakayala | coli Fis protein insulates the cbpA gene from uncontrolled transcription[END_REF], with enrichment in the terminal region and a reduction in the oriC proximal domain. The HU regulon has also presented a similar bias [START_REF] Berger | Coordination of genomic structure and transcription by the main bacterial nucleoidassociated protein HU[END_REF]. The terminus domain defined by these biases always comprises the Ter macrodomain but it extends frequently beyond the extreme matS sites. The role of MatP in the definition of these biases has not yet been tested. The group of G. Mushelishvili proposed a topological model to interpret the DNA gyrase and HU regulon biases, suggesting that HU coordinates the global genomic supercoiling by regulating the spatial distribution of RNA polymerase in the nucleoid [START_REF] Berger | Coordination of genomic structure and transcription by the main bacterial nucleoidassociated protein HU[END_REF]. Topo IV could benefit from such a supercoiling gradient to load on the chromosome. Interestingly, the strongest Topo IV binding and cleavage sites are localized inside the Terminus depleted domain. One possibility could be that these sites minimize Topo IV binding to adjacent nonspecific sequences. Alternatively one can propose that a regional reduction of non-specific binding creates a selective advantage for optimal loading on to specific sites.

Dif and the control of decatenation

Dif was the strongest Topo IV cleavage site detected by NorflIP, it was also detected in the ChIP-seq assays. We have used Southern blot to analyze the determinants involved in this activity. The binding of XerC on the xerC box of dif and the region downstream of the xerC box are essential. In vitro, XerC also strongly favors binding of Topo IV at dif. Interestingly XerD and the xerD box did not improve Topo IV binding or cleavage. We propose that XerC works as a scaffold for Topo IV, simultaneously stimulating its binding and its activity. Topo IV activity at dif is also dependent on the circularity of the chromosome, suggesting that when topological constraints can be evacuated through chromosome ends, Topoisomerase IV does not catalyze strand passage at dif. This suggests that topological complexity is directly responsible for Topo IV activity. Topo IV cleavage activity at dif is not influenced by SeqA or FtsK, which are two known Topo IV partners. Interestingly, mukB and matP deletion mutants slightly reduced this activity. The synergistic effect observed when a matP deletion is combined with a parEts mutation suggests that MatP indeed influences Topo IV activity. The phenotypes of the matP mutant are rescued by the linearization of the chromosome. A similar rescue has been observed for the dif mutant [START_REF] Cui | Escherichia coli with a linear genome[END_REF]. Therefore it is likely that a significant part of the problems that cells encounter in the absence of matP corresponds to failure in chromosome topology management, either decatenation or chromosome dimer resolution [START_REF] Stouf | FtsK actively segregates sister chromosomes in Escherichia coli[END_REF]. In conclusion, we propose that genomic regulation of Topo IV consists of: (1) Topo IV loading during replication, (2) Topo IV binding to specific sites that may serve as reservoirs, (3) Topo IV activation to remove precatenanes or positive supercoils in a dozen of stochastically chosen loci (4) XerC and MatP ensuring the loading of Topo IV at the dif site for faithful decatenation of fully replicated chromosomes.

Materials and Methods

ChIP-seq assay

ParE-flag and ParC-flag C-terminus fusions were constructed by lambda red recombination [START_REF] Datsenko | One-step inactivation of chromosomal genes in Escherichia coli K-12 using PCR products[END_REF]. Cultures were grown in LB or Minimal medium A supplemented with succinate (0.2%) and casamino acids (0.2%). Cells were fixed with fresh Formaldehyde (final concentration 1%) at an OD 600nm 0.2-0.4. Sonication was performed with a Bioruptor Pro (Diagenode). Immunoprecipitations were performed as previously described 26 . Libraries were prepared according to Illumina's instructions accompanying the DNA Sample Kit (FC-104-5001). Briefly, DNA was end-repaired using a combination of T4 DNA polymerase, E. coli DNA Pol I large fragment (Klenow polymerase) and T4 polynucleotide kinase. The blunt, phosphorylated ends were treated with Klenow fragment (3' to 5' exo minus) and dATP to yield a protruding 3-'A' base for ligation of Illumina's adapters which have a single 'T' base overhang at the 3' end. After adapter ligation DNA was PCR amplified with Illumina primers for 15 cycles and library fragments of ~250 bp (insert plus adaptor and PCR primer sequences) were band isolated from an agarose gel. The purified DNA was captured on an Illumina flow cell for cluster generation. Libraries were sequenced on the Genome Analyzer following the manufacturer's protocols.

Norflip assay

Norfloxacin (final concentration 2μM) was added to the cultures at OD 600nm 0.2 LB for 10 min before harvesting. Sonication and immunoprecipitation were performed as described for the ChIP-seq assay.

Analysis of sequencing results

Sequencing results were processed by the IMAGIF facility. Base calls were performed using CASAVA version 1.8.2. ChIP-seq and NorflIP reads were aligned to the E. coli NC_000913 genome using BWA 0.6.2. A custom made pipeline for the analysis of sequencing data was developed with Matlab (available on request). Briefly, the number of reads for the input and IP data was smoothed over a 200bp window. Forward and reverse signals were added, reads were normalized to the total number of reads in each experiment, strong non-specific signals observed in unrelated experiments were removed, data were exported to the UCSC genome browser for visualization and comparisons. The strongest peaks observed with NorflIP experiments (dif and 1.9 Mb) present a characteristic shape (S6 Fig) that allows the automatic detection of lower amplitude peaks but preserves the characteristic shape. We measured Pearson correlation coefficient with the dif and the 1.9 Mb site for 600bp sliding windows over the entire genome. Peaks with a Pearson correlation above 0.72 were considered as putative Topo IV cleavage sites. Sequencing data are available on the GEO Repository (http://www.ncbi.nlm. nih.gov/geo/)with the accession number GSE75641. Data were plotted with the Circos tool [START_REF] Krzywinski | Circos: An information aesthetic for comparative genomics[END_REF] and UCSC Archaeal Genome Browser [START_REF] Chan | The UCSC Archaeal Genome Browser: 2012 update[END_REF].

Southern blot

Cleavage of DNA by Topo IV in the presence of Norfloxacin was monitored by Southern blot as previously described [START_REF] Espéli | In vivo cleavage of Escherichia coli BIME-2 repeats by DNA gyrase: genetic characterization of the target and identification of the cut site[END_REF]. DNA was extracted from E. coli culture grown in minimal medium supplemented with glucose 0.2% and casaminoacids 0.2%. Norfloxacin (final concentration 10μM) was added to the cultures at OD 0.2 for 10 min before harvesting. DNA was transferred by neutral blotting on nitrocellulose membranes. For synchronization experiments a flash freeze step in liquid nitrogen is included before harvesting. Quantification was performed with Image J software.

EMSA

Experiments were conducted using Cy3-coupled probes harboring the dif site and a Cy5-coupled dye as control. Reactions were carried out in EMSA reaction buffer (1mM spermidine, 30mM potassium glutamate, 10mM DTT, 6mM magnesium chloride, 10% glycerol, pH 7.4). Reactions were incubated for 15 min at RT, loaded on 4% native PAGE gel at 25 volts and then run at 125 volts for 2 hours. Gels were then visualized using a Typhoon FLA 5000 scanner (GE healthcare Life Science). EMSA of plasmids were performed with unlabeled supercoiled 

Complementary results

Validation of ChIP-Seq results

Since my work was based on the analysis of Topo IV binding on the genome, I had to develop tools and to validate them. First we constructed FLAG-tagged ParC and ParE c-terminal fusion to be used for Immnuoprecipitation.

Starting from the fact that E.coli Topo IV is an essential enzyme which once modified can impact cell fitness, viability, and even cause cell death [START_REF] Kato | Purification and Characterization of DNA Topoisomerase IV in Escherichia coli *[END_REF][START_REF] Hiasa | Topoisomerase IV Can Support oriC DNA Replication in Vitro[END_REF]Wang et al. 2008), we first tested the results of introducing the FLAG-tag to verify that these insertions, in ParC or ParE, presented no phenotype on E.coli strain, or on Topo IV activity. The growth curve of Flag tagged strains was almost identical to that of the wild type strain suggesting that the tag had no impact on the growth rate (Figure 30,A).

Norfloxacin targets type II topoisomerases by freezing the cleavage activity and inhibiting re-ligation. Colony Forming Unit(CFU) analysis after 40 min treatment with 2µM Norfloxacin was conducted relative to T=0 of treatment. This was done to verify that tag introduction has not altered Topo IV sensitivity to Norfloxacin. The results (Figure 30,B) show that Topo IV FLAG-tagged strain survived equally compared to the wild type strains with or without Gyrase nalR alleles that render gyrase insensitive to Norfloxacin at standard concentration.

Norfloxacin-induced cleavage efficiency by Topo IV was assayed by Southern blots. The FLAG-tagged strains showed the same cleavage activity as that of non-tagged strains (figure 30,C). FLAG-tagged strains were also tested by immunoprecipitation experiment comparing IP/Input of dif vs a GAPDH control where both FLAG-tagged ParC and ParE were successfully immunoprecipitated with DNA(figure 30,C). Altogether, we show that FLAG-tagged strains behaved as that of wild type. No observable phenotypes were observed in strain containing ParC or ParE flag strains. 

Cell cycle analysis on synchronized cell population

Peak Identification in ChIP-seq and NorflIP

Topo IV binding to position 1.85 Mb was only revealed by the ChIP-seq experiment in the presence of formaldehyde. Topo IV cleavage at position 1.92 Mb was only revealed by the NorflIP experiment. NorflIP peaks present a characteristic shape illustrated on the 1.92Mb with a large 200 bp empty region in between the forward and reverse signal(figure 32,A).

The same pattern of ChIP-seq and NorflIP could be conserved at dif (figure 32,B). Forward and reverse reads from the Flag immunoprecipitation were smoothed over 200bp, and then subtracted from each other. The dif and 1.9Mb signals observed on a 2kb window were used as a probe to test the entire genome with 100 bp sliding intervals. Pearson coefficient between the dif and 1.9 Mb signals and each interval were measured (figure 32,C). Pearson coefficients above 0.72 were considered as putative Topo IV peaks. The initial list of Topo IV sites (S1 Table ) corresponds to sites presenting a Pearson correlation above 0.72 in comparison with dif and 1.9Mb. IP/input ratio was measured. 172 peaks with Pearson coefficient above 0.72 and an IP/input ratio >2 were manually validated as Topo IV sites (S1 Table ). Forward and reverse read peaks are about 200 bp large, a 100 nucleotides gap is observed in between the peaks. For the analysis of Topo IV cleavage site distribution we estimated that the center of the 100 nucleotides gap corresponds to the position of Topo IV cleavage (figure 32,D). 

Interpretation of ChIP-seq signals over repetitive elements

Sequencing methods, regardless of sensitivity, encounters difficulties in sequencing inverted repeats, ribosomal operons, and tRNA regions forming gaps in sequencing. These regions are not entirely sequenced forming sequencing gaps. In addition, adjacent regions appear enriched, giving the impression of obtaining specific peaks. To check whether these aberrant patterns corresponded to real topo IV sites, we first compared these regions with the dif site in ChIP, NorflIP, Matp Chip and the MOCK control. Comparison showed that these gaps were present not only in Topo IV chIP and NorflIP data but also the MatP chip and the MOCK experiments (figure 33, A for ChIP and figure 33, B for NorflIp). However, at the dif site, these gaps were absent (figure 33, A for ChIP and figure 33, B for NorflIp). We further tested such gap signals for cleavage by Norfloxacin-induced cleavage by Southern blot(figure 33,C).

Results verified that enriched regions with gaps exhibited no topo IV cleavage activity (figure 33,C). This verifies that these detected signals are in fact the result of sequencing artifacts.

Analysis of ChIP-seq and NorflIP results signal

Topo IV cleavage is near transcription units

Correlation of Topo IV cleavage has shown that Topo IV cleavage sites has the tendency to flank Transcription units. The mean distance of a Topo IV cleavage site and the next transcription units is less than that of random sites on the chromosome (5.5kb for Topo IV sites versus 13.3Mb for the random set) (figure 34,A). This is evident by the alignment of NorflIP with that of RNA-seq at 1.92Mp showing that Topo IV enrichment falls in transcription-depleted region(figure 34,B). The calculation of the distribution of Topo IV cleavage sites relative to a control set in between two consecutive highly transcribed genes have shown that Topo IV cleavage sites are distributed to flank transcription units form either sides rather than fall in the middle of the T.U.(is found mostly in intergenic regions)(figure 34,C,D). 

Topo IV binding and Cleavage sites distribution relative to GC Bias

The E.coli GC content is 50% with a GC bias skew from the origin to the terminus. We analyzed GC% of manually curated 172 Topo IV sites which revealed that Topo IV cleavage sites showed no bias for GC% (figure 35,A,B). However, analysis of GC dinucleotides composition of sites revealed that GC dinucleotides are concentrated towards the center of the cleavage site (figure 35,C).

ChIP-seq experiments IP sequences showed GC% bias relative to Input (figure 35,D). Analysis of Topo IV (parE-flag ChIP-seq experiment) binding compared to the Matp-flag and the MOCK experiments have permitted the sorting of specific binding sites from the nonspecific. This then permitted the normalization of the background signal to obtain curated specific sites (figure 36,C, right Panel). However even when enrichment was normalized to GC%, the GC bias of Topo IV binding remains significant (figure 35,E) H-NS binding with that of Topo IV was anti-correlated (figure 36,A,B). The particularity of H-NS is the preference to AT-rich sequences. This suggests that the GC bias is not the sole determinant of binding per se, but it involves H-NS ability to bind AT-rich regions which inhibits Topo IV from Binding. 

Topo IV distribution relative to GATC sites

GATC sites are the sites of methylation by DAM methylase enzyme. It is also the site of binding of SeqA binding (a protein that binds newly replicated DNA that is hemimethymated). Joshi et al. [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]) have found genomic regions, including the replication origin, that had segregation delay compared to the rest of the chromosome.

These sites are strong SeqA binding sites as detected by SeqA Chip-seq. This might suggest that the segregation delay is due to SeqA effect in inhibiting Topo IV. Analysis of Topo IV sites distribution relative to the distance separating two successive GATC sites showed the Topo IV sites are abundantly distributed between GATC sites that are widely spaced compared to two successive GATC sites that are close to each other (figure 37,A). The distance separating two successive Topo IV cleavage sites also showed local bias for example in the ter region(figure 37,B) compared to the origin(including SNAPS2 region)(figure 37,C).

Results show that Topo IV sites are separated by an average of 30Kb at the terminus compared to only 8kb at the origin.

GATC bias is interesting because it is the site of binding of SeqA protein that forms hemimethylation zones. SeqA thus, has been speculated to regulate Topo IV activity behind the replication fork by depriving Topo IV from accessing regions of SeqA hemi-methylation zone formation [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]. Figure 37, D, shows the variation in Topo IV cleavage in the seqA mutant at 2.56 Mbp cleavage site. The choice of the site came from comparative analysis of our ChIP-seq data with that of SeqA. The 2.56 site is densely flanked by SeqA binding sites. This might suggest that SeqA deletion caused the de-structuring of this region, causing loss of Topo IV activity recruitment modulation. In case of non-overlapping rounds, the replication cycle can simply be divided into three subsequent time periods: B (pre-initiation), C (replication), and D (post-replication). The Topo IV comet is found only during the C-period, and follows the dynamics illustrated in Figure 26. We assume that T is small compared to C, the duration of the replication period.

In this case, figure 38 ,A b. Overlapping replication rounds. Such a case is illustrated in the right panel of Figure S3D.As the sketch illustrates, the function f(s; t) is slightly more complex in this case. The difference is that, because of the overlapping rounds, multiple Topo IV comets can form on different genome copies. However, averaging over cell age p(t) gives the exact same function o(s) as for the case of non-overlapping rounds above. The reason is that lower frequency of older cells always compensates for the effect of multiple copies in the same way for total dosage and for comet number.

Conclusions

The result of this null model is that in all cases (overlapping or non-overlapping rounds) the observed mean occupancy should follow the dosage. Hence the occupancy gap observed in Figure 38, B in the Ter region (when occupancy is normalized by dosage) must be interpreted as a sign that this model does not apply, at least in this region. 

Characterization of the Topo IV-XerC interaction in vitro

We investigated Topo IV-XerC interaction with electromobility shift assays (EMSA). The results presented in the Figure 4E-F of the article demonstrated that in the presence of XerC and XerC-XerD, Topo IV binding to a linear fragment of DNA containing dif is enhanced. XerD alone has no effect on Topo IV binding. At low Topo IV concentration XerC and XerC-XerD do not enhance Topo IV binding to non-specific DNA but they generate a significant binding stimulation at high Topo IV concentration. We wanted to test if Topo IV and XerD could be in competition for XerC. To do so we performed a competition experiment in the presence of increasing amount of XerD (Figure 39,A). XerD only provokes Topo IV dissociation from the dif probe at high concentration (375 nM, 8 fold more than XerC and 4 fold more than Topo IV). This suggests that the Topo IV-XerC interaction is robust and that Topo IV does not inhibit XerD binding to XerC. We therefore postulated that XerC interacts with Topo IV on a different interface than XerD. Linear DNA fragments are not the natural substrate for Topo IV that usually encounter supercoiled DNA molecule in the cell. We therefore tried to validate EMSA results (Figure 4E and H) with supercoiled plasmid harboring or not dif. EMSA on supercoiled plasmids turned to be extremely difficult to observe on agarose gel with Topo IV. An example of our results is presented on figure 39,B. As observed for linear fragments, XerCD enhanced Topo IV binding to supercoiled DNA.

In vivo cleavage assay suggested that Topo IV interacts with XerC through the ParC Cterminal domain (CTD). This interaction is lost upon the introduction of a point mutation (parC-CTD R705D)(figure 40,A). To confirm that directly we purified ParC , ParC CTD, and the mutant ParC-R705D (figure 40,B) and performed EMSA assays (Figure 40,C). ParC binds poorly to linear DNA, however in the presence of XerC, a ParC-XerC-DNA super shift can be observed on a 200 bp linear. Interestingly, we also observed a binding enhancement of ParC CTD in the presence of XerC. However, the point mutation has shown no binding enhancement even in the presence of XerC. These results confirmed a direct interaction between the C terminal domain of ParC and XerC . Suggesting that Topo IV targeting to dif relies on the presence of a Topo IV landing pad created by XerC. Unfortunately, we could not confirm the ParC -XerC so far by biochemical and biophysical methods.

We started, by performing HPLC analysis on ParC and XerC apart then the combination of both. Results (figure 40,D) show the HPLC profiles of both CTD/ XerC vs ParC/XerC. Several peaks (two) are usually observed for the proteins suggesting different conformations. No complexes were observed as the elution volumes remained unchanged. Then we performed isothermal calorimetry (ITC) where we obtained an intriguing profile. ITC detects protein complex formation by calculating the Gibbs free energy fluctuations. If Complex formation requires energy to form (endothermic),a positive peak profile is observed, whereas if the complex formation emits energy (exothermic), then Gibbs free energy would be negative and peaks go downward. The ITC is composed of a chamber where one protein is added (in this case ParC) and then with a syringe, a series of XerC dilutions are injected as a function of time. During which, energy fluctuation readings is monitored. The ITC profile here (figure 40,E) basically shows a weak exothermic event occurring upon addition of XerC to the cell containing ParC. However, the baseline is increasing when it should remain the same.

Moreover, the intensities of the peaks are oscillating showing two phenomena: i) a weak exothermic peak and ii) an even weaker exothermic peak. Thus, regarding this weird profile, the data is unusable and suggesting that no complex is forming under these conditions. For Proper chromosome dimer resolution, dif needs to be correctly positioned on the genome. This provides the necessary factors (Ftsk, KOPS….) to properly align both dif sites at the septum. Extensive studies on dif recombination have shown that dif was able to recombine within 300kb region around the native dif site. However, the rate of recombination drastically decreased outside this region. We wanted to look into whether Topo IV cleavage is similarly affected by the position of dif. Ectopic insertion of dif 330kb away from its original position showed no apparent cleavage activity by Topo IV (figure 41,A). Dif cleavage was also investigated on a plasmid. Cleavage on a 4kb genomic fragment harboring the dif site (pFC25 dif) compared to the same genomic fragment lacking the 28bp dif site (pFC25) was monitored. Topo IV cleavage at dif on pFC25 dif was observed but it was very faint compared to genomic dif. Interestingly pFC25 showed no cleavage confirming that dif itself attract Topo IV in this region (figure 35,B). We have not yet tested the loading of XerC on the pFC25(dif) therefore we do not know yet if the poor cleavage on the plasmid is the consequence of a lack of Topo IV targeting or a lack of XerC binding. Altogether these results suggested that Topo IV cleavage at dif is context sensitive. 

Study of the implication of Topo IV, Topo III, and XerC in chromosome segregation

We observed Topo IV cleavage at dif is completely abolished in the absence of XerC.

However, other cleavage regions did not seem to be affected by the absence of XerC (Figure 4A and4C). The consequence of the lack of cleavage at dif seems very detrimental for the cell since the parEts delta xerC strain is extremely sick at any temperature (Figure 4D and 42). These observations suggested that we could use xerC deletion to distinguish the influence of removal of precatenanes by Topo IV (through an activity outside of dif and independent of XerC) from the decatenation of fully replicated chromosome (in the majority of the cases at dif and dependent on XerC). These conditions should also be advantageous to reveal Topo III roles on chromosome segregation. CFU analysis (figure 43,A) shows the impact of double mutant ParE ts with ΔtopB relative to single mutants ΔtopB and ParE ts . The double mutants showed synthetic lethality at the semirestrictive temperature at 37°C . ΔtopB showed no fitness reduction at all temperatures whereas ParE ts was lethal only at the non-permissive temperature at 42°C (figure 43,A) .

Further phenotypic characterization of ΔtopB, parE ts mutants and the parE ts ΔtopB double mutant, was carried out using imaging of cell filamentation and nucleoid morphology using quantitative microscopy analysis with the Oufti software [START_REF] Paintdakhi | Oufti : an integrated software package for high-accuracy , highthroughput quantitative microscopy analysis[END_REF] .The parE ts ΔtopB double mutant presents two distinct populations of cell size: Cells that are long filamentous and cells with a size comparable to the WT.

Size to nucleoid area correlation nucleoid area (µm²), cell size(µm) has permitted to distinguish a cell size threshold( plim=8.25µm) that separates two phenotypes. Cell that are inferior to plim are severely anucleated (68.57%, n=509) compared to cells that are >plim that contained more than one nucleoid and rarely contained anucleated cells (2.05%). This sheds light on the severe segregation defect upon ablation of both Topo IV and Topo III. For the facility of analysis anucleated cells were excluded from statistical analysis and were calculated separately as percentage of anucleated cells. Cell biology analysis was represented by the calculation of four parameters, cells size, nucleoid area, number of nucleoids, and percentage of anucleated cells at the permissive and semi-permissive temperatures (figure [START_REF] Chan | The UCSC Archaeal Genome Browser: 2012 update[END_REF]45).

The main phenotype of parE ts ΔtopB was cell filamentation with the chromosome aggregation at the center of the filament. This observation was already apparent at 30°C with 10% of anucleated cells, a phenotype that was aggravated even more at 37°C (figure 45,B). Overexpression of Topo III (pBR-pBAD-topB) enhanced the survival of parE ts strain but not that of parEts ΔxerC, and had no effect on cell fitness in ΔxerC mutant(figure 47,A).Cell biology analysis of parE ts pBR-pBAD-topB and parEts ΔxerC pBR-pBAD-topB + or -arabinose showed the following(figure 47, B and 47, A-B). Analysis of cell size variation in parE ts pBR-pBAD-topB with or without induction by arabinose showed no significant variation nor did it show relative to parEts ΔxerC pBR-pBAD-topB (figure 48). This was true for nucleoid area and nucleoid number (figure 48). Nevertheless, the percentage of anucleated cells was slightly reduced upon induction of arabinose in parE ts pBR-pBAD-topB at 37°C compared to parEts ΔxerC pBR-pBAD-topB (24 vs 21 and 21 vs 22µm) (figure 48, A-B). The fact that the phenotype of ΔtopB ΔxerC and ΔxerC are almost similar but sill different than the mutatns parEts ΔxerC and parEts ΔtopB. Moreover, the impact of Topo III overexpression reduced the percentage of anucleated cells.This suggest that Topo III is unable to resolve the topological constraints formed by the absence of XerC, yet still impacts chromosome segregation in the absence of Topo IV.

The absence of an apparent phenotype in the triple mutant is surprising; we can speculate that it may be the result of accumulating suppressor mutations. Further experiments are yet to validate these findings.

3.2.9.3 Extra-genomic expression of XerC or a catalytic mutant (XerC cat ), is able to ameliorate survival of parEts ΔxerC at semi-permissive temperature but not the nonpermissive

From our initial observation, the expression of XerC or its catalytic mutant were sufficient to restore Topo IV cleavage activity at dif (figure 4A). We analyzed the cell fitness in strains of parEts, ΔxerC, parEts ΔxerC , parEts ΔxerC ΔtopB having plasmids expressing XerC or Xer cat (figure 49).without the hetrologeous expression of XerC or XerC cat , all strains we viable with no fitness reduction except for the triple mutant which remained lethal. However, both pUC57 XerC and pUC57 XerC cat reverted the lethal phenotype at 37°C (semi-permissive temperature) but not at 42°C (non-permissive temperature) of parE ts coupled mutants . , 3.4 vs 25, 2.9, and 2.6µm²). However, the nucleoid area of parE ts ΔxerC pUC57-XerC was bigger than that of parE ts ΔxerC (2.9 vs 2.6;p=3.12E-04).

The nucleoid number showed no prominent variation. Never the lass the percentage of Chromosome dimer resolution [START_REF] Lesterlin | Genetic recombination and the cell cycle: What we have learned from chromosome dimers[END_REF]. Our work has shown that dif and XerC are essential factors for Topo IV cleavage at dif. The following experiments were devised to determine whether dif presence was a prerequisite for Topo III activity. The cell fitness (figure 49,A) of the Δdif strain was similar to that of the WT. However, parEts Δdif showed reduced fitness but less than that of parEts ΔtopB (figure 51,A). The Δdif ΔtopB double mutant did not show fitness reduction compared to the Δdif (figure 43,A). Nevertheless, the triple mutant of parEts ΔtopB Δdif showed fitness reduction which is almost similar to that of parEts ΔtopB. This suggests that the presence of dif is not essential for Topo III activity.

Further Conversely, Δdif had a size equivalent to the WT (5.60 vs 5.27 μm). The triple mutant parE ts ΔtopB Δdif presented a size bigger than that of parE ts ΔtopB (16.71 vs 12.65, p=1.19E-06).

However, in strains with no Topo IV temperature sensitivity, both ΔtopB Δdif and Δdif were comparable in cell size (5.74 vs 5.60 μm).

The nucleoid area at 37°C, showed a significant difference between the triple mutant relative to the double mutant parE ts Δdif, which in turns was different than that of the WT (figure 45 The decrease in nucleoid number was already prominent at 30°C compared to the WT and the double mutant parE ts Δdif ( Figure 44 C,1.96 vs 2.33 and 2.75 ;.

On the other hand, the nucleoid number was equivalent in both Δdif and ΔtopB Δdif (2.42 vs 2.56).The variability was reproducible even at 37°C in the triple mutant compared to WT and the double mutant parE ts Δdif ((Figure 45 B,1.81 vs 2.73 and 2.11 ;. The results at 30°C can be also extended at 37°C for ΔtopB Δdif compared to Δdif (2.33 vs 2.34). single molecule experiments [START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF]. We could therefore imagine that these strong binding sites were solely determined by specific DNA topological constraints.

Interestingly, the main Topo IV binding sites correspond to curved DNA (Figure 52). The dif site is predicted to be linear. However, dif is known to be curved during XerCD recombination [START_REF] Yates | Dissection of a functional interaction between the DNA translocase, FtsK, and the XerD recombinase[END_REF]). In addition to specific binding sites Topo IV was also detected with a weak enrichment on most of the genome. This "non-specific" binding might reflect Topo IV scanning for topological constraints. This process is influenced by the DNA sequence (binding was enriched in GC rich regions). We also observed that Topo IV binding is less pronounced in the terminus region (a larger zone than the Ter Macrodomain). The terminus region is also richer in A and T nucleotides than the rest of the genome. We normalized our ChIP data according to the GC percent. The Topo IV binding bias is reduced, but nevertheless persists, suggesting that GC richness does not entirely explain Topo IV nonspecific binding. The NAP H-NS binding was anti-correlated with Topo IV non-specific binding. Our results suggest that Topo IV binding is limited by the abundant occupation of H-NS at specific regions on the chromosome. However, the fact that H-NS binds AT-rich regions it is also possible that the DNA sequence itself is inhibitory for Topo IV binding. ChIP-seq experiments in H-NS mutant background would be required to clarify this point. 

Does bacterial chromatin influence Topo IV cleavage and binding?

We used available ChIP-seq data of different DNA binding proteins and compared them to our NorflIP data. Colocalization analysis with Nust revealed that Topo IV cleavage often overlapped with FIS binding. We tested then the Topo IV cleavage by southern blot in a Δfis background and performed Topo IV EMSA in the presence of FIS. Unfortunately we did not see any FIS effect on Topo IV. Therefore, this frequent overlapping of FIS with that of Topo IV cleavage sites could be related to the fact that FIS is a transcription factor that regulates promoters while Topo IV cleavage positions were found to accumulate in intergenic regions.

Another possibility might be that Δfis strain we used in testing Topo IV cleavage might have altered superhelical density. FIS is a known regulator of superhelicity in the cell [START_REF] Ouafa | The nucleoid-associated proteins H-NS and FIS modulate the DNA supercoiling response of the pel genes, the major virulence factors in the plant pathogen bacterium Dickeya dadantii[END_REF]. FIS also represses genes coding for Gyrase subunits gyrA and gyrB [START_REF] Schneider | A DNA architectural protein couples cellular physiology and DNA topology in Escherichia coli[END_REF]). This might have altered the overall superhelicity of the genome and altered the topo IV binding/cleavage. A more in-depth experiment has to be done regarding the control of Gyrase genes to rule out the butterfly effect of FIS deletion. In contrast the influence of H-NS on Topo IV seems more dramatic. Every known H-NS sites present a depletion in Topo IV.

Interestingly, this is not an artifact of crosslinking since MatP and a Mock IP do not present such biases. It is possible that compact chromatin structuring is inhibitory to Topo IV. Such a model has been proposed by Joshi et al 2013 to explain segregation lag in the SNAPs regions.

In the case of SNAPs, SeqA would replace H-NS to inhibit Topo IV. We did not observe similar depletion in the SNAPs than in the H-NS regions, however we observed that Topo IV cleavage sites are rare in the SNAP2 region (SNAP 1 is not sufficiently defined to be analyzed). This observation combined with the low density of GATC in the cleavage sites suggested that SeqA could indeed influence Topo IV. To get more insight on a possible effect of SeqA on Topo IV, we chose to test sites densely flanked by SeqA protein binding. Among tested sites, some sites showed decreased Topo IV cleavage in ΔseqA background along different experiments replica (figure 54). Topo IV activity at dif is also dependent on the circularity of the chromosome, suggesting that when topological constraints can be evacuated through chromosome ends, Topoisomerase IV does not catalyze strand passage at dif. This suggest that topological complexity is directly responsible for Topo IV activity. This is in a good agreement with the observation that a 4kb segment containing dif does not present a strong cleavage activity when cloned on a plasmid. Interestingly, mukB and matP deletion mutants slightly reduced this activity. The synergistic effect observed when a matP deletion is combined with a parE ts mutation suggests that MatP indeed influences Topo IV activity. The phenotypes of the matP mutant are rescued by the linearization of the chromosome. A similar rescue has been observed for the dif mutant (Cui et al. 2007). Therefore, it is likely that a significant part of the problems that cells encounter in the absence of matP corresponds to failure in chromosome topology management, either decatenation or chromosome dimer resolution.

Altogether these results suggest that a significant number of catenation links accumulate at the end of the cell cycle in the vicinity of dif. It is not yet known what drives this accumulation. We can postulate that these terminus catenation links are only formed at the end of replication when the two forks meet or that a dedicated mechanism pushes them toward dif. The FtsK DNA pump might produce the adequate force to push precatenanes.

Progressive segregation of the rest of the chromosome might also force the catenation links to migrate toward dif (figure 55). 

XerC-Topo IV direct interaction

Based on our previous finding regarding the role that XerC plays in stimulating Topo IV cleavage at dif. We wanted to decipher the nature of the ability of XerC to stimulate Topo IV.

The structure of the catalytic subunit ParC of Topo IV [START_REF] Corbett | The structural basis for substrate specificity in DNA topoisomerase IV[END_REF] HPLC have failed to prove a direct protein interaction. We do not know yet the reason for that. One hypothesis would be that the CTD itself requires specific DNA conformations or size that was not met with short oligonucleotides used for HPLC or ITC. If the XerC-ParC interaction is DNA dependent, it may suggest that upon DNA binding one or both proteins undergo conformational changes that permits the protein-protein interaction. The abovementioned techniques have limitations regarding DNA introduction to the experiments. Therefore, the next step would be performing analytical ultra-centrifugation (AUC) using multiple DNA substrates in order to determine if the interaction is DNAdependent and also determine the minimum DNA length requirements to establish the protein interaction.

Role of Topo III in chromosome segregation

Given the results obtained both in vivo and in vitro, mutations in XerC, xerC box, or the dif abolish Topo IV cleavage at dif. We speculated that when Topo IV has no access to dif, Topo III could take charge of Topo IV decatenation activity. We used cell fitness and microscopy analysis to decipher which alternative roles Topo III could play in chromosome decatenation.

Topo III has been identified as a high copy number suppressor of the parE ts mutant(Perez-Cheeks et al. 2012). Topo III exhibits a decatenation activity via its decatenation domain [START_REF] Seol | Comparison of DNA decatenation by Escherichia coli topoisomerase IV and topoisomerase III: Implications for non-equilibrium topology simplification[END_REF][START_REF] Nurse | Topoisomerase III can serve as the cellular decatenase in Escherichia coli[END_REF][START_REF] Li | Identification of a unique domain essential for Escherichia coli DNA topoisomerase III-catalysed decatenation of replication intermediates[END_REF]. We replicated Perez-cheeks data showing that Topo III ParE ts , double mutants were lethal at semi permissive temperature. This shows that Topo III plays a role in chromosome segregation when Topo IV is altered. Cell viability assays showed that xerC deletion is impossible to obtain (without suppressors) in the parEts topB mutant. topB xerC double mutants showed similar phenotype as xerC simple mutant, suggesting that Topo III does not participate in chromosome dimer resolution. However we observed that Topo III over expression does not enhance the fitness of the parE ts xerC double mutant. This suggests that Topo IV performs in a XerC-dependent manner. An activity that cannot be rescued by Topo III. We can imagine therefore that Topo III could participate to the removal of precatenanes during replication which limits the amount of remaining catenenanes to remove by a cranky Topo IV to the minimum. These results are in good agreement with the fact that deletions of parE or parC genes have never been obtained even in the parEts or parCts suppressor strains (i.e. overexpression of Topo III, of  and or SetB) [START_REF] Espeli | SetB: An integral membrane protein that affects chromosome segregation in Escherichia coli[END_REF][START_REF] Nurse | Topoisomerase III can serve as the cellular decatenase in Escherichia coli[END_REF]Espeli, Levine, et al. 2003). Interestingly the expression of the catalytic null allele of XerC only allows the rescue of the parEts xerC strain at temperature below 42°C. This suggests that when Topo IV is severely altered the ability of XerC to enhance Topo IV binding to dif is not sufficient to promote enough decatenation. We propose that at this point the only decatenation possibility is through a XerCD/FtsK mediated recombination process [START_REF] Grainge | Unlinking chromosome catenanes in vivo by site-specific recombination[END_REF])

Model of Topo IV binding and activity on the E.coli chromosome

Topo IV binds to few sites but is active on a large spectrum of sites on the chromosome. We propose here the Topo IV is mostly needed at dif for the decatenation activity. However, early in replication, as proposed by Nolivos et al. [START_REF] Nolivos | MatP regulates the coordinated action of topoisomerase IV and MukBEF in chromosome segregation[END_REF], MukB in interaction with MatP occupies the matS sites. Then by a yet unknown mechanism MukB is excluded from the terminus and can then recruit Topo IV by a direct interaction. Then the MukB-Topo IV complex, MukB could then move away from the terminus and carries Topo IV with it. This could explain the higher Topo IV amount observed in the ori proximal region. Cell biology imaging shows Topo IV foci near the origin of replication but we did not detect Topo IV accumulation in a specific position around the origin. It is possible that Topo IV foci are artifacts caused by GFP aggregation, or that such foci are dynamic on the DNA and did not produce precise ChIP signal. Topo IV would then be distributed to the genome in few specific places to remove precatenanes. We estimated that no more than 10 loci are selected at each cell cycle to cleave DNA and remove precatenanes. This is in good agreement with pulse field analysis of quinolone cleavages (Hsu et al. 2006). The distribution of Topo IV on the genome would then be under multiple controls involving MukB, chromatin and the local accumulation of topological constraints. Because of Topo IV general exclusion from the terminus a dedicated system has been selected to target Topo IV to dif and ensure decatenation of fully replicated chromosomes (figure 56) Drolet. This protocol is described below.

Materials

All solutions must be prepared using ultrapure water (by purifying deionized water, to attain a sensitivity of 18 MΩ-cm at 25 °C)

Prepare the following buffers and stock solutions. Unless otherwise specified, filter solutions using a 0.2 µm low protein binding non-pyrogenic membranes 

Methods

2.1 Culture preparation and crosslinking Strains carrying flag-tagged Topo IV subunits were grown until OD600 0.3, in 100 mL of LB or Minimal medium A supplemented with 0.2% glucose and 0.2% casaminoacids.

-For ChIP-seq : Protein-DNA complexes were crosslinked with 1% Formaldehyde for 30 min at room temperature and shaking at 100 rpm, then crosslinking was quenched by adding Glycine to a final concentration of 250 mM for 5 min.

-For Norflip: Topo IV-DNA cleavage complexes were crosslinked using 2µM final Norfloxacin for 10 min.

-The crosslinked-cultures are centrifuged at 3500g for 10min at 4°C -The pellet is then washed with 10 mL of ice-cold PBS1X followed by centrifugation at 3500g for 10min at 4°C -This step is repeated three times to remove excess Formaldehyde and Norfloxacin from the cell pellet.

-Pellets are then immediately flash frozen and stored at -80°C At this point ChIP-seq and NorflIP samples are processed with the same protocol until sequencing data analysis. Only the de-crosslinking step differs between the ChIP-seq and NorflIP methods. 3) The amount of DNA recovered in the IP samples varies according to the experiments. We obtained successful sequencing results with DNA yields varying from 0.5 to 3 ng/µL in 30 µl samples. 10-20 ng of DNA were used to build the Illumina library.

4) The NorflIP peaks correspond to a ~170 bp forward and reverse enrichment signals separated by a 130 bp segment, which is not enriched (Figure 1, Blue). This pattern is the consequence of the covalent binding of Topo IV to the 5' bases at the cleavage site. After

Proteinase K treatment the cleaving tyrosine residue bound to the 5' extremity resulted in poor ligation efficiency and infrequent sequencing of the cleaved extremities. This observation confirmed that we were observing genuine Topoisomerase cleavage sites. 

Electro Mobility Shift Assay

Materials

Colony Forming Unit

All strains were grown the suitable temperature, treated with stress then were diluted until 10 -8 then 2µL of each dilution were deposed on LB plates. Plates were incubated overnight at the suitable temperature and results were analyzed.

Growth curves

Pre-cultures were diluted to 10 -5 then incubated at the suitable temperature using either 96-well plate reader Invision (Perkin-elmer) or a spectrophotometer every 10 or 30 min.

then results were plotted as a function of time. -Cells were then grown overnight and diluted in fresh LB until OD600 of 0.6. The expression was then induced with 0.5mM IPTG and incubated overnight at 30°C.

Protein Expression and purification

XerC Growth conditions

-pET32b XerC-HiS tag (gift from Philippe Rousseau) was transformed into BL21DE3 -Cells were then grown overnight and diluted in fresh LB until OD600 of 0.6. Then cultures were incubated at 42°C for 10 min prior to induction with 1mM IPTG and incubated overnight at 16°C.

Protein Purification

-Cells were pelleted by centrifugation at 5000 rpm for 10 minutes -Pellets were then solubilized in buffer A+ 20mM PMSF and 0.1 mM β-mercaptoethanol to avoid respectively proteolysis and oxidation -Cells were lysed by sonication using a Branson Digital Sonifier with an amplitude of 45% and a maximal temperature of 18°C -Sonicated cells were Ultracentrifugated at 35000RPM for 50min at 4°C

-The supernatant was injected on a nickel affinity column (NiNTA from Qiagen) inorder to bind the Histidine tagged proteins at room temperature.

-The column was extensively washed with buffer A (20 volume column) to remove nonspecific bound proteins and nucleic acids -The elution was carried out with buffer B using 3 column volume.

-The eluted proteins were concentrated up to 5 mL using centricon filer columns with a cutoff of 30 kDa -Then was filtered through 0.22 μm filter (Millipore) then injected on a size exclusion chromatography S200 16-600 using an Akta Prime equilibrated in 50 mM HEPES pH 7.4 + 150 mM KCl + 10 % glycerol.

-The fractions were collected and re-concentrated and the purity of ParC and Its variants was further checked by SDS-PAGE and UV-visible absorption.

XerC purification

-XerC cell purification was the same except Buffer A was replaced with buffer C

-After Elution, the proteins were injected into a Heparin column using Akta Start and were purified using a salt gradient with a range of 0.15M NaCl to 1M NaCl over 15 volumes of column.

-Then purity was then verified by SDS-PAGE and UV-visible absorption Topoisomerase IV is the main chromosome decatenase of E. coli and most bacteria (Zechiedrich et al., 1997). Topo IV is a heterotetramer form by dimers of ParC and ParE subunits [START_REF] Kato | New topoisomerase essential for chromosome segregation in E. coli[END_REF] which present a high degree of amino acids similarity with the GyrA and GyrB subunits of DNA gyrase. Alteration of Topo IV leads to severe chromosome segregation defects [START_REF] Kato | New topoisomerase essential for chromosome segregation in E. coli[END_REF] but do not halt chromosome replication (Wang et al., 2008). Recently a role for Topo IV in the segregation of replicating sister chromatids has been demonstrated (Lesterlin et al., 2012;Wang et al., 2008) it is therefore proposed that Topo IV works behind replication forks to remove precatenation links [START_REF] Cebrián | Direct Evidence for the Formation of Precatenanes during DNA Replication[END_REF]Peter et al., 1998) that are formed by the rotation of the replication fork when DNA gyrase cannot eliminate the positive super-helical tension generated by replication. Sister chromatids segregation is not a homogeneous process in E. coli, some regions of the chromosome appear to segregate a long time after their replication while some others segregate in the minutes following their replication. Among the late segregation regions the SNAPs regions are enriched for GATC that might attract high amount of SeqA protein that would inhibits Topo IV [START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF]. The terminus region of the chromosome is also segregating late because of a combination of events: i) the MatP-septal ring interaction [START_REF] Espéli | A MatPdivisome interaction coordinates chromosome segregation with cell division in E. coli[END_REF]; ii) the MatP-MukB interaction and iii) the MukB-Topo IV interaction [START_REF] Nolivos | MatP regulates the coordinated action of topoisomerase IV and MukBEF in chromosome segregation[END_REF]. These observations suggested that the decatenation activity of Topo IV is highly regulated in time and space. This is in good agreement with observations that Topo IV works preferentially late in the cell cycle (Espeli et al., 2003) and in the chromosome terminus region at the dif site (Hojgaard et al., 1999). To get more insight into the regulation of Topo IV we performed whole genome analysis of Topo IV binding and cleavage activity (El Sayyed et al., 2016). Topo IV has access to most genomic region of E. coli but only select a subset of them to cleave DNA. Among the cleaved sites the dif site is by far the stronger, confirming that, for almost every cell cycle, decatenation events happen at dif on fully replicated chromosomes. To obtain these observations we performed ChIP seq experiments and developed a new Topo IV-DNA co-immunoprecipitation method aimed at trapping only active Topo IV (the method is called NorfliP). These two methods are described in the present protocol.

All solutions must be prepared using ultrapure water (by purifying deionized water, to attain a sensitivity of 18 MΩ-cm at 25 °C)

Prepare the following buffers and stock solutions. Unless otherwise specified, filter solutions using a 0.2 µm low protein binding non-pyrogenic membranes -For ChIP-seq : Protein-DNA complexes were crosslinked with 1% Formaldehyde for 30 min at room temperature and shaking at 100 rpm, then crosslinking was quenched by adding Glycine to a final concentration of 250 mM for 5 min.

-For Norflip: TopoIV-DNA cleavage complexes were crosslinked using 2µM final Norfloxacin for 10 min.

-The crosslinked-cultures are centrifuged at 3500g for 10min at 4°C -The pellet is then washed with 10 mL of ice-cold PBS1X followed by centrifugation at 3500g for 10min at 4°C -This step is repeated three times to remove excess Formaldehyde and Norfloxacin from the cell pellet.

-Pellets are then immediately flash frozen and stored at -80°C At this point ChIP-seq and NorflIP samples are processed with the same protocol until sequencing data analysis. Only the de-crosslinking step differs between the ChIP-seq and NorflIP methods. -IP/input enrichment can then be preliminarily tested by qPCR using dif and gapA probes.

2.4 Library preparation and sequencing Libraries were prepared according to Illumina's instructions accompanying the DNA Sample Kit (FC-104-5001). Briefly, DNA was end-repaired using a combination of T4 DNA polymerase, E. coli DNA Pol I large fragment (Klenow polymerase) and T4 polynucleotide kinase. The blunt, phosphorylated ends were treated with Klenow fragment (3' to 5' exo minus) and dATP to yield a protruding 3-'A' base for ligation of Illumina's adapters which have a single 'T' base overhang at the 3' end. After adapter ligation DNA was PCR amplified with Illumina primers for 15 cycles and library fragments of ~250 bp (insert plus adaptor and PCR primer sequences) were band isolated from an agarose gel. The purified DNA was captured on an Illumina flow cell for cluster generation. Libraries were sequenced on the Genome Analyzer following the manufacturer's protocols with single read for 50 cycles.

Sequencing data processing and analysis

Sequencing results were processed by the IMAGIF facility. Base calls were performed using CASAVA version 1.8.2. ChIP-seq and NorflIP reads were aligned to the E. coli NC_000913 genome using BWA 0.6.2. A custom made pipeline for the analysis of sequencing data was developed with Matlab (available on request). Briefly, the number of reads for the input and IP data was smoothed over a 200bp window. Forward and reverse signals were added, reads were normalized to the total number of reads in each experiment, strong non-specific signals observed in unrelated experiments were removed, data were exported to the UCSC genome browser (http://archaea.ucsc.edu) for visualization and comparisons.

Peak calling for ChiP-seq experiments

Several highly-enriched sites were observed in the IP samples. Interestingly one of these sites corresponds to the dif site (position 1.58Mb), which has previously been identified as a strong Topo IV cleavage site in the presence of norfloxacin (Hojgaard et al., 1999). We also observed strong enrichment over rRNA operons, tRNA and IS sequences. To address the significance of the enrichment at rRNA, tRNA and IS, we monitored these sites in ChIP-seq experiments performed in the same conditions with a MatP-flag strain and mock IP performed with strain that did not contain any flag tagged protein. Both MatP and Mock IP presented significant signals on rRNA, tRNA and IS loci. This observation suggested that Topo IV enrichment at rRNA, tRNAs and IS was an artifact of the ChIP-Seq technique. By contrast no enrichment was observed at the dif site in the MatP and mock-IP experiments, we therefore considered dif to be a genuine Topo IV binding site and compared every enriched region (>2 fold) with the dif IP. We filtered the raw data for regions presenting the highest Pearson correlation with the dif signal (P>0.7). This procedure discarded many highly enriched regions. An example of a site presenting a selected Topo IV IP/input signal suggesting a specific binding is presented on Figure 1 (red graphs).

Peak calling for NorflIP experiments

The strongest peaks observed with NorflIP experiments (dif and 1.9 Mb) present a characteristic shape (see note 4) that allows the automatic detection of lower amplitude peaks but preserves the characteristic shape (Figure 1, blue). We measured Pearson correlation coefficient with the dif and the 1.9 Mb site for 600bp sliding windows over the entire genome. Peaks with a Pearson correlation above 0.7 were considered as putative Topo IV cleavage sites. Interestingly in the NorflIP experiments nonspecific signal was observed over rRNA and IS regions but not on tRNA. This suggested that immunoprecipitation signals over tRNA are artefacts linked to formaldehyde but not the Flag Immunoprecipitation. 3) The amount of DNA recovered in the IP samples varies according to the experiments. We obtained successful sequencing results with DNA yields varying from 0.5 to 3 ng/µL in 30 µl samples. 10-20 ng of DNA were used to build the Illumina library.

Notes

4) The NorflIP peaks correspond to a ~170 bp forward and reverse enrichment signals separated by a 130 bp segment, which is not enriched (Figure 1, Blue). This pattern is the consequence of the covalent binding of Topo IV to the 5' bases at the cleavage site. After Proteinase K treatment the cleaving tyrosine residue bound to the 5' extremity resulted in poor ligation efficiency and infrequent sequencing of the cleaved extremities. This observation confirmed that we were observing genuine Topoisomerase cleavage sites.
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Figure1

  Figure1: (A) Schematic drawing of E. coli showing the overall morphology. (B) Sequential super-resolution imaging of E.coli. Bacterial cell membrane (green) and DNA (cyan) in TRIS buffer. The cell membrane was labeled with Nile red and visualized via PAINT imaging (green color).(C) Gently isolated E. coli nucleoid bound by cytochrome C, spread on an electron microscope grid, stained with uranyl acetate and visualized by transmission electron microscopy Figure taken from[START_REF] Goodsell | Escherichia coli[END_REF] Wang et al. 2013;[START_REF] Foo | Single cell super-resolution imaging of E. coli OmpR during environmental stress[END_REF] 

Figure 2 :

 2 Figure 2: (A) Multi-level representation showing how genome compaction is achieved. Upper panel shows individual contribution of multiple NAP proteins, MUKBEF condensin and RNAP cluster. Middle panel shows the compaction into topological domains as a result of the synergetic influence of NAPS, condensins, and the Transcriptional machinery. Bottom panel shows the last level of cellular compaction having the confinement of the nucleoid within the bacterial cell membrane in the cytoplasm (B) Shows the differential abundance of some NAPs during different growth phases. Adapted from

Figure 3 :Figure 4 :

 34 Figure 3: (A) Structure of a single strand of DNA showing nucleotides bound together using phosphodiester bonds between deoxyribose sugar backbones. (B) The 3d structure of the DNA double helix proposed by Watson and crick. (C) The Watson crick base pairings showing hydrogen bond formation between Adenine and Thymine and that of guanine and Cytosine forms of DNA.

( 10 .

 10 5 bp/ turn). Wr on the other hand is the measure of the coiling of the DNA axis. In this 210 bp DNA If you unlink one turn (unwind) or introduce one turn (overwind), writhe changes by +1 or -1 respectively to maintain Lk unchanged at 20. The following formula defines LK and describes Topological changes affecting DNA:

Figure 5 :

 5 Figure 5: (A) Toroidal vs. Plectonimic supercoiling: left panel showing how toroidal supercoiling is formed by binding to proteins. This binding blocks torsional energy propagation. Right panel showing unconstrained torsional propagation of plectonimic supercoiling tension can propagate throughout the DNA polymer and in both orientations because they are not hindered by proteins B) Plectonemic (upper) and solenoidal (lower) DNA supercoils. Arrows illustrate that both molecules here are negatively supercoiled, despite different handedness.Adapted from[START_REF] Mirkin | DNA Topology : Fundamentals[END_REF] Calladine et al. 1990 

Figure 6 :

 6 Figure 6: Twin-supercoiling domain model. RNAP transcription causes the accumulation of positive supercoils ahead of the transcription track due to DNA unwinding effect. Negative supercoils however, accumulate behind the transcription track. DNA Gyrase relaxes the positive supercoils ahead and Topo I relaxes negative supercoils accumulating behind the RNAP.

Figure 7 :

 7 Figure 7: Replication fork progression(red triangle), forms positive supercoils ahead which are the site of activity of Gyrase. Newly synthesized DNA remain cohesive for a short period of time in the form of entagelemnets called precatenanes which are then separated by Topo IV and segregated. Topo IV inhibition can lead to the full entaglement of the sister chromosomes formaing Catenanes. Every DNA duplex is represented by two lines.Adpted form[START_REF] Reyes-Lamothe | Chromosome Replication and Segregation in Bacteria[END_REF] 

Figure 8 :

 8 Figure 8: Cartoons illustrating two different knotted molecules (A) Unreplicated circular nicked molecule displaying an intra-molecular trefoil knot. (B) Partially replicated molecule with a nick in the unreplicated region containing an inter-chromatid trefoil knot. Parental duplexes are indicated in blue and green, whereas nascent strands are depicted in red.

  , dotted lines with arrows pointing backwards). Then two fates are possible for resoluion: i) loading of the RecA protein (homologous recombination protein that catalyzes holiday junction formation to repair double-stranded break) upon RecBCD encountering the abundant chi sites. This then permits RecA load and the resolution of the Holiday juction(figure 9, B-C). ii) if RecBCD do not encounter chi sites, RecBCD can degrade the protrucding reversed newly-synthesized double stranded DNA and thus the fork is shortnend and can be relaunched. Relauching of the fork is catlayzed by a protein called PriA that can load replisome in an ectopic site ,other than the oriC, which is at the fork reversal-resoltution site(figure 9, B,D).

Figure 9 :

 9 Figure 9: Fork reversal resolution. Road blocks ahead of the replication fork that can be caused by heads on clash with the transcription machinary can stall and even block replication fork. This can cause the newly sister synthesized sister chromatids to elongate in reverse position. The resolution of this formation has to be resolved for replication fork to reinitiate and replicate. Reversed forks form four-way holiday junction (A) shown in chicken foot formation Upper and X formation lower. The four-holiday junction resolution starts by

Figure 10 :

 10 Figure 10: Type IA topoisomerases Function and homology: (A) Schematic representation of the catalytic cycle of Topo IA topoisomerases showing steps starting by DNA binding to single stranded DNA to strand passage.(B) Crystal structure of Topo I showing the conserved structural motifs of Topo IA family that are found in Topo III as well. (C) Superimpostioin of Topo I (red) and Topo III crystal stuctures(blue for Topo III and red for Topo I) showing almost perfect super-imposition in all domains apart from what is here denoted as decatenation loop .The decatneation loop is a protruding domain outside of the main cavity visible in the side view on the right panel

  Topo I) is the first topoisomerases ever to be discovered in bacteria by J.C.Wang which he first called protein omega[START_REF] Wang | Interaction between DNA and Escherichia Coli Protein omega[END_REF]. Around a decade and a half later , J.C. Wang and colleagues published the sequence of the omega protein, he renamed it Topoisomerase I and its coding gene topA which codes for a 97 KDa protein(Tse-Dinh &[START_REF] Tse-Dinh | Complete nucleotide sequence of the topA gene encoding Escherichia coli DNA topoisomerase I[END_REF]. They have also shown that Topo I function was to relax negative supercoils and not positive. This specific activity needs single stranded DNA which is rare in positive supercoils where DNA is over-wound.[START_REF] Terekhova | Single-molecule analysis uncovers the difference between the kinetics of DNA decatenation by bacterial topoisomerasesI and III[END_REF]). Moreover, it has been shown in single molecule experiments that Topo IA family in general and Topo I in particular carries on the relaxation reaction until reaching a state of over-relaxtion of DNA. In this state, Topo I is occluded from DNA[START_REF] Viard | Type IA topoisomerases: A simple puzzle?[END_REF]. Suppressor mutants of topA deletion has been shown to affect DNA Gyrase genes which code for a protein that introduces negative supercoils into the genome from positive supercoils[START_REF] Dinardo | Escherichia coli DNA topoisomerase I mutants have compensatory mutations in DNA gyrase genes[END_REF]. Topo I is an important pillar to the modulation of twin supercoiled domain during gene expression. In case of Topo I ablation, negative supercoils accumulate and induce R-loop formation. The latter then stall transcription and ,if prolonged, can cause transcription arrest[START_REF] Drolet | Growth inhibition mediated by excess negative supercoiling: The interplay between transcription elongation, R-loop formation and DNA topology[END_REF] 

Figure 11 :

 11 Figure 11 : replication fork convergence causing hemicatenanes formation creating a substrate for topo III

Figuere 12 :

 12 Figuere 12: (A) general structure of type IIA topoisomerases having subunit B harboring the highly conserved ATPase domain GHKL and the toprim domain in red whereas on the A subunit there is conserved tyrosine catalytic domain in green and the dimerization domain in blue. (B) step of topo IIA catalytic activity starting from closing on bound DNA upon ATP binding, the cleavage of the G-segment upon first ATP hydrolysis, the strand passage of the T-segment ,and religation then release of the two DNA duplexes.adapted and modified fromCorbett & Berger, 2004;[START_REF] Vos | All tangled up: how cells direct, manage and exploit topoisomerase function[END_REF] 

  Hardy & Cozzarelli 2003, swaped a conserved region of ParE with its homologue of GyrB resulting in 40-fold increase in Topo IV coumarin-sensitivity. These finding indicates that Gyrase is the main coumarin target in E. coli. 1.4.2.3 Quinolones and Subunit A Quinolones are a large family of antibiotics that present a similar active core. Quinolones target subunit A of Type IIA topoisomerases. The best known quinolone is the Nalidixic acid (the family founder), Norfloxacin (the first fluoroquinolone) or Ciprofloxacin (still used as an antibiotic against severe infections such as anthrax). The mechanism of quinolone inhibition was poorly understood until recent structural works. Laponogov et al. have resolved a structure of S. pneumoniae Topo IV ParE toprim domain and the ParC dimer complexed with

Figure 13 :

 13 Figure 13: Structural basis of TypIIA topoisomerases inhibition by antibacterial agents.(A) structure of 43 KDa N-terminal domain of ParE (left panel) and GyrB (right panel) showing, encircled, the ATP antagonist binding ADPNP. Both N-terminal parts show almost identical folds. However the structual variations of both structures a evidient on the C-terminal part where ParE shows longer alpha helices.(B) Reformatted structure of S. pneumoniae Topo IV structure complexed with a quinolone from the PDB crystal structure (3FOE) showing in green the ParC subunit exposing in magenta the catalytic Tyrosine and in yellow the Toprim domain of ParE complexed with DNA G-segment along with a quinolone (here shown in red circle for clarity) in the right panel. This shows the implication of all four frozen partners ParC Tyr-quinolone-toprim -cleaved G-segment

Figure 14 :

 14 Figure 14: pulsed Field Gel Electrophoresis studying the effect of Norfloxacin treatment on the overall genomic cleavage by Type II topoisomerases (Gyrase and Topo IV). This was done by the analysis of genomic integrity after Norfloxacin treatment. Strains used have Topo IV and gyrase differentially susceptible to Norloxacin. In LZ36 both Topo IV and Gyrase are Norfloxacin sensitive. In LZ38 ,only gyrase is Norflaxacin sensitive. In LZ35, only Topo IV is Norfloxacin sensitive. In LZ37, neither enzymes are Norloxacin sensitive. Without Norfloxacin (lanes 2-5) no geneomic fragmentation is observed comparable to LZ37. When both Topo IV and Gyrase are resistant to Norfloxacin, the same results are obtained as in LZ37. However, targeting LZ36(lane7) yielded both larger molecular weight DNA fragments (250-400Kb) and loop sized DNA fragents(97-48.5Kb). This pattern corresponds to the Topo IV cleavage(larger molecular weight DNA fragments) (lane6) LZ35, and Gyrase cleavage (loop sized DNA fragents) (Lane9) LZ38Adapted fromHsu et al. 2006 

  (Figure 15, B).Recent structural study inferrred from cryo-electron microscopy, have provided structural insight in Gyrase mechanism of action. Using a GyrBA fusion of Thermus thermophilus DNA gyrase (structurally more stable than that of E.coli), they have shown the mechanim of Tsegment positioning towards the catalytic core. The study showed that the fully wraped DNA around the CTD pinwheels domain assumes an angle of 220-240° . Then DNA is bent at an angle of 70° right outside the cleavage domain to supply the T-segment in an angle of 60°
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 15144 Figure 15: (A) Crystal structure of of GyrA CTD showing in different colors the organization of the six βpinwheel domains .(B) The Gyrase tetramer with wrapping DNA around it during sign inversion. Color code is as follows: GyrA CTD(green), DNA, (proximal G-segment in violet and distal in blue and the twisted part in white), the GyrB(yellow), the toprim domain (red) and the GyrA-NTD (Dark blue)
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 16 Figure 16: Topo IV unbraiding of single DNA braids. (A) Preferential relaxation of left-handed braids. Topo IV activity was assayed by monitoring the extension of the braids held under constant tension (1 pN). Raw data are plotted in green (left-handed braid) and red (right-handed braid), (B)Topo IV relaxation of high-density DNA braids for plectonemic second-order superhelix, with DNA crossings possessing the oppo-site handedness of the first-order superhelix. Symbols are as in A. The dashed black line is the extension 2 pN Adapted from[START_REF] Stone | Chirality sensing by Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases[END_REF] 

  has shown the structural difference between the GyrA-CTD and ParC-CTD. The GyrA-CTD presents 6 pinwheel domains with the first domains harboring the GyrA box (figure17,B). On the other hand the ParC-CTD (figure17,A) harbors only 5 pin wheel domains and misses the GyrA box (figure17,B)[START_REF] Corbett | The structural basis for substrate specificity in DNA topoisomerase IV[END_REF]. Topo IV truncated from the ParC-CTD retained its ability to bind DNA but showed a vast decrease in its activity on positive, negative, and catenated substrates. For that, it has been suggested the ParC-CTD is the domain responsible for Tsegment recruitment[START_REF] Corbett | The structural basis for substrate specificity in DNA topoisomerase IV[END_REF]. These experiments have shed light on the important role the ParC-CTD plays in substrate recognition and processivity by the Tsegment juxtaposition to the G-segment. A later study conducted point mutations in all 5 blades on the interface of binding in efforts to find the corresponding pinwheel implicated in the control of Topo IV activity on different substrates (Seychelle M.Vos et al. 2013). The authors observed that blade one was needed for activity on all substrates but also for the bending of the G-segment. They showed that blades 2,3,and 4 interact with positive supercoils while negatively supercoiled DNA interacts with blades 2,3 and strongly interacts with blade 5 that impedes strand transport and decreases processivity. Moreover, the authors observed the engagement of catenated DNA with blades 3,4 and with blade 5. Surprisingly blade 5 slows down enzyme activity on catenatated DNA. Results are represented in figure 17, C (Seychelle M. Vos et al. 2013).
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 17 Figure 17: (A-B) ParC-CTD compares to GyrA-CTD. ParC-CTD has 5 pin-wheel domains (A) compared to that of GyrA-CTD (B). the the first blade in both proteins are different (violet lines). The Gyrase 1-st pin(wheel domain is bigger harboring the GyrA box compared to that of ParCTD which is shorter and does not have a GyrA box. (A) the schematic representation of the pinwheel domains showing the organization of the 5 blades. (B) schematic representation of the GyrA-CTD showing 6 blades organized in a circle -like form with the first blade highlighting the GyrA box colored in violet. (C) a ParC-CTD map showing the pinwheel domains responsible for substrate specificity after mutational analysis of all 5 blades.Adopted romCorbett et al. 2004 and Vos et al. 2013 

Figure 18 :

 18 Figure 18: Cell cycle period variation in poor vs. rich medium. Cell cycle periods depicting the chromosome as a circle, the origin of replication (black shaded circle) the replication termination site (red circle). (A) Cell cycle periods in poor media showing that a chromosome after birth has one origin and one terminus. As the cell passes the B-period, replication initiates to pass now to the C-period the origin of replication now doubles and becomes two. The chromosome doubling continues until the replication is done and sister chromosomes are now attached at the terminus(Mercier et al. 2008). During, the D-period, the remaining links are separated between both chromosomes and two complete chromosomes are now separated in two daughter cells. (B) The cell cycle in rich medium has faster cell-doubling than DNA replication. Therefore, after cell birth new born cells would have a chromosome that had previously initiated replication prior to daughter cell division and directly continues the C-period after birth. Shortly after, another initiation of replication on the unsegregated sister chromosomes takes place. Now, each unsegregated sister chromosomes have two duplicated origins. This justifies the high oriC/ter ratio of bacteria in rich medium.

Figure 19 :

 19 Figure 19: (A) Flow cytometry setup showing the capillary tube where cells that have fluorescently labeled chromosomes (objects) pass through a capillary tube. Cells then reach a detector where by the use of a laser, the machine can measure the cell mass by Side Scatter (SSC) and cell size by Forward Scatter ( FSC). Moreover quantity of fluorescence can be measures by a fluorescence detector.(B) scheme showing how

replication progresses in 5 '

 5 to 3'orientation. ( for reviews see: Reyes-Lamothe et al. 2010a; Pomerantz & O'Donnell 2007; Beattie & Reyes-Lamothe 2015).DnaA, which is the replication initiator protein, binds oriC and catalyzes the DNA duplex opening. DnaA is a highly conserved protein of AAA+ (ATPase associated with various activities) family. The duplex opening is catalyzed by the binding of the ~20 monomers of DnaA on the 9-mer repeats at oriC[START_REF] Kaguni | Topoisomerase I confers specificity in enzymatic replication of the Escherichia coli chromosomal origin[END_REF][START_REF] Katayama | Regulation of the replication cycle: conserved and diverse regulatory systems for DnaA and oriC[END_REF]; Leonard & Grimwade 2011) (Figure 20, A). DnaA expression level is highly stable and hardly fluctuates throughout the cell cycle. The control of replication initiation however is modulated by the inter-conversion between the DnaA-ATP (active form) and DnaA-ADP (the inactive form). The replenishment of DnaA-ATP delays successive initiations of replication. The fact that DnaA-ATP is only abundant at the initiation of replication, explains why replication initiation starts in a synchronous manner at all oriC sequences present in a cell. The recycling of DnaA-ADP to DnaA-ATP is not readily achievable and is done by various time-consuming mechanisms which are: i) activate newly produced DnaA protein by coupling with ATP ii) binding to specific DnaA regulatory sequences as for datA which have been shown to hydrolyze DnaA-ATP to yield initiation-inactive ADP-DnaA after initiation of replication as to control the initiation timing iii) Also, a DnaA homolog called HdaA regulated the level DNA-ATP favors the conversion of DnaA-ATP to DnaA-ADP and also therefore inactivating DnaA until the timely initiation is required (Kaguni & Kornberg 1984; Leonard & Grimwade 2011; Kasho & Katayama 2013)(figure 20,B) .
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 201522 Figure 20: the initiation of replication and fork progression (A) the polymerization of DNA-ATP at oriC and the unwinding of the DNA duplex. (B) the regulation of DnaA-ATP available concentration for proper initiation of replication is tightly regulated by Production of DnaA protein, keeping active DnaA-Atp levels in check by diminishing the active DnaA level by the conversion to DnaA-ADP when initiation is not needed. This is achieved by multiple methods like HdaA regulation of binding to regulatory sites as for datA. Moreover, competition of DnaA and SeqA for oriC binding, also regulates DnaA rate of replication initiation. (C) the polymerization of DNA permits the first step assembly of the DnaB helicase loaded by DnaC on both open strand of the duplex in order to load the bi-directional replisomes. (d) the replisome assembly consists mainly of the helicase DnaB (pink) that catalyzes the unwinding of the DNA permitting the replication forks to advance. The clamp loader (turquoise) hold three DNA polymerase III (Orange) and regulates how they work on the leading strand (black) and the lagging strand (blue). During the replication process, Pol III binds the β-clamp to increases its processivity. One can distinguish two replication profiles. On the leading strand, the replisome progresses in the same direction of the fork where the replisome does not fall off after being primed by the DnaN (primase) at the origin of replication. However, on the lagging strand, the replication is

  collision site(Sankar et al. 2016). The number of head-on collisions is dependent of the rate of replication but can be caused by mutation in topo I, RNase HI, or RecG(Azeroglu et al. 2016; Mirkin & Mirkin 2007; Bianco 2015; Dimude et al. 2015). The formation of the fourway holiday-junction is then resolved by the SOS-regulon (for review[START_REF] Michel | Multiple pathways process stalled replication forks[END_REF]) (figure7). Then reinitiation of replication is catalyzed by PriA in an DnaA-independent manner. This gives rise to only one replication fork not two[START_REF] Beattie | A replisome's journey through the bacterial chromosome[END_REF] (figure21, B).
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 2115222 Figure 21: Replication fork impediment. (A) Whether the replication fork halts or is blocked is dependent on the orientation transcription machinery with respect to the replication fork. Left panel depict s the head-on collision where the replication fork encounters a replicating gene in opposite direction. This roadblock then clashes with the replication fork causing the whole replication to stop. On the other hand, right panel shows the case where replication is in the same direction of transcription. In this case, the replication fork is impeded until the transcription of the downstream gene is achieved and carries on the replication thereafter. (B) depicts a simplification of the replication re-initiation mechanism whereby replication restart is catalyzed by the helicase PriA (blue circle). PriA binds preferentially to forked DNA substrates that has a leading strand at the branch point. Then it facilitates the loading of the DnaB helicase (violet hexamer). Upper panel is the case where the lagging strand is absent then DnaB loads directly followed by replisome reassembly. The lower panel shows where the lagging strand is present. Then PriA has to unfold the lagging strand in order to prepare a single stranded DNA binding site suitable for DnaB load followed by replisome reassembly (in black is a cartoon of Pol III as a symbol of replisome assembly).Adapted from[START_REF] Mcglynn | Genome stability and the processing of damaged replication forks by RecG[END_REF][START_REF] Rocha | The replication-related organization of bacterial genomes[END_REF] 

  200kb region called the terminus. At the terminus, the real site of replication termination has been the subject of discussion. The replication termination protein Tus binds to 10 x 23bp sequences called ter that are positioned around the chromosome dimer-resolution site called dif (figure22, top Panel). Tus/ter complexes can assume permissive and nonpermissive orientation (figure22, Bottom panel). In the non-permissive orientation, Tus/ter complexes can form road blocks to stop replication forks (figure22, Bottom panel )[START_REF] Neylon | Replication Termination in[END_REF] suggesting that a replication fork would stop randomly at Tus/ter and waits for the other fork to terminate. Contrastingly to this theory, examination of bacterial genomes using bioinformatics techniques to identify the region(s) where DNA polymerase III-mediated replication has historically been terminated, found that in both Escherichia coli and Bacillus subtilis, changes in mutational bias patterns indicate that replication termination most likely occurs at or near the dif site[START_REF] Hendrickson | Mutational bias suggests that replication termination occurs near the dif site, not at Ter sites: What's the Dif?[END_REF]. Nevertheless, Duggin & Bell 2009 has shown using 2D agarose gels of replication intermediates in the vicinity of dif that replication forks we actually halted at ter sites[START_REF] Duggin | Termination Structures in the Escherichia coli Chromosome Replication Fork Trap[END_REF].The introduction of Tus/ter system in yeast causes site-specific DNA replication perturbation[START_REF] Larsen | The Escherichia coli Tus-Ter replication fork barrier causes site-specific DNA replication perturbation in yeast[END_REF].Single molecule analysis have shown the T7 replisome was arrested by Tus/ter by blocking DnaB mediated by protein-protein interaction[START_REF] Berghuis | Strand separation establishes a sustained lock at the Tus-Ter replication fork barrier[END_REF][START_REF] Pandey | Two mechanisms coordinate replication termination by the Escherichia coli Tus-Ter complex[END_REF] . All evidence suggests that the termination of replication takes place at the Tus/ter complexes in the vicinity of the dif site.

Figure 22 :

 22 Figure 22: showing the distribution of the ter sites on the chromosome at the terminus of replication. Tus can orient in a permissive orientation (where the replisome can pass through and continue) and a nonpermissive orientation (where the helicase DnaB is blocked by direct interaction with Tus and therefore is forced off the fork catalyzing the termination of replication). Tus sites away from dif are weak therefore the fork trap is at dif on the four ter sites flanking the site.Adapted from[START_REF] Berghuis | Strand separation establishes a sustained lock at the Tus-Ter replication fork barrier[END_REF][START_REF] Pandey | Two mechanisms coordinate replication termination by the Escherichia coli Tus-Ter complex[END_REF] 

Figure 23 :

 23 Figure 23: (A) Microscopy image depicting a temperature sensitive allele of Topo IV at the non-permissive Temperature showing the segregation defect of the chromosome. In green, is the genomic DNA aggregation upon Topo IV ablation. (B) Flow cytometry (DNA content per cell) of wild-type and parE ts cells grown at 30°C and 42°C showing the emergence of 4 chromosomes(4C) in the case of parE ts at 42°C. showing the segregation arrest of the nucleoid.

Figure 24 :

 24 Figure 24: (A) The autoradiography of E. coli DNA molecule assuming a shape of the Greek letter theta during the course of replication. (B) the theta formation corresponds to the bi-directional replication with two converging forks showing the leading strand in green the lagging strand in red and the replication machinery on the left and right in red and yellow arrows respectively. (C) The choreography of the chromosome with the cell cycle showing that before replication the origin of replication and the terminus are aligned in the horizontal axis. The left and right part of the chromosome occupies their corresponding cell parts. After replication initiation new sister origins migrate to cell quarters where the terminus remains at mid cell. The Sister left and right arms respectively occupy the newly available cell space that will give rise to new cells keeping the same positioning ori-left-ter-right.

Figure 25 :

 25 Figure 25: (A) matS sites bind MatP to compact the terminus and co-localize sister chromosomes to the septum. (B) Microscopy Images showing MatP mcherry fusion protein (left panel) and FtsZ (the septal ring protein) fused to GFP (middle panel). Panel C, shows the co-localization of both proteins to the septum highlighting the role of MatP in chromosome segregation and cell division. (c) schematic representation of chromosome segregation and division. FTSK recruits Topo IV to the segregation site at the terminus where it pushes MatP from the way (Stouf et al. ,2012). Topo IV then resolves the cantenanes of Sister Chromosomes. Cell division then commences when the septal ring, made out of a consortium of proteins (magnified black square), constricts and Cells divides after Chromosome segregation completion by Topo IV.Adapted fromEspeli et al. 2012, Mercier et al. 2008, Stouf et al. , 2012) 

  methylated. Upon methylation by DAM methylase the DNA becomes fully methylated and SeqA falls off. Then Topo IV regains access and segregates sister chromatids. This antagonistic effect of SeqA and Dam would modulate Topo IV segregation activity.

Figure 27 :

 27 Figure 27: SeqA model for Topo IV regulation. During replication and as the replication progresses, sister chromatid cohesion in the form of precatenanes tend to accumulate. Newly replicated DNA is only Halfmethylated. This is the ideal substrate for SeqA. SeqA binding form Rigid DNA-Protein Complexes celled Hemi-methylation zone. This hemi-methylated Zone deprives Topo IV from accessing DNA. IT is only when DAM methylase methylates the newly replicated Strand that it expels SeqA from DNA. As a result, Topo IV regains access and decatenates sister chromosomes.Adapted from[START_REF] Joshi | Regulation of sister chromosome cohesion by the replication fork tracking protein SeqA[END_REF] 

Figure 28 :

 28 Figure 28: (A) MukB compacts DNA by Binding To Supercoiled DNA and Keeping the (-)ve supercoiling status of DNA. (B) Intra-molecular Activity of MUKB by interacting with the CTD of ParC and changing its affinity from (+) ve to (-)ve supercoiling, thus stimulating Knot formation and compaction. (C) MukB forms Bridges by the interaction with the CTD of ParC and stimulating the inter-molecular activity of Topo IV which is the decatenation of Sister-chromosomes.Adapted From[START_REF] Sawitzke | Suppression of chromosome segregation defects of Escherichia coli muk mutants by mutations in topoisomerase I[END_REF], Hayama et al. 2013, Vos et al. 2013) 

Fig. 29 :

 29 Fig. 29: Protein occupancy landscape of the E. coli chromosome. Distribution of the binding sites (bin size = 10 kb) for 4 NAPs (IHF, H-NS, FIS, and HU) in the exponential and stationary phases and for gyrase in the exponential phase; for the gyrase, gray (black) values correspond to an enrichment (depletion) of binding obtained in a ChIP experiment. Macrodomains are represented in color in the inner circle; Ter and Ori are blue and green, respectively. Note the gradient of binding in the exponential phase for HU, FIS and gyrase from the origin of replication to the terminus (the origin-terminus axis is indicated by the dashed black line). As shown in the right panel, the binding of FIS has not been detected in the stationary phase. Lagomarsino et al. FEMS 2015

  v)Do known partners of Topo IV affect its activity in a local or global manner? vi)How Topo IV deals with folded DNA that is a chromatin like structure synergistically yielded by factors like RNA polymerase, Gyrase, SeqA, H-NS, Fis, etc…?We performed whole genome analysis of Topo IV binding/activity. To do so, we performed ChIP-seq experiments and developed a new Topo IV-DNA coimmunoprecipitation method aimed at trapping only active Topo IV (the method is called NorfliP). These two methods were combined with genetic epistasis analysis and molecular biology assays to test Topo IV partners' role on the modulation of the Topo IV enzymatic activity.The main results obtained during my PhD were published in PLoS genetics[START_REF] El Sayyed | Mapping Topoisomerase IV Binding and Activity Sites on the E. coli Genome[END_REF]. Complementary results obtained on the interplay between Topo IV and Topo III, in collaboration with Ingrid Billaut Chaumartin (Master 2 student), are described in the paragraph 3.2.9.Briefly, I observed that Topo IV has access to most genomic regions of E. coli. However, Topo IV only selects a subset of them to cleave DNA. Among the cleaved sites detected, the dif site is by far the strongest. This provided a confirmation that, for almost every cell cycle, decatenation events take place at dif on fully replicated chromosomes. The efficiency of Topo IV cleavage at dif is determined by a XerC-Topo IV interaction. The stimulation of Topo IV by XerC is independent on XerC catalytic activity, suggesting that XerC plays a landing pad role for Topo IV to specify its binding to dif. MatP contributes also, but modestly, to the activity of Topo IV at dif. Topo IV binding to DNA is influenced by DNA replication but does not seem to follow the replication fork. My results suggest that, in addition to dif, among hundreds of possible cleavage sites, Topo IV selects randomly (in a probabilistic manner) only a dozen of site to be active in each cell at each cell cycle. We observed that chromatin crowding (H-NS and RNA polymerase) limits Topo IV access to DNA. Finally, we observed that a lack of Topo IV activity outside of dif can be compensated by Topo III activity. Nevertheless, Topo III cannot work on fully replicated chromosomes. Interestingly we observed that in conditions where Topo IV is strongly inhibited, a residual decatenation of fully replicated chromosomes can be achieved in a XerC/dif recombination dependent manner, this is in good agreement with earlier work done by[START_REF] Grainge | Unlinking chromosome catenanes in vivo by site-specific recombination[END_REF]).

  To identify Topo IV binding, we performed ChIP-seq experiments in ParE and ParC Flag tagged strains. The C-terminus fusions of ParE and ParC replaced the wild-type (WT) alleles without any observable phenotypes (S1 Fig). We performed three independent experiments, two ParEflag IPs and one ParC-flag IP, with reproducible patterns identified in all three experiments. A Pearson correlation of 0.8, 0.9 and 0.7 was observed for ParC-ParE1, ParE1-ParE2 and ParC--ParE2 respectively. A map of enriched regions observed in each experiment is represented on Fig 1A (red circles). Four of the highly-enriched sites are illustrated at a higher magnification in Fig 1A-right panels.

  Both MatP and Mock IP presented significant signals on rRNA, tRNA and IS loci (S2 Fig). This observation suggested that Topo IV enrichment at rRNA, tRNAs and IS was an artifact of the ChIP-Seq technique. By contrast no enrichment was observed at the dif site in the MatP and mock-IP experiments (S2 Fig), we therefore considered dif to be a genuine Topo IV binding site and compared every enriched region (>2 fold) with the dif IP. We filtered the raw data for regions presenting the highest Pearson correlation with the dif signal (>0.7). This procedure discarded many highly enriched regions (Fig 1A orange circles). We identified 19 sites throughout the chromosome where Topo IV IP/input signal suggested a specific binding for at least two of the experiments (Fig 1A, outer circle histogram, S1 Table

Fig 1 .

 1 Fig 1. Topo IV binding pattern of replicating chromosome. A) Circos plot of the ChIP-seq experiments for ParC-flag and ParEflag. The IP / input ratio over the entire E. coli genome is presented for three independent experiments, one IP on the parC-flag strain and two IPs on the parE-flag strain. From the center to the outside, circles represent: genomic coordinates, macrodomain map, position of tRNA genes and ribosomal operons, ParE-Flag 1 ChIP-seq (untreated data, orange), ParE-Flag 1 ChIP-seq (filtered data, red), ParE-Flag 2 ChIP-seq (untreated data, orange), ParE-Flag 2 ChIP-seq (filtered data, red), ParC-Flag ChIP-seq (untreated data, orange), ParC-Flag ChIP-seq (filtered data, red), position of the 19 validated Topo IV binding sites. The right panels represent magnifications for four specific Topo IV binding sites, position 1.25 Mb, position 1.58 Mb (dif), position 1.85 Mb and position 2.56Mb. The three first rows correspond to filtered IP/Input ratio for ParC-Flag, ParE-Flag1 and ParE-Flag2 IPs, the

  fourth and fifth rows correspond respectively to the forward and reverse raw read numbers of the parC-flag experiment. The position and orientation of genes are illustrated at the bottom of each panel. B) Sliding averages of the IP (blue, left Y axis), Input (red, left Y axis) and IP/input (green, right Y axis) data for the parC-flag experiment over 60 kb regions along the genome. To facilitate the reading, oriC is positioned at 0 and 4.639 Mb. C) Analysis of Topo IV binding during the bacterial cell cycle. Marker frequency analysis was used to demonstrate the synchrony of the population at each time point. Stars represent the position of the selected Topo IV sites. D) IP/input ratio for 7 regions presenting specific Topo IV enrichment during S and G2 phases. For each genomic position the maximum scale is set to the maximum IP/Input ratio observed.

  2B). Regions immunoprecipitated with Topo IV-norfloxacin cross-links were frequently observed (Fig 2C orange circle). Similarly to the ChIP-seq experiments, the NorflIP profile revealed strong enrichment over the rRNA operons and IS sequences but not at the tRNA genes (S5A Fig). We used a Southern blot cleavage assay to demonstrate that these signal did not correspond to Topo IV cleavages (S5B Fig). The NorflIP peaks correspond to a ~170 bp forward and reverse enrichment signal separated by a 130 bp segment, which is not enriched. This pattern is the consequence of the covalent binding of Topo IV to the 5' bases at the cleavage site. After Proteinase K treatment the cleaving tyrosine residue bound to the 5' extremity resulted in poor ligation efficiency and infrequent sequencing of the cleaved extremities. (S6A and S6B Fig) This observation confirmed that we were observing genuine Topoisomerase cleavage sites. We used this pattern to define an automatic peak calling procedure (S6C Fig) that identified between 134 and 458 peaks in the three NorflIP experiments, two experiments performed with ParC-Flag and one with ParE-Flag (Fig 2C purple circles and Fig 2D).

Fig 2 .

 2 Fig 2. Topo IV cleavage at the Topo IV binding sites. A) Norfloxacin mediated DNA cleavage revealed by Southern blot with a radiolabeled probe near the dif site, the 1.25 Mb, 1.85 Mb, 2.56 Mb and the 3.24 Mb site. The size of the expected fragment generated by Topo IV cleavage is marked by an arrow. Topo IV cleavage can be differentiated from gyrase cleavages because of their presence in a nalR strain. B) Genome browser image of a 15kb region representative of Topo IV cleavage frequency (purple). These cleavage sites are not correlated with Topo IV enrichment in the ChIP-seq experiments described in Fig 1 (red). C) Circos plot of the NorflIP experiments. From the center to the outside, circles represent: genomic coordinates, macrodomain map, position of

  Fig) and an increased spacing of GATC motifs around cleavage sites (S7E Fig).

  Targeting of Topo IV cleavage activity is influenced by local environmentThe bias in the distribution of cleavage sites (Fig 2H) was very similar to the Topo IV binding bias revealed by ChIP-seq (Fig 1C). NorflIP and ChIP-seq data were compared on Fig 3A.

  tRNA genes and ribosomal operons, ParC-Flag 1 NorflIP (untreated data, orange), ParC-Flag 1 NorflIP (filtered data, purple), ParE-Flag NorflIP(filtered data, purple), ParC-Flag 2 NorflIP (filtered data, purple), validated TopoIV sites present in the ParC-Flag 1, ParE-Flag and ParC-Flag 2 experiments. For visualization purpose, the maximum scale of NorflIP data has been fixed to an IP/input ratio of 10. D) Peak calling procedure, dedicated to DNA cleavage mediated by TopoIV in the presence of norfloxacin (S6 Fig), revealed 571 sites in total, in three experiments. Venn diagrams of common Topo IV cleavage sites in two experiments. About 200 common sites are observed in each pair of experiments. E) Genome browser zooms on the dif, 1.85, 1.92 and 2.56 Mb regions for Topo IV cleavage (purple) and Topo IV binding revealed by ChIP-seq (red). F) DNA cleavage mediated by TopoIV in the presence of norfloxacin revealed by Southern blot with a radiolabeled probe at 0.02, 1.92 Mb and the 3.2 Mb sites. G) Cleavage experiments performed on synchronized cultures, revealed a replication dependency (AS asynchronous, NR not replicating, S20 20 min after the initiation of replication (IR), S40 40 min after IR, S60 60 min after IR. H) Distribution of the ParC-Flag 1 NorflIP validated sites on the genome by 50 kb bins. doi:10.1371/journal.pgen.1006025.g002

Fig 3 .

 3 Fig 3. Targeting Topo IV cleavage sites along the E. coli genome. A) Circos plot of the ParC-Flag Chipseq and ParC-Flag 1 NorflIP experiments. From the center to the outside, circles represent: genomic coordinates, macrodomain map, Fis binding sites in mid exponential phase, % of bases bound by Fis per 20 kb windows of genomic DNA, H-NS binding sites in mid exponential phase, % of bases bound by H-NS per 20 kb windows of genomic DNA [33], ParC-Flag ChIP-seq (depleted regions blue, IP/input <1), ParC-Flag ChIP-seq (enriched regions red, IP/input >1), ParC-Flag 1 NorflIP (depleted regions blue, IP/input <1), ParC-Flag 1 NorflIP (enriched regions red, IP/input >1), gene expression data (RNA-seq results performed in the ChIP-seq and NorflIP conditions). For visualization purpose, the maximum scale of RNAseq data has been fixed to 500 reads which
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Fig 4 .

 4 Fig 4. Determinants of Topo IV activity at dif. A) Southern blot analysis of the Topo IV cleavage at the dif site. Genomic DNA extracted from WT, Δdif::Tc, Δdif, ΔxerD box, ΔxerC box, ΔxerD, and ΔxerC strains was digested by PstI; the size of the fragment generated by Topo IV cleavage at dif is marked by an arrow. The average percentage of cleavage observed in two independent experiments is presented. B) Southern blot analysis of the Topo IV cleavage at the dif site. Genomic DNA extracted from WT, ΔxerC, ΔxerC pUCxerC, ΔxerC pUCxerCK172A, ΔxerC pUCxerCK172Q strains was digested with PstI; the size of the cleaved fragment in dif is marked by an arrow. C) Topo IV cleavage at the 1.9Mb site in the WT, ΔxerC and Δdif. D) Plating of parEts, parEts xerC, parEts xerD and parEts recN mutants at 30 and 37°C. E) Colony Forming Unit (CFU) analysis of the WT and nalR strains deleted for the dif site, the xerC, xerD genes or the C-terminal domain of FtsK in the presence of ciprofloxacin. F) EMSA on a 250 bp CY3 probe containing dif (green) and a 250 bp CY5 control probe (red). The amount of Topo IV, XerC or XerD proteins present

  in each line is indicated above the gel. G) Quantification of Topo IV EMSA presented in C, data are an average of three experiments. H) Southern blot analysis of Topo IV cleavage at dif and position 1.92Mb in a strain overexpressing the C-terminal domain of ParC. doi:10.1371/journal.pgen.1006025.g004

Fig 5 .

 5 Fig 5. Role of the dif site for the management of circular chromosomes. A) Southern blot analysis of Topo IV cleavage at the dif and 2.56 Mb sites in the mukB mutant grown in minimal medium at 22°C. B) Southern blot analysis of Topo IV cleavage at the dif and 2.56 Mb sites in the seqA mutant grown in minimal medium at 37°C. C) Southern blot analysis of Topo IV cleavage at the dif and 1.9 Mb sites in the matP mutant grown in LB at 37°C. D) Colony Forming Unit (CFU) analysis of the WT and nalR strains deleted for the dif site, the xerC and matP genes in the presence of ciprofloxacin. E) Colony Forming Unit (CFU) analysis of the WT, parEts and gyrBts strains deleted for the matP at a semi permissive temperature (38°C). F) Southern blot analysis of the Topo IV cleavage at the dif and 1.9Mb sites in cells with a circular or linearized chromosome. G) Phenotypes observed during exponential growth in LB in the matP mutant strains with circular or linear chromosome (DNA is labeled with DAPI, green). Scale bar is 5μm. doi:10.1371/journal.pgen.1006025.g005

  5G). Interestingly, the frequency of cleavage at dif sites inserted far (300 kb) from the normal position of dif or in a plasmid were significantly reduced compared to the WT situation (S11 Fig) confirming that Topo IV cleavage at dif is specific to circular chromosomes.

  in this regions confirming the artefactual nature of the corresponding signals in the NorflIP experiments. Arrows indicated the position on the corresponding bottom map. (PDF) S6 Fig. A) Snapshots of the ChIP-seq and NorflIP experiments at the position 1.85 and 1.92 Mb. Topo IV binding to position 1.85 Mb was only revealed by the ChIP-seq experiment in the presence of formaldehyde. Topo IV cleavage at position 1.92 Mb was only revealed by the Nor-flIP experiment. NorflIP peaks present a characteristic shape illustrated on the 1.92Mb with a large 200 bp empty region in between the forward and reverse signal (arrow). B) Snapshot of the ChIP-seq and NorflIP experiments at the dif position. Topo IV binding (ChIP-seq) and cleavage (NorflIP) were detected at the dif position. C) Description of the NorflIP peak calling procedure. Forward and reverse reads from the Flag immunoprecipitation were smoothed over 200 bp, and then subtracted from each other. The dif and 1.9Mb signals observed on a 2kb window were used as a probe to test the entire genome with 100 bp sliding intervals. Pearson coefficient between the dif and 1.9 Mb signals and each interval were measured. Pearson coefficients above 0.72 were considered as putative Topo IV peaks. The initial list of Topo IV sites (S1 Table) corresponds to sites presenting a Pearson correlation above 0.72 in comparison with dif and 1.9Mb. IP/input ratio was measured. 172 peaks with Pearson coefficient above 0.72 and an IP/input ratio >2 were manually validated as Topo IV sites (S1 Table). D) Analysis of reads orientation in the NorflIP experiment at position 0.2Mb. Forward and reverse read peaks are about 200 bp large, a 100 nucleotides gap is observed in between the peaks. For the analysis of Topo IV cleavage site distribution we estimated that the center of the 100 nucleotides gap corresponds to the position of Topo IV cleavage. (PDF) S7 Fig. Measure of the distance between two adjacent Topo IV cleavage sites in the dif region (A) and the region containing oriC and SNAP2 (B). For this analysis the 571 Topo IV cleavage sites observed in the 3 experiments were pooled. C) Distribution of the Topo IV cleavages inside genes and intergenic regions. The gene sizes were normalized to 1. D) RSAT analysis of the NorflIP peak calling results (http://www.rsat.eu/; Thomas-Chollier M, Defrance M, Medina-Rivera A, Sand O, Herrmann C, Thieffry D, van Helden J. (2011) RSAT 2011: regulatory sequence analysis tools. Nucleic Acids Res. 2011 Jul;39. Analysis of the dinucleotide bias in 172 manually validated NorflIP Topo IV cleavage sites. In average GC dinucleotides are enriched near the middle of the ChIP signal. E) GATC spacing around Topo IV peaks detected with the NorflIP experiment. Average distances between two consecutive GATC are measured around (+/-20 GATC sites) 172 validated Topo IV cleavage sites and 172 random sequences. (PDF) S8 Fig. A) Box plot of the distribution of distance between TopoIV cleavages and the closest highly expressed transcription unit (T.U.). For this analysis the 571 Topo IV cleavage sites observed in the 3 experiments were pooled. T.U. expression was determined by RNAseq. An arbitrary threshold was set to 500 reads, it corresponds to the 10% of the T.U. the most expressed. The distribution of a random set of cleavage sites was used as control. The two distributions are statistically different according to Anova test. The median distance is 8.5 kb for the TopoIV cleavage set and 12.3 kb for the random set. B) Genome browser zoom on the region 1.92 Mb were TopoIV cleavages were observed in a region with a number of highly expressed T.U. C) Distribution of 458 Topo IV cleavages (black) and random sites (grey) in between two consecutive highly expressed T. U. Topo IV cleavages are slightly more frequent near the TU than in the middle of the region. (PDF) S9 Fig. A) Distribution of ParE-Flag 1 ChIP-seq enrichment in the region overlapping or not a H-NS binding site. B) Box plot of the distribution of GC% in the regions depleted for Topo IV (IP/input <0.6) or enriched for Topo IV (IP/input >1.2) or enriched for H-NS. C) Distribution of the GC% in 172 validated Topo IV cleavage sites as function of NorflIP IP/input signal. D) Measure of the GC% in the 172 validated cleavage sites. GC % was measured in sliding windows of 20 bp and color coded. (PDF) S10 Fig. A) Analysis of the robustness of the Topo IV-XerC-dif complex in the presence of increasing amounts of XerD protein. EMSA were performed with prebound Topo IV and XerC on dif and subsequent addition of XerD for 10 minutes before loading on the gel. B) Analysis of Topo IV binding to negatively supercoiled plasmid by EMSA on agarose gel. Topo IV from 10, 50, 100, 200 nM was added to the pFC24 (dif) plasmid in the presence of XerCD (25 or 50 nM). (PDF) S11 Fig. A) Southern Blot analysis of Topo IV cleavage in the nalR strain at dif and an ectopic dif site located at 1.3Mb on the genomic map. B) Southern Blot analysis of Topo IV cleavage on a plasmid (pFC25) carrying the dif region (10 kb around dif) + or-dif (PDF) S1 Table. Sheet 1) Validated ChIP-seq sites. Sheet 2) NorflIP sites observed in the ParC-Flag 1 NorflIP, ParE-Flag NorflIP and ParC-Flag 2 NorflIP. Sheet 3) Common NorflIP sites for the different experiments. Sheet 4) Manually Validated Topo IV cleavages. (XLSX) S1 Text. Model to test the correlation between TopoIV binding and the progression of replication. To test if ParC and ParE ChIP-seq biases were related to chromosome replication we constructed in silico models The result of this null model is that in all cases (overlapping or non-overlapping rounds) the observed mean occupancy should follow the dosage. Hence the occupancy gap observed in S3E Fig in the Ter region (when occupancy is normalized by dosage) has to be interpreted as a sign that this model does not apply, at least in this region. (DOCX)

Figure 30 :

 30 Figure 30: (A) Measure colony formation unit (CFU) of the WT, nalR, ParC-flag, ParC-flag nalR, and parE-flag nalR strains. Cultures were grown until OD 0.2 and treated for 40 minutes with norfloxacin 2μM and plated on LB plates. (B) Measure of the growth rate of the nalR,parC-flag nalR and parE-flag nalR strains. (C) Left panel is a southern blot analysis of Topo IV Mediated cleavage in the presence of norfloxacin at the 1.9 Mb site in the

  Cell synchronization was achieved by using DnaC ts , the Synchronization of cells was validated by quantifying the quantity of DNA (stained by DAPI) at different pulses Non-replicative, 20 minutes after initiation of replication, 40 min, and 60 min(figure 31).

Figure 31 :

 31 Figure 31: Flow cytometry analysis of the synchronization experiment. Samples were fixed in ethanol at different time points: after 1h30 at 40°C (G1), 20 min after downshift to 30°C (S20), 40 min after downshift to 30°C (S40), 60 min after downshift to 30°C (G2) and in stationary phase. (B) Marker frequency analysis was performed on the input DNA of the ChIP-seq experiments. MFA experiment demonstrateing the synchrony of the population at each time point. Stars represent the position of Topo IV binding sites.

Figure 32 (

 32 Figure 32 (A) Snapshots of the ChIP-seq and NorflIP experiments at the position 1.85 and 1.92 Mb. (B) Snapshot of the ChIP-seq and NorflIP experiments at the dif position. Topo IV binding (ChIP-seq) and cleavage (NorflIP) were detected at the dif position. (C) Description of the NorflIP peak calling procedure. (D) Analysis of reads orientation in the NorflIP experiment at position 0.2Mb.

Figure 33 :

 33 Figure 33: (A) Genome browser magnifications illustrating common non-specific signal observed over rRNA operons, tRNA and IS sequences. ParE-Flag ChIP-seq is represented in red, MatP-Flag ChIP-seq is represented in blue, Mock IP with a strain that did not contain Flag-tagged proteins is represented in black. Genes, ribosomal operons and tRNA are represented below ChIPseq signals. (B) Genome browser magnifications illustrating common non-specific signal observed over rRNA operon, IS sequences in the NorflIP and ChIP-seq experiments. ParE-Flag NorflIP is represented in purple, MatP-Flag ChIP-seq is represented in blue, Mock IP with a strain that did not contain Flag-tagged proteins is represented in black. Genomic localization are the same as in(C) Southern blot cleavage assays performed in WT and nalR strains at the insH locus, ribosomal operon A and ribosomal operon B. Topo IV did not present any cleavage in this regions confirming the

Figure 34 :

 34 Figure 34: (A) Box plot of the distribution of distance between Topo IV cleavages and the closest highly expressed transcription unit (T.U.). For this analysis, the 571 Topo IV cleavage sites observed in the 3 experiments were pooled. T.U. expression was determined by RNAseq. An arbitrary threshold was set to 500 reads, it corresponds to the 10% of the most expressed T.U. . The distribution of a random set of cleavage sites was used as control. The two distributions are statistically different according to Anova test. The median distance is 8.5 kb for the Topo IV cleavage set and 12.3 kb for the random set.( B) Genome browser zoom on the region 1.92 Mb were Topo IV cleavages were observed in a region with a number of highly expressed T.U. (C) Distribution of 458 Topo IV cleavages (black) and random sites (grey) in between two consecutive highly expressed T. U. Topo IV cleavages are slightly more frequent near the TU than in the middle of the region.(D) Distribution of the Topo IV cleavages inside genes and intergenic regions. The gene sizes were normalized to 1.

Figure 36 ,

 36 Figure 36, C (left panel), shows the nonspecific binding signals of Topo IV in the vicinity of the origin showing that peaks were present in Matp-flag experiment, and even in the Mock.

Figure 35 :

 35 Figure 35:(A) Distribution of the GC% in 172 validated Topo IV cleavage sites as function of NorflIP IP/input signal. (B) Measure of the GC% in the 172 validated cleavage sites. GC % was measured in sliding windows of 20 bp and color coded. (C) RSAT analysis of the NorflIP peak calling results (http://www.rsat.eu/; Thomas-Chollier M, Defrance M,Medina-Rivera A, Sand O, Herrmann C, Thieffry D, van Helden J. (2011) RSAT 2011: regulatory sequence analysis tools. Nucleic Acids Res. 2011 Jul;39). Analysis of the dinucleotide bias in 172 manually validated NorflIP Topo IV cleavage sites. In average GC dinucleotides are enriched near the middle of the ChIP signal. (D) Scatter plot of the average GC content according to parC-flag IP/Input. 60 kb sliding

Figure 36 :

 36 Figure 36: (A) Distribution of ParE-Flag 1 ChIP-seq enrichment in the region overlapping H-NS binding site and non-H-NS binding sites. (B) Box plot of the distribution of GC% in the regions depleted for Topo IV (IP/input <0.6), enriched for Topo IV (IP/input >1.2), or enriched for H-NS. (C) Analysis of the Topo IV nonspecific binding. Normalized enrichment (Average number of reads in a 1kb sliding window divided by the total amount of reads of each flag immuno-precipitation experiment) was plotted as a function of the genomic position. (Left panel) a 100kb region near oriC (positions 4.26 to 4.36 Mb) is represented. (Right panel) a 100kb region around dif (positions 1.55 to 1.65 Mb) is represented.

Figure 37 :

 37 Figure 37: Measure of the distance between two adjacent Topo IV cleavage sites in the dif region (A) GATC spacing around Topo IV peaks detected with the NorflIP experiment. Average distances between two consecutive GATC are measured around (+/-20 GATC sites) 172 validated Topo IV cleavage sites and 172 random sequences. (B) and the region containing oriC and SNAP2 (C). For this analysis the 571 Topo IV

  readily shows that the occupancy function is just where (a; b) is the characteristic function of the interval [a; b]. Averaging over cell age gives It is simple to verify that this function for the average expected occupancy is simply proportional to population-mean dosage, which is known to be Indeed, in both functions the only term dependent on s is proportional to 2 -(Cs/ L) multiplicative constants.

Figure 38 :

 38 Figure 38:(A) null model results in non-overlapping replication rounds (left panel) and overlapping replication rounds(right panel).(B) Topo IV binding bias, shown by the specific Input/IP values (each normalized by total reads). This bias is not compatible with a model where Topo IV binding follows replication and persists for a characteristic period of time (purple trace).

Figure 39 :

 39 Figure 39: (A) Analysis of the robustness of the Topo IV-XerC-dif complex in the presence of increasing amounts of XerD protein. EMSA were performed with prebound Topo IV and XerC on dif and subsequent addition of XerD for 10 minutes before loading on the gel. (B) Analysis of Topo IV binding to negatively supercoiled plasmid by EMSA on agarose gel. Topo IV from 10, 50, 100, 200 nM was added to the pFC25 (dif) plasmid in the presence of XerCD (25 or 50 nM)

Figure 40 :

 40 Figure 40: (A) Topo IV cleavage analysis of WT, Wt pET28 ParC-CTD, and ParC-CTD-R705D strains. (B) SDS-PAGE gels showing the purified proteins of ParC,ParC-CTD, ParC-CTD-R705D, and XerC. (C) EMSA analysis of ParC,ParC-CTD, ParC-CTD-R705D (left panel , middle panel, and right panel respectively) showing the binding enhancement in the precense or absence of XerC proteins. All proteins were added in a final concentration of 100nM. The CY3-dif probe is 200 bp long and was used in a final concentration of 100nM. (D) HPLC profiles using an agilent BioSEC-3 in 50 mM HEPES pH 7,4 + 150 mM NaCl + 1 mM MgCl2 +10% glycerol at room temperature; Upper panel showing the elution protein profile oa CTD, XerC, and ParC alone. Bottom panel shows the Elution profile of CTD-XerC in a 1:1 ratio and ParC-Xer in a 1:2 ratio.(E) ICT profile using 20µM

Figure 41 :

 41 Figure 41: (A) Southern Blot analysis of Topo IV cleavage in the nalR strain at dif and an ectopic dif site located at 1.3Mb on the genomic map. B) Southern Blot analysis of Topo IV cleavage on a plasmid (pFC25) carrying the dif region (10 kb around dif) + or-dif

Figure 42 :

 42 Figure 42: Growth defects of the parEts xerC strain compared to parEts and parEts xerD

Figure 43 :

 43 Figure 43: (A) CFU of the strains : parE ts , parE ts ΔtopB, ΔtopB at 30, 37, and 42°C. (B) Fluorescent microscopy images by DAPI staining of the strains WT, parE ts , ΔtopB, parE ts ΔtopB at 30, 37°C.

Figure 44 :

 44 Figure 44: (A-D) Data analysis extracted from fluorescent microscopy analysis using DAPi staining using the following strains WT, parE ts , ΔtopB, Δdif, ΔxerC, parE ts ΔtopB, parE ts Δdif, parE ts ΔxerC, ΔtopB Δdif, ΔtopB ΔxerC, parE ts ΔtopB Δdif et parE ts ΔtopB ΔxerC at 30°C. (A) celle length. (B) Nucleoid area per cell. (C) Number of nucleoids per cell. (D) Proportion of anucleated cells.

Figure 45 :

 45 Figure 45: (A-D) Data analysis extracted from fluorescent microscopy analysis using DAPI staining using the following strains WT, parE ts , ΔtopB, Δdif, ΔxerC, parE ts ΔtopB, parE ts Δdif, parE ts ΔxerC, ΔtopB Δdif, ΔtopB ΔxerC, parE ts ΔtopB Δdif et parE ts ΔtopB ΔxerC at 37°C. (A) cell length. (B) Nucleoid area per cell. (C) Number of nucleoids per cell. (D) Proportion of anucleated cells.

(

  Figure 45 D, 0.9 vs 1.4 %). Although the anucleated cell percentage was abruptly different between parEts ΔxerC (12,4%) and parEts ΔtopB (53.2%), it was not significantly different between the WT and the triple mutant (1.1 vs 0.1%).

Figure 46 (

 46 Figure 46 (A) CFU of WT, parE ts , ΔtopB, ΔxerC, parE ts ΔtopB, parE ts ΔxerC, ΔtopB ΔxerC and parE ts ΔtopB ΔxerC à 30, 37 et 42°C.(B) Fluorescent microscopy images by DAPI staining of the strains ΔxerC, parE ts ΔxerC, ΔtopB ΔxerC, parE ts ΔtopB ΔxerC grown at 30 and 37°C

Figure47

  Figure47: (A) CFU of strains, parEts, ΔxerC and parEts ΔxerC, with or without pBAD-TopB at 30, 37 et 42°C. (B) Fluorescent microscopy images by DAPI staining of the strains parEts, ΔxerC and parEts ΔxerC that have pBAD-TopB with or without arabinose induction.

Figure 48 :

 48 Figure 48: Data analysis extracted from fluorescent microscopy analysis using DAPI staining using the following strains parEts, ΔxerC and parEts ΔxerC that have pBAD-TopB with or without arabinose induction at (A) 30°C and (B) 37°C

Figure 49 :

 49 Figure 49: CFU of the strains parE ts , ΔxerC, parE ts ΔxerC, and parE ts ΔtopB ΔxerC with or without plasmids pUC57-XerC orpUC57-XerC cat at 30, 37 et 42°C

  anucleated cells drastically changed in parE ts ΔxerC pUC57-XerC and parE ts ΔxerC pUC57-XerC cat compared to the plasmid-less strains (figure 50 B, 3.6 and 8.3 vs 12%).

Figure 50 : 3 . 2 . 9 . 4

 503294 Figure 50: (A) Fluorescent microscopy images by DAPI staining of the strains parE ts ,parE ts ΔxerC pUC57-XerC, parE ts ΔxerC pUC57-XerC cat and parE ts ΔxerC at 37°C and 30°C . (B) Data analysis extracted from fluorescent

Figure 51 :

 51 Figure 51: (A) CFU of the following strains, WT, parE ts , ΔtopB, Δdif, parE ts ΔtopB, parE ts Δdif, ΔtopB Δdif and parE ts ΔtopB Δdif à 30, 37 and 42°C. (B) Fluorescent microscopy images by DAPI staining of the strains Δdif, parE ts Δdif, ΔtopB Δdif, and parE ts ΔtopB Δdif at 30 and 37°C

Figure 52 : 4 . 1 . 2

 52412 Figure 52: Prediction of the curvature of the 200 pb DNA fragment containing Topo IV binding sites at 1,25 MB, dif and 1,85MB. Palindromic sequences found near the mid-point of these sites are represented (cap letters). The XerC and XerD binding boxes on dif are respectively represented in red and green.

Figure 54 : 4 . 3 4 . 3 . 1 .

 5443431 Figure 54: Binding of SeqA to DNA retard Topo IV binding to DNA and even provides a selective force for Topo IV binding/activity. Nevertheless, the Absence of SeqA, results in the Loss of of the selective force and as such Topo IV can freely access DNA caused by the perturbation of Hemi-methylated zone Formation

Figure 55 :

 55 Figure 55: model showing the possibility of FtsK implication in pumping catenanes using Kops sites to faithfully pump remaining catenanes towards the terminus of replication which can then be dealt with by Topo IV at dif.

  revealed that the C-terminal domain of ParC(CTD) is essential for decatenation activity in vitro. We observed that overexpression of the CTD alone in a WT strain reduces Topo IV cleavage specifically at dif compared to a control strong cleavage site located 300 kb away. Overexpression of the CTD presenting a point mutation (CTD R705D), on the other hand, retained WT Topo IV cleave at dif. Strikingly, this point mutation has been shown to lose Topo IV interaction with MukB in vitro on relaxing supercoiled DNA(Vos et al. 2013). They further show that complementing the ParC ts mutant with ParC-R705D produces an abrupt decrease in cell fitness. This suggests that this particular site is necessary for Topo IV activity. However, Nicolas et al.(Nicolas et al. 2014), have shown that this point mutation retained the Topo IV-MukB co-localization to the ori. Our results suggest that this point mutation abolishes Topo IV-XerC interaction. This result was supported by the EMSA experiments where we observed the stimulation by XerC of ParC and ParC-CTD binding at dif. This binding was completely lost with ParC R705D. Despite these promising results, biochemical analyzes such as ITC and

Figure 56 :

 56 Figure 56: (A) Model of Topo IV activity and distribution on the E.coli chromosome during replication. (B) Model of Topo IV decatenation and segregation around dif region.
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 223 DNA shearing -Crosslinked cell pellets are re-suspended in 1mL ChIP Lysis buffer and incubated with 3.5 units of ready lyse lysozyme at RT for 10 min shaking at 20 rpm -Samples are split in 4x250µL and transferred to 1.5 mL Bioruptor® Plus TPX microtubes (Diagenode) and are chilled for 10 min on ice prior to sonication -Tubes are briefly vortexed for few seconds then spun down -Sonication is carried out using Bioruptor® sonicator (Diagenode) at 4°C for 15 cycles full power ( 30sec ON, 30 sec OFF) -Centrifugation 10 000g at 4°C for 10 min is carried out to precipitate cell debris -5µl of sonication product is run on 1.5% agarose gel to check for shearing quality. Fragments should range between 100 and 500 bp -If sonication is adequate pool back the 4 tubes -100 µL are kept aside as the input sample whereas 900 µl are used for Immunoprecipitation step Immunoprecipitation and Elution The following steps are carried out at 4°C unless indicated -For every 900 µl sample prepare 40µl of Agarose Anti-FLAG M2 gel pack and equilibrate it by three successive washes with 1mL TBS buffer, discard the supernatant after centrifugation at 8000g for 30sec -Wash once with 1mL ChIP Lysis Buffer -Mix the 900 µL sample with the Agarose Anti-FLAG M2 gel and complete to 1mL with ChIP Lysis Buffer -Incubate overnight on a rotating wheel -The next day perform two-times 500µl washes TBS Tween and four-times washes TBS buffer, discard the supernatant every time -Add 200 µL of 150 ng/mL 3XFLAG peptide diluted in TBS -Incubate for 1h on a rotating wheel. immunoprecipitation of ParC tagged with a triple flag gave better signal/noise ratio and more reproducible results.

--- 5 . 3 . 2 -

 532 Vertical Electrophoresis Slab Gel System (CBS scientific) -Protein Dilution Buffer ( 50mM TRIS pH7.5@4°C, 1mM EDTA, 5mM DTT, 38% Glycerol -Reaction Buffer (1mM spermidine, 30mM potassium glutamate, 10mM DTT, 6mM magnesium chloride, 1% glycerol, pH 7.4, 5mM ATP) -ATP 100mM Stock -40 % Glycerol -Fluorescently-labeled probes (Cy3(green) or Cy5(red) ) -4% Native Gel per 100 ml( 12.5 40% polyacrylamide (29:1) (Merck),5ml 10x TBE, 82.5ml milliQ water, 750µl APS, 50µl TEMED) -Typhoon FLA 5000 scanner (GE healthcare) Methods -Cast the native gel 50 ml/gel -Prior to EMSA experiment run the Gel at 125 Volts for 30 mins without loading -Prepare the binding reaction mixing in this order: i) 1x reaction buffer, ii) nM of DNA probes, iii) protein(s) of interest and add sufficient amount of 40% glycerol to have 10% final -Incubate on the bench for 15 min -Load samples while applying 25V then run for 2 hours -Wet the gel before placing it in the Typhoon Scanner and analyze results Image J Resuspension buffer ( 50mM TRIS PH 7.5-8, 15% sucrose,1mg/ml lysozyme(sigma) ) cm Gel casting Tray 0.8% Agarose in 1X TBE -6XLoading Dye with 0.2% SDS -Depurination Buffer ( 0.125M HCl) -Denaturation buffer 1 liter (87.66g NaCl, 20g NaOH) -Neutralization 1 liter (87.66g NaCl , 60.5g Tris base, adjust to pH to 7.5 ) -Transfer buffer 1 liter (10x SSC) -Membrane wash solution before after transfer 1 liter (4X SSC) -Hybridization buffer 6X SSC, 0,5% SDS -pre-hybridizing 25ml: sample (5X Denhardt (50x stock Thermoscientific) ,50µL salmon sperm(sigma), Hybridization buffer up to 25 ml) -1st wash solution ( 2X SSC et 0,1% SDS). -2 nd wash solution 0,5X SSC et 0,1% de SDS: (for 1L) -3rd wash solution 0,1X SSC et 0,1% de SDS: (pour 1L) -Whatman Filter Paper (GE healthcare) * -Membrane Amersham Protran Supported 0.45 NC 200mm×4m 1 roll/PK (GE healthcare) Grow cells in LB unless specified until OD600: 0.6 then add Norfloxacin (2µM final) -Spin down @ 5000 rpm for 10 min and freeze pellet on dry ice for at least 20 min -Add 500 µl of resuspension buffer and incubate with mild shaking for 15 min RT -Add 40µl Proteinase K and 40µl 20%SDS. Incubate overnight at 45°C -Add 10µl RNAse on the following day and incubate for 30 @37°C -Complete sample to 1ml -Add 1ml Phenol vortex well then centrifuge 7000RPM for 5min. Keep the supernatant -Repeat Three times -Add 1ml Phenol:chrloroform:isoamyl vortex well then centrifuge 7000RPM for 5min. Keep the supernatant . -Repeat Three times -Precipitate genomic DNA by adding 40µl NaCl and 600µl isopropanol and Mix well -Centrifuge 10 min at 12000 rpm and discard the supernatant carefully -Add 1ml of 70% Ethanol and centrifuge for 3 min at 12000 rpm -Discard the supernatant and let dry in the air -Re-suspend genomic pellet in 50µl MilliQ water Gel Blotting and Hybridization -Digest Norfloxacin-treated genomic DNA with the appropriates restriction enzyme over night at 37°C -Check the quality of the digestion on a small electrophoresis gel -Load 1 µg of DNA per lane -Run for 17hrs at 60 v -Depurinate DNA by incubating the Gel with depurination buffer for 10 min shaking smoothly -Incubate with denaturation buffer for 30 min with shaking -Incubate with neutralization buffer for 30min with shaking -Blot between 3 layers of Whatman filter papers with the nitrocellulose membrane on top of the gel -Incubate 6hr to overnight -Wash with 4xSCC buffer prior to crosslinking -Crosslink with UV stratalinker at 1200 jules -Soak for few min in 4X SCC -Incubate in the hybridization oven for at 3hr in the pre-hybridzation buffer at 65°C -Prepare the α 32 PdCTP -labeled DNA probes using Prime-a-Gene® Labeling System according to the manufacturers recommendations -Denature the probe to single stranded at 98 degrees for 5 min then directly put on ice for 5 min -Purify the uncoupled radioactivity by passing through illustra G25 columns.-Incubate the probe with the corresponding membrane overnight at 65°C in the oven -discard the overnight buffer with the non-bound probe --rinse the membranes twice successively with wash buffer 1 and discard buffer --perform two incubations with wash buffer 1 for 15 min each @65°C --perform two incubations with wash buffer 2 for 15 min each @65°C --seal the membrane after drying shortly in a plastic film or bag --expose to phosphorimager cassettes for 1 Minimum medium A supplied with 0.12% casamino acids, 0.25 % glucose -Agarose 1% in Minimum medium A supplied with 0.12% casamino acids, 0.25 % glucose -Agarose 1% in 1XPBS -PFA mix 2X (Formaldehyde 4% , Glutaraldehyde 0.06%, PBS 2X) -GTE (50mM Glucose, 20mM TRIS PH8, 10mM EDTA) -DAPI (Thermo Scientific)

  sodium phosphate pH 8 + 2 M NaCl + 25 mM Imidazole + 15 % v/v glycerol) -Buffer B (50 mM sodium phosphate pH 8 + 300 mM NaCl + 250 mM Imidazole + 15 % v/v glycerol) -Buffer C (50 mM sodium phosphate pH 8 + 300 mM NaCl + 25 mM Imidazole + 15 % vcolumns with 30KDa cut-off (Amicon) -Column Equilibration buffer (50 mM HEPES pH 7.4 + 150 mM KCl + 10 % glycerol) -AKTA Start (GE Healthcare) -HiTrap Heparin HP column 1ml ( GE Healthcare) ParC-HiS tag, ParC R705D-HiS tag, or ParC-CTD-HiS tag (gifts of Dr. James Berger) we transformed in BL21DE3 Star Codon + strains.

1

 1 parE::flag (El Sayyed et al., 2016) -MG1655 parC::flag -MG1655 nalR parE::flag (see note 1) -MG1655 nalR parC::flag -MG1655 parC::3xflag (see note 2) 1.2 Culture preparation and fixation -LB broth -20% Glucose in H2O -20% Casaminoacids in H2O -10X Minimum Medium A: for 1 liter, 35g KH2PO4, 10g K2HPO4, 3g tri sodium citrate, 0Lysozyme Solution (Epicentre® Biotechnologies) -ChIP lysis buffer (50mM Tris HCL pH 7.4, 150mM NaCl, 1mM EDTA, 1% Triton X, 1 pill/50ml buffer cOmplete protease inhibitor cocktail (-FLAG M2 (sigma aldrich) -TBS buffer ( 50mM Tris HCl PH 7.5, 150 mM NaCl) -TBS Tween ( 50mM Tris HCl PH 7.5, 150 mM NaCl,0.06% Tween-20) -5 mg/mL 3x Flag peptide (Sigma) -20 mg/mL Proteinase K (Thermo Fisher Scientific) -10 mg/mL RNAse A (Thermo Fisher Scientific) Culture preparation and fixation Strains carrying flag-tagged Topo IV subunits were grown until OD600 0.3, in 100 mL of LB or Minimal medium A supplemented with 0.2% glucose and 0.2% casaminoacids.

2. 2

 2 DNA shearing -Crosslinked cell pellets are re-suspended in 1mL ChIP Lysis buffer and incubated with 3.5 units of ready lyse lysozyme at RT for 10 min shaking at 20 rpm -Samples are split in 4x250µL and transferred to 1.5 mL Bioruptor® Plus TPX microtubes (Diagenode) and are chilled for 10 min on ice prior to sonication -Tubes are briefly vortexed for few seconds then spun down -Sonication is carried out using Bioruptor® sonicator (Diagenode) at 4°C for 15 cycles full power ( 30sec ON, 30 sec OFF) -Centrifugation 10 000g at 4°C for 10 min is carried out to precipitate cell debris -5µl of sonication product is run on 1.5% agarose gel to check for shearing quality. Fragments should range between 100 and 500 bp -If sonication is adequate pool back the 4 tubes -100 µL are kept aside as the input sample whereas 900 µl are used for Immunoprecipitation step 2.3 Immunoprecipitation and Elution The following steps are carried out at 4°C unless indicated -For every 900 µl sample prepare 40µl of Agarose Anti-FLAG M2 gel pack and equilibrate it by three successive washes with 1mL TBS buffer followed by supernatant discard after centrifugation at 8000g for 30sec -Wash once with 1mL ChIP Lysis Buffer -Mix the 900 µL sample with the Agarose Anti-FLAG M2 gel and complete to 1mL with ChIP Lysis Buffer -Incubate overnight on a rotating wheel -The next day perform two-times 500µl washes TBS Tween and four-times washes TBS buffer, discard the supernatant every time -Add 200 µL of 150 ng/mL 3XFLAG peptide diluted in TBS -Incubate for 1h on a rotating wheel.-The beads are centrifuged for 30sec at 8000g and the Topo IV-DNA complex is recovered from the supernatant (IP sample).-The ChIP-seq IP and input samples are de-crosslinked and proteins are degraded overnight at 65°C with 1mg/mL proteinase K. The NorflIP IP and input samples are treated overnight at 65°C with 1mg/mL proteinase K and 1% SDS to degrade Topo IV covalently linked to the 5' end of DNA cleavage site. -Add 0.2 mg/mL RNAse A and incubate for 30 min at 37°C -IP and input samples are cleaned with DNA cleanup kit and eluted in 30 µL of water -DNA quality and quantity are quantified using Qubit dsDNA HS kit (see note 3)

1 )

 1 Both Gyrase and Topo IV are sensitive to norfloxacin. To avoid altering Gyrase functioning during Topo IV trapping we used a strain with a nalR allele conferring norfloxacin resistance to Gyrase. It is noteworthy that since the NorflIP method involves a specific flag tag immunoprecipitation of Topo IV the experiment is doable in a wild type context. 2) While immunoprecipitation of ParE and ParC tagged with a single flag epitope gave robust ChIP-seq and NorflIP signals we noticed for conventional ChIP qPCR experiments that immunoprecipitation of ParC tagged with a triple flag gave better signal/noise ratio and more reproducible results.

  

  

  

  

  

  . They classified it as a type IA toposiomerase. Topo III relaxes DNA by cleaving one DNA strand of the duplex. Topo III has no relaxation activity on positive supercoils but has strong activity on negative supercoils. The 74 KDa Topo III is encoded by the topB gene (DiGate & Marians 1989). Topo III is not essential. From a stuctural point of view, Topo III has a large homology with Topo I (figure 10, C). Topo III however, has a distinct domain of 17 aa residues on the C-terminus.

3.2.9.2 Topo III is unable to remove chromosome Dimer in the absence of XerC but still shows a role in chromosome segregations CFU

  analysis (figure46, A) revealed that both ΔxerC and ΔtopB had similar fitness to that of WT. However, the coupling of ΔxerC and ΔtopB with the parE ts allele has proven detrimental for the cell both at semi-permissive and permissive temperatures. Nevertheless, parE ts ΔxerC showed more fitness defect relative to parE ts ΔtopB at 37°C.The double mutant ΔtopB ΔxerC, showed a similar fitness compared to its simple mutants ΔxerC and ΔtopB. The combination of all three mutations (parE ts ΔtopB ΔxerC) was highly lethal at all temperatures.Cell biology analysis (figure46, B) revealed that cell size of ΔxerC was significantly bigger than that of the WT strain at both 30°C and 37°C (figure44 A and 45, A, 6.47 vs 5.07 and 5.92 vs 5.27 μm, p=3.34E-39 and 2.22E-09). However, the double mutant ΔtopB ΔxerC double mutant showed no variation in size compared to ΔxerC (6.41 vs 6.47 and 5.55 vs 5.9 μm). ParE ts coupled with ΔxerC vastly increased the cell size at both 30 and 37°C(7,19 and 8.84 μm ; p=8.66E-63 et 1.76E-54). Strikingly, the triple Mutant parE ts ΔtopB ΔxerC showed almost no cell size difference compared to the WT (5.07 vs 5.07 et 5.49 vs 5.27 μm).

	The nucleoid number in ΔtopB ΔxerC at 37°C is slightly smaller than that of ΔxerC (Figure 45,
	C, 2.29 vs 2.61 ; p=2.24E-11). On the other hand, the nucleoid number of the triple mutant is
	vastly smaller than the WT (1.94 vs 2.73 ; p=3.79E-55). At 37°C, the nucleoid area of ΔtopB
	ΔxerC was slightly smaller than that of ΔxerC (Figure 45, B, 2.22 vs 2.44 μm² ; p=2.28E-07)
	and that of the triple mutant was smaller than that of parEts ΔxerC (2.01 vs 2.44 μm² ;
	p=8.69E-15).
	The number of anucleated cells was significantly different between ΔtopB ΔxerC and ΔxerC

  ΔxerC at 30°C was significantly bigger than parE ts ΔxerC pUC57-XerC and parE ts ΔxerC pUC57-XerC cat (figure 48, B,7.2 vs 5.6 and 5.7 µm ;p=7.92E-36 vs 1.36E-52). However at 37°C parEts ΔxerC pUC57-XerC cat showed a significant increase in cell size compared to parE ts ΔxerC and parE ts ΔxerC pUC57-XerC (figure50 B, 10 vs 8.8 and 8.7). Nucleoid area of significantly bigger than the others compared mutants (figure50 B

  Cell biology analysis was done to study phenotypic variation in different mutant backgrounds (figure49, B). At 30°C, parE ts ΔtopB Δdif had a cell size vastly larger than that of

	parE ts Δdif (figure 44, A, 7.09 vs 5.07 and 6.15 μm; p=4.81E-29 and 1.36E-08), a result that was
	aggravated at 37°C (figure 45 A, 16.71 vs 5.27 and 8.01 μm ; p=3.50E-105 and 1.02E-84).
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I-Introduction

Publication

RESEARCH ARTICLE

Mapping Topoisomerase IV Binding and Activity Sites on the E. coli Genome Author Summary DNA topoisomerases are ubiquitous enzymes that solve the topological problems associated with replication, transcription and recombination. Type II Topoisomerases play a major role in the management of newly replicated DNA. They contribute to the condensation and segregation of chromosomes to the future daughter cells and are essential for the optimal transmission of genetic information. In most bacteria, including the model organism Escherichia coli, these tasks are performed by two enzymes, DNA gyrase and DNA Topoisomerase IV (Topo IV). The distribution of the roles between these enzymes during the cell cycle is not yet completely understood. In the present study we use genomic and molecular biology methods to decipher the regulation of Topo IV during the cell cycle. 

Modeling Topo IV activity relative to cell cycle

To test if ParC and ParE ChIP-seq biases were related to chromosome replication we constructed in silico models. To set the notation, we assume that the genome length is 2L and the replication time is C. This model assumes that a region of Topo IV binding nucleates at the origin when replication initiates and subsequently, in the fork region. Bound proteins have a persistence time T, and therefore the resulting process is a comet of bound Topo IV following the replication forks, which has a length l= vRT, where vR = 2L/C is the replication speed. We assume that this region grows linearly in time until it reaches this length at the origin and decreases at the terminus (see figure 38,A).

We are interested in the mean behavior of cells in an exponentially growing population with a division rate α = log 2/τ, where t is the mean interdivision time. We therefore suppose that the cell age distribution (see Grant et al BMC Sys Biol 2011) is

In the following, we compute the Topo IV occupation dynamics over a cell cycle, which is described by a function f(s; t) describing the amounts of Topo IV bound in a locus with coordinate s found at time t (t∈2 [0;L]) during the cell cycle. Since the process is replichore symmetric, we only need to describe one replichore, hence s ∈ [0; L], where 0 is the origin and L the terminus of replication. Averaging the function f(s; t) over the age distribution p(t)

gives the expected occupancy profile o(s) from an experiment sampling the whole population, to be compared with the experimentally observed occupancy.

Cell length variation relative to WT in both parE ts and parE ts ΔtopB were apparent already at 30°C (figure 44, A, 6.5 and 7.17 vs 5.07µm; p=5.55E-44 and 3.11E-28), and got bigger at 37°C (figure 45,A , 11.10 and 12.65 vs 5.27 μm ; p=8.64E-90 and 1.63E-77). However size variation was not significant amongst parEts, and parE ts ΔtopB. However, ΔtopB mutant presented a significant smaller size than that of WT at 37°C (4.84 vs 5.27 μm ; p=4.38E-05).

The average nucleoid number of the double mutant was significantly smaller relative to the WT at 30°C (Figure 44, C, gauche, 2.02 vs 2.33 ; p=1.94E-13) and at 37°C (Figure 45, C, 2.05 vs 2.73 ; p=1.02E-16). However the nucleoid number was comparable to that of parE ts .

Nevertheless, the nucleoid area in the double mutant was significantly bigger than that of parE ts at both 30°C (Figure 44, B, 2.55 vs 2.07 μm² ; p=3.61E-05) and 37°C (Figure 45,B,4.05 vs 3.41 μm² ; p=8.29E-06). However, compared to the WT , both mutants exhibited a nucleoid area that are vastly bigger (30°C : 1.91 μm² ; p=5.28E-07 and 1.77E-26 for parEts and parEts ΔtopB respectively ; 37°C : 2.35 μm² ; p=1.20E-35 and 1.40E-76 respectively).

IV-Discussion

Genomic profile of Topo IV binding and cleavage

We devised genome-wide approaches to decipher the role of Topo IV on the E.coli chromosomes. Classical ChIP-seq experiments reveal genomic binding targets of proteins.

Nevertheless, it does not provide insight into the mode of action and consequences of protein binding. Especially when proteins are catalytically active with DNA as its substrate.

Topoisomerases catalyze the modulation of supercoiling of DNA by introducing transient DNA cleavage to undertake topology modification. Topoisomerase IV is a type II topoisomerase that cleaves DNA on DNA duplexes. To understand the mechanism and control and Topo IV binding/catalysis, we complemented the classical ChIP-seq experiment with another ChIP experiments that capture DNA-Topo IV complexes trapped by a quinolone drug (Norfloxacin) during the cleavage reaction [START_REF] Pommier | DNA topoisomerases and their poisoning by anticancer and antibacterial drugs[END_REF]. This method gave important insights in the control of DNA gyrase on some specific loci [START_REF] Sokolsky | DNA gyrase requirements distinguish the alternate pathways of Mu transposition[END_REF][START_REF] Pato | Replication of Mu prophages lacking the central strong gyrase site[END_REF][START_REF] Lockshon | Sites of reaction of Escherichia coli DNA gyrase on pBR322 in vivo as revealed by oxolinic acid-induced plasmid linearization[END_REF][START_REF] Oram | Dissection of the bacteriophage Mu strong gyrase site (SGS): Significance of the SGS right arm in Mu biology and DNA gyrase mechanism[END_REF]), we extended it to the whole genome level. Thus, providing a Topo IV cleavage profile for the entire E. coli genome. The experiment was called NorflIP.

Topo IV binding profile

Topo IV ChIP-seq revealed only four strong binding sites and binds weakly to a dozen of other sites dispersed on the chromosome. The dif site is among these strong sites. However, no binding consensus sequences were found. This could be explained by the fact that Topo IV activity kinetics was dependent on the handedness of DNA crossing and superhelicity, in both single duplex (supercoiled substrate) and braided duplexes(catenanes), as revealed by -The beads are centrifuged for 30sec at 8000g and the Topo IV-DNA complex is recovered from the supernatant (IP sample).

-The ChIP-seq IP and input samples are de-crosslinked and proteins are degraded overnight at 65°C with 1mg/mL proteinase K. The NorflIP IP and input samples are treated overnight at 65°C with 1mg/mL proteinase K and 1% SDS to degrade Topo IV covalently linked to the 5' end of DNA cleavage site.

-Add 0.2 mg/mL RNAse A and incubate for 30 min at 37°C -IP and input samples are cleaned with DNA cleanup kit and eluted in 30 µL of water -DNA quality and quantity are quantified using Qubit dsDNA HS kit (see note 3)

-IP/input enrichment can then be preliminarily tested by qPCR using dif and gapA probes. following the manufacturer's protocols with single read for 50 cycles.

Sequencing data processing and analysis

Sequencing results were processed by the IMAGIF facility. Base calls were performed using CASAVA version 1.8.2. ChIP-seq and NorflIP reads were aligned to the E. coli NC_000913 genome using BWA 0.6.2. A custom made pipeline for the analysis of sequencing data was developed with Matlab (available on request). Briefly, the number of reads for the input and IP data was smoothed over a 200bp window. Forward and reverse signals were added, reads were normalized to the total number of reads in each experiment, strong non-specific signals observed in unrelated experiments were removed, data were exported to the UCSC genome browser (http://archaea.ucsc.edu) for visualization and comparisons.

Peak calling for ChiP-seq experiments

Several highly-enriched sites were observed in the IP samples. Interestingly one of these sites corresponds to the dif site (position 1.58Mb), which has previously been identified as a strong Topo IV cleavage site in the presence of Norfloxacin (Hojgaard et al., 1999). We also observed strong enrichment over rRNA operons, tRNA and IS sequences. To address the significance of the enrichment at rRNA, tRNA and IS, we monitored these sites in ChIP-seq experiments performed in the same conditions with a MatP-flag strain and mock IP performed with strain that did not contain any flag tagged protein. Both MatP and Mock IP presented significant signals on rRNA, tRNA and IS loci. This observation suggested that Topo IV enrichment at rRNA, tRNAs and IS was an artifact of the ChIP-Seq technique. By contrast no enrichment was observed at the dif site in the MatP and mock-IP experiments, we therefore considered dif to be a genuine Topo IV binding site and compared every enriched region (>2 fold) with the dif IP. We filtered the raw data for regions presenting the highest Pearson correlation with the dif signal (P>0.7). This procedure discarded many highly enriched regions. An example of a site presenting a selected Topo IV IP/input signal suggesting a specific binding is presented on Figure 1 (red graphs).

Peak calling for NorflIP experiments

The strongest IP/input ratio were observed at dif and and a locus close to the yebV gene ( 1.9 Mb). They present a characteristic shape (Figure 1 blue graphs, see note 4) that allows the automatic detection of lower amplitude peaks but preserving the characteristic shape.

We measured Pearson correlation coefficient with the dif and the yebV site for 600bp sliding windows over the entire genome. Peaks with a Pearson correlation above 0.7 were considered as putative Topo IV cleavage sites. Interestingly in the NorflIP experiments nonspecific signal was observed over rRNA and IS regions but not on tRNA. This suggested that immunoprecipitation signals over tRNA are artefacts linked to formaldehyde but not to the Flag immunoprecipitation. -pipette the mixture on 1% agarose PBS pad and take snapshots using the microscope

Notes

Image Analysis

All images were processed using Oufti [START_REF] Paintdakhi | Oufti : an integrated software package for high-accuracy , highthroughput quantitative microscopy analysis[END_REF]. This software has the ability to segment cells and other objects like foci from nucleoids or fluorescent proteins. This program localizes foci inside cells by creating a Mesh that can be exported to Matlab. The parameters were adjusted for filamenting cells. These modifications were kept for all similar analysis.

Using Oufti, we generated the Mesh that contains the following information: the cell length, nucleoid area, nucleoid number. A minimum of 350 cells were used per experiment. From the exported mesh we created a Matlb script that calculates the cell length, the nucleoid area and number and the anculeated cells percentage. The P-value was calculated using a Two-sided T-test between two given conditons. For P-values calculated per cell, values less that 10 -4 were considered significant, (10 -14 ) was considered very significant, and (10 -29 ). 
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