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Bacteria use the replication origin to terminus polarity of their circular chromosomes to control DNA transactions during the cell cycle. Segregation starts by active migration of the origin region followed by progressive movement of the rest of the chromosomes. The last steps of segregation have been extensively studied in the case of dimeric sister chromosomes. and when chromosome organisation is impaired by mutations. In these special cases, the divisome-associated DNA translocase FtsK is required. FtsK pumps chromosomes towards the dif chromosome dimer resolution site using polarity of the KOPS DNA motifs. Assays based on monitoring dif recombination have suggested that FtsK acts only in these special cases and did not act on monomeric chromosomes. Use a two-colour system to visualise pairs of chromosome loci in living cells, we show that the spatial resolution of sister loci is accurately ordered from the origin to the dif site. Furthermore, ordered segregation in a region ?200 kb-long surrounding dif depended on the oriented translocation activity of FtsK but not on the presence of dimers formation or their resolution. FtsK-mediated segregation required the MatP protein, which delays segregation of the dif-surrounding region until cell division. We conclude that FtsK segregates the ter region of sister chromosomes whether they are monomeric or dimeric and does so in an accurate and ordered manner. Our data are consistent with a model in which FtsK acts to release the MatP-mediated cohesion and/or interaction with the division apparatus of the terminus region in a KOPS-oriented manner. Gfp-ParBP1 mCherry-ParBpMT1 Gfp-ParBP1 1.1 -Technical setups : Cell cycle

Introduction Conclusion

-MatP control Ter segregation

-The dif surrouding region is segregated in an ordered and accurately manner

The segregation of the dif surrounding region (A,B) is no more ordered or progressive ; the segregation of loci happens earlier in the cell cycle. Outside the dif region (C), the order of segregation is still oriented (ycgY is not near dif but still in the terminal region). The order of segregation of the dif surrounding region depends on the presence of MatP.

Acknowledgments A few references

-FtsK segregates the dif surrounding region in an ordered manner

For mutants strains where the C-Terminal domain of FtsK have been deleted, 80% of the cell population cannot be analysed in fluorescent microscopy, event when FtsK cannot hydrolyse ATP (A). When FtsK cannot read the KOPS (B to E), the order of segregation of the dif surrounding region is no more ordered. Outside this region but still in Ter (F), the order is the same than the wt, but for all strains, we observed a delay of the segregation. The segregation inside the FHAR then depends on FtsK activity. Both replication and segregation of circular chromosomes follow an origin to terminus of replication axis. The DNA segregation is a progressively mechanism wich lead to the repartition of the two sisters chromosome into the two future daugther cells. We know that the terminal region (Ter) is the last one to be segregated and recently severals actors acting in the choregraphy of this region have been characterized. Many actors are implyed in the segregation of the terminal region : MatP which organize this region into a MacroDomain and is localized at the septum by an interaction with ZapB (Z-ring), the DNA translocase FtsK which recognize DNA KOPS motif to ensure the orientation of its translocase activity. FtsK have been characterized to activate chromosome dimer resolution at the end of the cell cylce at the dif site : chrosome dimers are formed during the replication process (15% of cells population), but are resolved by XerC and XerD, two tyrosine recombinase which bind the dif site. Segregation of Ter have been extensively studied in the case of dimeric sisters chromosome.

Recently our lab have shown that FtsK preferentialy acts in a specific region of the terminal region (400 kb arround the dif site). Here we have analysed the pattern of segregation of the dif surrounding region (arround 200kb from the dif site) to know what is the order of segregation : Is there a progressive order of segregation inside the dif surrounding region or is it an all at one time loci segregation ? What is the last contact point between the the two sister chromosome at the end of the cell cycle ? Are only the chromosome dimers segregated ? What are the actors responsible for this kind of segregation ?

Regarding the experiments : To analyse the segregation of chromosomal loci, we had to be sure of the cell cycle we used, to be sure of the exact number of loci observed in fluorescent microscopy. The bacterial strain LN2666, derivated from MG1655 was used as the wild type strain. First we analysed the cell cycle of this strain and decided to use Alanine as carbonne source at 30°C in M9 medium. Then the cell cycle was determined by flow cytometry and miscroscopy analysis and when we were absolutly sure there was no overlaping replication period, we inserted parS sequence (P1 and pMT1) at two differents positions inside and ouside the FHAR and both inside. Cells were observed on a phase-contrast objective on a Ti-E Nikon microscope and were not synchronized. Loci per cell and cell sizes were manualy counted and mesured using a tablet and MetaMorph software. The expression system of the parB P1 and pMT1 were reconstructed from plamids used in severals past experiments because we had to be perfectly sure to have no over cohesion induced by this system. The parS sequence was inserted at more than 50 pb of a TAA codon meaning that no gene mutation have been done. Comparison with the tetO/TerR system allow us to strongly affirm that in our conditions in M9 Alanine medium at 30°C, no over cohesion was observed.

Periods B (initiation), C (replication) and D (division) have been caracterized by Flow Cytometry and by time lapse analysis of SSB-Y-pet foci. In M9 with Alanine , no overlapping of replication cycles were observed. The B, C and D periods are similar to those discribe previously for a such strain and generation time. The time of loci replication and loss of co-localisation in our condition and strain is shown in blue and red.

Five differents categories of cells can be observed with two loci tagged. Cells with one focus for each loci tagged ,cells with two foci for one locus and one for the other and vice versa , cells with two foci for each loci , and cells with no foci or more than two for one locus tagged .

With the first part of these experiments, we showed that the ParB/parS system must be used with a well controlled expression of the ParB proteins to ensure no over cohesion. An eukaryotik-like cell cycle must also be applyed to interprete correctly the number of cells with one or two foci wich is observed.

The model against, resume shortly our vision of the segregation of the terminal region : the actors showned here are all implicated in the choregraphy of the Terminal region, but others like the Topoisomerase IV wich resolve the intercatenan links at the end of the cell cycle, or SlmA which inhibates the FtsZ ring formation, are not reprensentated. When the divisome has been formed (1 1), the terminal region is localized at the septum because of an interaction between MatP and a protein form the Divisome (ZapB). Then FtsK which is a protein from the Divisome will start to translocate the DNA from the origin to the dif site by the recognition of the KOPS motif. FtsK has been shown to remove all proteins from the DNA (but not XerC and XerD). Thus, we can easily imagine that when FtsK will translocate the Ter region, it will remove the MatP proteins from their matS site (2 2). The releasing of the cohesion between the two copies of the chromosomes because of the temporally lost of interactions between MatP proteins at a spécific locus will lead to an ordered segregation process of the Terminal region, the dif site being the last contact point between the two sister chromosomes(3 3).

Physicals models implying entropy as the driver of chromosome segregation may only be valable for loci outside the dif surrounding region (and the Origin). But we still dont know why the activity of FtsK is more efficiency inside this region. Is it because the concentration of matS is higher inside the dif surrounding region than outside ; allowing FtsK to recognize more DNA at a time ? Or is it because of an accumulation of intercatenan links specificaly in this region at the end of the cell cycle ? Sure, we will have to find answers to these questions soon if we want to understand the lasts steps of the Escherichia coli cell cycle.

We are grateful for DJ Sherratt lab's particulary Christian Lesterlin for FACS facilities and expertise. This work was supported by the Univesity of Toulouse, the CNRS, an Embo Short Term Fellowship, and the ANR program.

-The chromosome segregation pattern is highly accurate

Loci with the higher percentage of cells for these catégories : or is segregated in first. One locus near the dif site (red, 4kb from dif) and one away (green, 2300-1000-800 and 400kb from dif) have been tagged. There is an order of segregation from the origin to the dif site like published before, but it seems that in our strain and conditions, loci outside the dif surrounding region (yffs, ybhJ and ycgY) and exept for the ori locus, are segragated during the same period. When there is no RecA, dimers cannot be formed. And we still observe an order of segregation for the dif surrounding region and ouside. This means that monomeric chromosomes are also segregated in an ordered manner. To characterized the actors of the order of Ter segregation, we constructed severals mutants, but somes possess a strong phenotype in our growth conditions. The ftsK delC mutant possess a too strong phenotype for fuorescence microscopy analysis (80% of cells that cannot be analysed). We thus decided to use a soft mutant of FtsK where FtsK cannot recognize KOPS on the DNA (FtsK KOPS blind). The matP mutant do not possess a strong phenotype in our conditions. Reminder about MatP :

recA-ftsK KOPS blind matP-

  Precise determinations of C and D periods by flow cytometry in Escherichia coli K-12 and B/r. Michelsen O, Teixeira de Mattos MJ, Jensen PR, Hansen FG. Microbiology. 2003 Apr. A defined terminal region of the E. coli chromosome shows late segregation and high FtsK activity. Deghorain M, Pagès C, Meile JC, Stouf M, Capiaux H, Mercier R, Lesterlin C, Hallet B, Cornet F. PLoS One. 2011;6(7):e22164. Epub 2011 Jul.A MatP-divisome interaction coordinates chromosome segregation with cell division in E. coli. Espéli O, Borne R, Dupaigne P, Thiel A, Gigant E, Mercier R, Boccard F. EMBO J. 012 May.

  the dif site and near the dif site have been tagged using the ParB / parS system. The ParBP1-Gfp fusion protein was expressed from a single chosomosomal copy under the lactose promoter, with plasmid pMS11 wich carries plac::parBpMT1-mCherry fusion. and before Ter Segregatio, the two copies of the terminal region stay together. If the pattern of segregation of the chromosome seems to be ordered, we don't know how are the lasts steps of segregation and what is the last contact point. Our main hypothesis is that the dif site is the last contact point between the two sister chromosomes .Thus, there are two ways for Ter segregation : FtsK KOPS delC is no more able to translocate the DNA from ori to dif.--> RecA is responsible for the dimer formation, if there is no RecA, there is no dimers --> XerC (with xerD) resolves chromosome dimers at the dif site ; no XerC = no dimer resolution

  the dif site (ydeU : 3-5kb) and one away (ydcB, ydgJ : 90-110kb) have been tagged in a same strain. The locus tagged away from the dif site is segregated in first. The segregation of the dif surrounding region is ordered and oriented, the releasing of cohesion occurs from the ouside to the inside and the dif site is the last point of contact between the two sister chromosomes.