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The Terminal region of the Escherichia coli chromosome is the last one to be replicated and segregated, and move from the cell pole to the middle of the cell where the division septum is formed at the end of the cell cycle. The FtsK DNA-translocase controls the last steps of chromosome segregation in E. coli. It is associated with the cell division septum and translocates sister chromosomes using the KOPS DNA motifs to orient its activity and chromosome dimer resolution by XerCD/dif recombination. Recently by using XerCD/dif recombination to probe the interaction of chromosome loci with FtsK, we have shown that FtsK activity is restricted to a ~400 kb region around the dif position (FtsK High Activity Region). Measurement of the relative segregation times of different loci tagged with fluorescent proteins by microscopy have shown that this region is subjected to an elevated level of post-replicative cohesion between sister-chromosomes. Here we used pairs of loci tagged with two different fluorescent proteins wich expression is controlled, that loci of the FtsK high activity region segregate in an ordered manner, the dif site being the last point of contact between sister chromosomes. 0 210 Genome equivalents (Run Out) Genome equivalents (Exp. phase)
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-FHAR segregation in matP-strain
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dif --> Loci with the higher percentage of cells for these catégories : or is segregated in first. --> The segregation of the FHAR 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.

Inside the FHAR Inside the FHAR Outside the FHAR Outside the FHAR

-Order of segregation inside the FHAR

In a matP-strain, the segregation of the FHAR is no more ordered or progressive, and the segregation of the loci happens earlier in the cell cycle (more cells with the two loci segregated

). Outside the FHAR the order of segregation is still ordered and oriented. The order of segregation of the FHAR depends on MatP. When FtsK cannot read the KOPS, the order of segregation inside the FHAR is no more ordered. Outside the FHAR, the order is the same than the wt, but for all strains, we observed a delay of the segregation (Least twice cells :
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-FHAR segregation in KOPSb strain

). The segregation inside the FHAR then depends on FtsK activity. The escherichia coli chromosome is well know to be replicated and progressively segregated from the origin toward the terminal region. 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 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, first comes MatP wich organize this region into a MacroDomain and is localized at the septum by an interaction with ZapB (Z-ring), then comes the DNA translocase FtsK wich recognize DNA KOPS motif to ensure the orientation of its translocase activity.

Recently our lab have shown that FtsK preferentialy acts in a specific region of the terminal region (400 kb arround dif site). Here we have analysed the pattern of segregation of the FHAR to know what is the order of segregation : is there a progressive order of segregation inside the FHAR 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 ? And 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 celle 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. When 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.

--> B, C and D periods 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 ParBP1-Gfp fusion protein was expressed from a single chosomosomal copy under the lactose promoter, with IPTG or / and with plasmid pMS11 wich carries plac and then allow titration of LacI chromosomal proteins.

--> Five differents categories of cells were observed with this system for 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.

--> In slow growth medium (M9 Alanine), no over cohesion (cells with one fluorecent focus) induced by the new expression system is observed.

--> In a faster growth medium (M9 Glycerol CSA) where there are replication cycles overlaping (Data not shown), we can observed with the pFHC2973 (eCfp-ParB-P1) and the pALA2705 (Gfp-ParB-P1, not showned here), there is and over cohesion.

--> Quantity of ParB P1 and pMT1 protein must be controlled to ensure no over cohesion.

Strains with parS-P1 and tetO array (gdhA, ydeE and feaR loci) inserted at one position of the ter region have been observed. Manual analysis of position of foci in cells with one and two foci were representated along the length of the cell. Cells with one focus appears with closed black circles. The nearest from the dif site the locus is, the more his repositioning at the center of the cell (0,4-0,6) and segregation are delayed (>3µm). Then, when loci positionned at one pole of the cell migrate at the center to be replicated they appears then being segregated in closed green and red circles. In blue night color are represented two loci outside the FHAR (gdhA and ycgY), and in blue sky color, loci inside the FHAR. FHAR loci have all a delayed positioning at the center of the cell and segregation. And even the FHAR seems to be segregated in an ordered manner.

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, are not reprensentated.

In the conditions described above, we can conclude that the FtsK High Activity Region is segregated from the outside to the inside, that the dif site is the last contact point between the two sisters chromosome before the end of the septation and that MatP helps FtsK to find the DNA. In a matP-strain, the Ter region is more mobile and interacts no more with ZapB or the Z-ring. When FtsK cannot read the KOPS, the order of segregation is less significant in the FHAR but stay the same outside. All of this means that the localization of the Terminal region at the septum at the end of the cell cycle is necessary to ensure a concerved order of segregation and that FstK controls the last steps of chromosome segregation.

Physicals models implying entropy as the driver of chromosome segregation may only be valable for loci outside the FHAR (and the Origin). But we still dont know why the activity of FtsK is more efficiency inside the FHAR. Is it because the concentration of matS is higher inside the FHAR 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, an Embo Short Term Fellowship, and the ANR program. --> There is an order of segregation from the origin to the dif site like published before, but it seems that loci outside the FHAR (yffs, ybhJ and ycgY) and exept for the Ori locus, are segragated during the same period.

--> Loci in the FHAR are segregated in last, and the difference between inside and ouside the FHAR is clearly noticeable.
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  locus inside the FHAR (hipB) and one outside (ilvA-Ori, yffS-Left, ybhJ-Right, ycgY-Ter or ydgJ-FHAR) have been tagged.