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Bacteria use the replication origin-to-terminus polarity of their cir-
cular chromosomes to control DNA transactions during the cell cy-
cle. Segregation starts by active migration of the region of origin
followed by progressive movement of the rest of the chromo-
somes. The last steps of segregation have been studied extensively
in the case of dimeric sister chromosomes and when chromosome
organization is impaired by mutations. In these special cases, the
divisome-associated DNA translocase FtsK is required. FtsK pumps
chromosomes toward the dif chromosome dimer resolution site
using polarity of the FtsK-orienting polar sequence (KOPS) DNA
motifs. Assays based on monitoring dif recombination have sug-
gested that FtsK acts only in these special cases and does not act on
monomeric chromosomes. Using a two-color system to visualize
pairs of chromosome loci in living cells, we show that the spatial
resolution of sister loci is accurately ordered from the point of
origin to the dif site. Furthermore, ordered segregation in a region
~200 kb long surrounding dif depended on the oriented transloca-
tion activity of FtsK but not on the formation of dimers 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 terminus region of
sister chromosomes whether they are monomeric or dimeric and
does so in an accurate and ordered manner. Our data are consis-
tent 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.

he faithful transmission of bacterial genomes to daughter cells
is a progressive process. Both replication and segregation of
circular chromosomes proceed from a single origin of replication to
the opposite terminus (1-3). This process defines two origin to
terminus (ori-ter) replichores of opposite polarity, also character-
ized by sequence composition and biases in DNA motifs (4). Seg-
regation of the Escherichia coli chromosome has been investigated
using FISH and fluorescent DNA-binding proteins (5-8). In slowly
growing newborn cells, the ori region localizes at midcell and the
ter region close to the new cell pole. Replicated ori regions mi-
grate to the quarter positions (the center of the future daughter
cells) by an uncharacterized active mechanism and are followed by
the rest of the chromosome in the ori-to-fer order. Ter loci migrate
to midcell where they are replicated. This movement occurs near
the cell periphery (9) and during fer replication (10), suggesting
that replication may pull fer to midcell. Replication of ter is con-
comitant with the recruitment at midcell of the early components
of the cell division apparatus [the divisome (6)]. The ter region
then is maintained at midcell during the postreplicative period.
This localization depends on the MatP protein that binds matS
sites scattered in a 780-kb region referred to as the “Ter macro-
domain” (11). MatP binding to matS compacts this region and
delays its segregation. This latter effect depends on the interaction
of MatP with ZapB, an early component of the divisome (10).
Segregation of the fer region has been studied extensively in the
special case of dimeric sister chromosomes that arise by recombi-
nation during replication (12). In this case, XerCD-mediated re-
combination at the dif site, located in the ter region, is required to
resolve chromosome dimers. FtsK, a DNA translocase associated
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with the divisome, is also required (13, 14). FtsK acts in a region
about 400 kb long (15) and translocates DNA toward dif. Trans-
location is oriented by recognition of the FtsK-orienting polar
sequences (KOPS) DNA motifs that are preferentially oriented
toward dif, particularly in the fer region (4, 16-18). Upon reaching
the dif site, FtsK activates XerCD-mediated recombination that
resolves chromosome dimers. The oriented translocation activity
of FtsK also is strictly required when chromosome organization is
impaired by mutations, for instance by inactivation of the MukBEF
complex (19, 20) or in strains carrying important asymmetry of the
replichores (21).

Although it is generally agreed that there is an active mecha-
nism for segregation of the ori region, active segregation of other
chromosome regions has not been reported. Indeed, models
inferred from genetics analyses posit that FtsK acts only during
special segregation events (19, 20, 22). Here, we show that FtsK
segregates the fer region in most, if not all, cells. We analyzed the
relative segregation times of sister chromosome loci using fluo-
rescence microscopy and showed that it follows a precisely
ordered pattern ending at the dif site. Ordered segregation of a
large region (at least 200 kb) surrounding the dif site did not
depend on the presence of chromosome dimers but depended on
both FtsK and the MatP protein.

Results

Improving Loci Visualization Systems. To visualize chromosome loci,
we used previously described systems (6, 23). We inserted parS
sites from plasmids P1 and pST1 (parSp; and parS,,r;, respec-
tively) or an array of fet operators (fetO) at a set of chromosome
loci (Tables S1-S3). Strains carrying these constructs were ob-
served in slow-growing conditions to facilitate the observation of
segregation events at nearby loci (Material and Methods). In these
conditions, our reference strain grew with a 210-min doubling time
with no overlapping replication cycle and an extended post-
replicative period (Fig. S1).

ParBp, and TetR-derived fluorescent protein were produced
from constructs inserted at the lac and ara chromosome loci, re-
spectively, and the ParBpyri-derived protein from the low copy
number plasmid pMS11 (Fig. 14 and Tables S1-S3). Fluorescent
foci were readily detected without inducer using pMS11, but a
moderate concentration of reducers was required using the
chromosome-borne constructs (Fig. 1B). Most interestingly, the
two ParB-derived systems yielded equivalent numbers of foci per
cell, slightly more than the TetR-derived system (Fig. 1C). This
result contrasted with previously described systems for the
production of ParB derivatives (23, 24). In our strains, XFP-
ParBp, proteins produced from previously described plasmids
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Fig. 1. Systems used for visualization of chromosome loci. (A) Relevant map
of constructs for fluorescent protein production. Plasmid pMS11 is a pSC101
derivative carrying a lacZp-mCherry-A30ParBp; construct. GFP-A23ParBpoyry
and TetR-GFP were produced from chromosome-borne constructs at the /ac
and ara loci, respectively. (B) Examples of micrographs showing foci of the
indicated fluorescent proteins in strains containing loci tagged with the rele-
vant binding sites (ydgJ::tetO or parSp;; ydcB::parSp;, and ydeU::parSpur). (C)
The percentage of cells with a single focus or two foci of the ydgJ (ter) or ydhJ
(right) loci when visualized using fluorescent proteins produced from con-
structs shown in A.

provoked a significant delay in loci segregation, even when no
inducer was added (Fig. S2B). This effect was significantly en-
hanced in faster-growing cells (Fig. S2C).

We next observed the effects of localization systems on the cell
cycle by measuring the number of replication origins per cell using
flow cytometry (Fig. S3). The ParByyri system using plasmid
pMS11 did not modify this ratio compared with the wild-type
strain. The two other systems provoked the appearance of cells
with four replication origins, indicating that cell division was
delayed in some cells, undoubtedly because of replication and/or
segregation defects. These effects were most pronounced with the
TerR system, whereas the ParBp, system provoked less than 10%
four-foci cells at any locus. We thus used the two ParB-derived
systems for the simultaneous localization of two loci.

The Chromosome Segregation Pattern Is Highly Accurate. Although
the ori-to-ter segregation pattern is well established, it is unclear
whether this pattern pertains to all cells or if it is subject to im-
portant cell-to-cell variation. To measure cell-to-cell variation, we
compared the segregation of a locus close to the dif site (ydeU,
2 kb clockwise from dif) with that of other loci. To minimize the
risk of artificial segregation delay at the ydeU locus, we used the
ParBpmr; System to localize it and the ParBp; system to localize
the other loci: an oriC-proximal locus (ilv4); two midreplichore
loci (yffS and ybhJ), and a ter locus (ycgY, 345 kb from dif). When
the two systems were used in the same cells, both loci were readily
detected without the addition of an inducer because of the
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titration of the Lacl repressor by pMS11-borne lacZp (Fig. 1B).
Less than 1.5% cells lacked foci of either visualization system.
Cells were classed into categories according to their number of
foci at each locus. In cells with two foci, the ratio of the interfocal
distance to cell size did not increase with the cell size (Fig. S4).
The spatial resolution of sister foci thus is followed quickly by
their rapid displacement to opposite halves of the cell so that this
movement is not detected in snapshot analysis. This result indi-
cates that the time when sister loci lose their colocalization
reflects the kinetics of the whole segregation process in our
analysis. As expected, the ratio of cells with one focus for each
locus increased with decreasing distance from ydeU (Fig. 2, open
bars), and the ratio of cells with two foci at each locus was con-
stant because it depended on ydeU segregation (gray bars). Loci
thus segregated in their order of replication. The mean times of
postreplicative colocalization, calculated from the inferred rep-
lication and measured segregation mean times (see Fig. S1 and
legend), ranged from 35 min for ybhJ and ycgY to 50 min for ilvA.

Cells with three foci (two foci at one locus and one focus at the
other) would fall in two classes depending on which focus was
duplicated (Fig. 2). The proportion of cells with two ParBp,; foci
and one ParBpyr; focus decreased with the distance from ydeU
(green bars), consistent with decreasing time between the segre-
gation of the two loci. Strikingly, less than 1% of cells with three
foci had duplicated ydeU foci (red bars). Thus the ydeU locus is
almost always segregated later than the other loci, including the
ycgY locus located in the fer region. The segregation pattern of the
chromosome thus is highly accurate, the ter region being the last
segregated in almost all cells. These data also pointed out that
segregation of the ter region occurs in an ordered sequence, the
ydeU locus, closest to dif, being segregated later than ycgY, which
is more remote from dif. This result prompted us to analyze fer
segregation in more detail.

Chromosome Segregation Ends at dif. To obtain a detailed view of
ter segregation, we constructed insertions of parsS sites and fetO
arrays at additional fer loci (Fig. 34). We first analyzed the po-
sitioning of single loci depending on cell size (Fig. 3B and Fig. S4).
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Fig. 2. The ori-to-ter segregation of the chromosome. The ydeU locus was
tagged using the ParByry system (red arrowhead),and other loci, indicated
inside the chromosome maps, were tagged with the ParBp; system (green
arrowheads). Positions of loci on the chromosome are indicated by lines
representing ori (top) and dif (bottom). The number of cells analyzed is
given (n). Cells were classified by the number of foci of each locus (shown in
cartoons on the x-axis; the empty cell indicates cells that fall in none of the
first four categories). Bars show the mean percentage of each category in
the population (y-axis) with individual measured ranges. Data reflect at least
two independent experiments.
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All loci tended to localize close to a cell pole in smaller cells and
then migrate to midcell before foci duplication (Fig. 3C). Loci
closer to the dif site tended to segregate later, as shown by their
lower foci number per cell. We also noticed that loci closer to the
dif site tended to stay closer to each other after segregation, as
shown by the lower average interfocal distance in cells with two
foci (Fig. 3C). We then compared the ycgY and ydg/ loci (342 and
114 kb from dif, respectively) in more detail. We introduced an
ssb-mCherry fusion gene in strains tagged at these loci. Cells
longer than 3 pm and harboring no SSB-mCherry focus were
considered to be in their D period (see also Fig. S1). These cells
were categorized into two classes, depending on whether or not
they harbored a midcell constriction (38 and 62%, respectively).
Segregation of ydg/ was clearly delayed compared with that of
yegY in all cell categories (Fig. 3D). From these data, we inferred
that the mean segregation time of ydg/ is 35 min before cell
separation, concomitant with the onset of constriction, whereas
yegY segregates about 10 min earlier (see Fig. S1 for calculations).

We next constructed strains with chosen pairs of loci tagged with
parSp; and parS,yry sites. The localization systems were swapped
between loci to detect any system-induced artifact. Fig. 3D shows
the segregation of the ydeU locus compared with ydcB and ydg/
(100 kb counterclockwise and 100 kb clockwise from dif, re-
spectively). As expected, all three loci segregated late; hence most
cells had one focus at each locus. Between 7 and 10% of the cells
had three foci. Among these, less than 6% had duplicated ydeU
foci, whereas more than 94% had duplicated ydcB or ydg/ foci. We
concluded that the ydeU locus segregates later than the ydcB and
ydgJ loci in the vast majority of cells. Equivalent results were
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obtained when comparing segregation of the ydeP locus (3 kb
counterclockwise from dif) with that of ydcB and ydgJ (Fig. S5 A-
D): ydeP segregated later than the two other loci in most cells. In
all cases, swapping the localization systems between loci modified
neither their timing nor their order of segregation (Fig. 3D and
Fig. S5 A-D).

Consistent with an ori-to-dif pattern of segregation, the arpB
locus (214 kb from dif) segregated earlier than the dif site (ydeU)
and than the ydg/ locus, located closer to dif on the same side (Fig.
S5 E and F). However, no segregation order was observed between
loci located on opposite sides of dif (Fig. S5 G and H). These data
show that the whole chromosome, including the dif-proximal part
of the fer region, segregates in an accurately ordered manner, the
dif site being the very last to be segregated in the great majority
of cells.

Monomeric Chromosomes Are Segregated Orderly. The orderly
segregation of the dif region is unlikely to be restricted to dimeric
chromosomes; otherwise the loci in this region would have to
segregate simultaneously in monomeric chromosomes, thus min-
imizing the number of three-foci cells with two foci of dif-proximal
loci. To reject this hypothesis unambiguously, we inactivated
RecA in cells carrying pairs of tagged loci, thereby preventing
dimer formation (25, 26). RecA inactivation resulted in the ap-
pearance of about 3% dead cells (blue bars in Fig. 4 and Fig. S6H).
Most living cells were of normal size and had two to four foci. The
order of segregation between dif-proximal loci (ydeU and ydeP)
and loci located about 100 kb (ydbC and ydg/) or further away from
dif (ycgY) was conserved compared with wild-type strains (green
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ter segregation is sequential and ends at dif. (A) Map of the loci used, with coordinates indicated. The black and white box represents the dif site. Red

loci were tagged with both ParB-derived systems, black loci were tagged with the TetR-derived system, and the ydgJ and ycgY loci were tagged with all three
systems. (B) Intracellular position of foci tagged with parSp; from their farthest pole (x-axis) as a function of cell length (y-axis). (Left) Cells with a single focus
(black dots). (Right) Cells with two foci (red and green dots). Loci are indicated, as well as the number of cells analyzed and the mean interfocal distance (IFd). (C)
Plot of the interfocal distance in cells with two foci (black curve and dots, left axis) and the mean number of foci per cell (blue curve and squares, right axis) as
a function of the distance from dif (kb, x-axis). (D) Number of foci of the indicated loci in different cell categories. Strains carried an SSB-mCherry fusion.
Postreplicative cells are >3 um long and harbor no SSB focus and no constricting septum. Dividing cells have a constricting septum. (E) Tagged loci are indicated
with their position relative to dif. Red arrowheads indicate a parS,yr; tag, and green arrowheads indicate a parSp; tag. Cells were classified by the number of
foci of each locus (shown in cartoons on the x-axis; the empty cell indicate cells that fall in none of the first four categories). Bars show the mean percentage of
each category in the population (y-axis) with individual measured ranges. Data reflect at least two independent experiments and more than 600 cells.
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Fig. 4. Segregation of terin recA™ strains. (A—-C) Tagged loci are indicated in
their position relative to dif (the black and white box). Red arrowheads in-
dicate a parSpmr; tag, and green arrowheads indicate a parSp; tag. Cells
were classified by the number of foci of each locus (shown in cartoons on
the x-axis; the empty cell indicate cells that fall in none of the first four cate-
gories; blue bars indicate dead cells, see also Fig. S6). Bars show the mean
percentage of each category in the population (y-axis) with individual mea-
sured ranges. Data reflect at least two independent experiments and 600 cells.

and red bars in Fig. 4; compare Fig. 4 with Figs. 2 and 3D and Fig.
S5B). This result shows that ordered segregation is not restricted
to chromosome dimers.

We then asked if the XerCD/dif complex is required for or-
dered segregation. As expected, inactivation of XerC resulted in
the appearance of 10-15% dead cells and cells of abnormal
shape (blue bars in Fig. S6 C and D). We then inactivated RecA
in xerC™ strains, thereby lowering the number of abnormal cells
to few percent of the population (Fig. S6 E and F). In both xerC™~
and xerC recA™ strains, the order of segregation of the dif region
was conserved in normal cells as compared with wild-type strains
(Fig. S6 C-F). We conclude that the XerCD/dif system is not
required for orderly segregation of the dif region.

FtsK Segregates the dif-Surrounding Region. FtsK is an obvious
candidate to play a direct role in an ordered segregation process
ending at the dif site because it translocates chromosomal DNA
toward dif using polarization of the KOPS motifs. We thus
attempted to analyze fer segregation in ftsK mutants. We first
inactivated translocation using the fisK 7p and A(ftsKc) alleles.
Both mutations resulted in the appearance of 15-20% dead cells
reflecting inactivation of chromosome dimer resolution (Fig. 5 4

and B and Fig. S6 A and B). In addition, 50-60% of living cells
were classified as abnormal (salmon bars in Fig. 5 and Fig. S6).
These include cells of abnormal shape or length or that showed no
fluorescent signal or an abnormal number of foci. These effects
may be partially linked to a role of the translocase domain of FtsK
in the control of cell division (21). It renders the analysis of foci
number per cell in normal cells hazardous, because we cannot
determine if it impoverished some cell categories more than oth-
ers. Nevertheless, we noticed that ordered segregation of the dif
region seemed to be lost because of the inactivation of trans-
location (red and blue bars in Fig. 54 and B and Fig. S6 A and B).
We then used the ftsKxopsping mutant, which shows a milder
phenotype than translocation-deficient mutants and supports
resolution of the largest part of chromosome dimers (20). The
FtsKkopsblina protein activates XerCD/dif recombination but
translocates in a nonoriented manner in vivo and in vitro be-
cause of its defect in KOPS recognition (20, 27). As expected,
ftsKxopspiina Strains showed very few abnormal or dead cells. The
ratio of cells with duplicated foci of fer loci tended to decrease,
suggesting that they segregated later because of the ftsKxopspina
mutation (compare Fig. 5 and Fig. 3E). Strikingly, the order of the
segregation of the ydcB and ydg/ loci compared with the dif site
(vdeU and ydeP) was lost or was significantly altered as compared
with wild-type strains (red and green bars in Fig. 5 A-D; compare
with Fig. 3E and Fig. S5). However, the order of segregation be-
tween ycgY, which is outside the region of high FtsK activity (15),
and the dif site (ydeU) was unaffected by the ftsKxopsping mutation
(Fig. 5SE). We conclude that the KOPS-oriented translocation
activity of FtsK is required for the ordered segregation of a large
(at least 210 kb) but restricted region around dif.

MatP Controls ter Segregation. Because MatP delays fer segrega-
tion, we reasoned that its activity might be required for FtsK-
dependent ordered segregation of ter. We inactivated MatP in cells
carrying pairs of tagged loci and monitored their number of foci
per cell. A small number of cells longer than wild-type cells and
harboring more than four foci appeared in matP~ strains, consis-
tent with a mild defect in cell division caused by MatP inactivation
(11). Among cells of normal size, the ratio of cells with four foci
(i.e., with both loci segregated) increased in matP~ strains com-
pared with wild type (compare gray bars in Fig. 5.4 and B with Fig.
3D), consistent with earlier segregation of fer loci as previously
observed (11). Cells with three foci (red and green bars in Fig. 54
and B) were underrepresented because of matP inactivation, in-
dicating that the mean time separating segregation of the two loci
(i.e.,ydcB and ydeU) was shorter. Among these cells, no consistent
order of segregation was detected between the ydcB and ydgJ foci
and the dif site (ydeU and ydeP) (Fig. 5 A and B). The order of
segregation in the dif-surrounding region thus was lost with
MatP inactivation, showing that MatP is required for the ordered
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70 70 701 70 70 701 4 Tagged loci are indicated in their position relative to
601 60 60 60 dif (the black and white box). Red arrowheads in-
s 5. s 50 dicate a parSpvrr tag, and greer.1 arrowheads indicate
% 2 2 ;(5] a parSp; tag. (A) ftsKarp. strain. (B-F) ftsKxopspiind
strains. Cells were classified by the number of foci of
= 5 15 15 each locus (shown in cartoons on the x-axis; the empty
10 10 10 10 cell indicates cells that fall in none of the first four
5 5 5 5 categories; blue bars indicate dead cells; see also Fig.
o 0 _ﬂ 0 S6). Bars show the mean percentage of each category
MMM' ~m y )7 in the population (y-axis) with individual measured
0’ ranges. Data reflect at least two independent ex-
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periments and 600 cells.
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segregation of this region. Interestingly, a preferred order of
segregation still was apparent between the ycgY locus and dif,
although it was less pronounced than in wild-type cells (compare
Fig. 5C and Fig. 2). The ycgY locus lies in the region covered by
mat$ sites but not in the region processed by FtsK (see above).
This result strongly suggests that MatP is required for ordered
segregation only in the region processed by FtsK.

Discussion

We have established the pattern of the loss of colocalization of
sister loci, a crucial step of segregation, of the fer chromosomal
region in slow-growing E. coli cells. This investigation relied on an
improved version of previously described loci visualization systems
derived from the Par systems of plasmids P1 and pMT1. We pro-
duced the ParBp;-derived protein from a chromosome-borne
construct and the ParB,yri-derived protein from a low copy
number plasmid, reasoning that this derivation should minimize
both their background production and cell-to-cell variation. In-
deed, the two ParB-derived systems and a TetR-derived system
gave equivalent results when used to visualize the same loci,
rendering these systems suitable for direct comparison of loci
segregation patterns. In contrast, the use of previously described
plasmids for production of ParBp,-derived proteins provoked
delays in the segregation of the tagged loci. This effect varied with
both growth conditions and the positions of the tagged loci on the
chromosome and was significant in conditions used in previous
studies, including ours (5, 8, 10, 11, 21, 24, 28). Previous reports of
chromosome loci segregation using ParB-derived systems thus
should be considered with care.

The ori-to-ter segregation pattern of the chromosome is highly
accurate. Less than 1% cells segregated a fer locus before loci
located outside ter (Fig. 2). Most interestingly, segregation of the
dif-surrounding region also is precisely ordered. Indeed, the dif site
is segregated later than loci 100 kb apart in more than 94% of the
cells (Fig. 3); thus the whole chromosome segregates from the ori
region to the dif site. This strict order of segregation strongly
suggests that it occurs in most, if not all, cells and is not restricted
to chromosome dimers. Indeed, if the order of segregation were
restricted to chromosome dimers, then the loci in the ter region
would have to segregate simultaneously in monomeric chromo-
somes, thus minimizing the number of-three foci cells with two
foci of dif-proximal loci, an effect that seems most unlikely. In
addition, neither the XerCD/dif system, which resolves dimers, nor
RecA, which is strictly required for dimers, is required for ordered
segregation of the dif region (Fig. 4 and Fig. S6), showing un-
ambiguously that monomers are segregated in an ordered manner.

Segregation of the dif-surrounding region occurs during the late
stages of the cell cycle. For instance, loci from ydg/ to ydbL have
a mean number of foci per cell less than 1.15, indicating that they
segregate in the last 40 min of the cell cycle (Fig. 3 and Fig. S1). At
this stage, cells have terminated replication and are about to divide
or are dividing. Divisome components, including FtsK, thus are
assembled at midcell, (6). A role for FtsK in the ordered segre-
gation of this region thus is consistent with the timing of its seg-
regation. We verified this hypothesis using different FtsK mutants,
including an allele deficient for KOPS recognition, and showing
that the order of segregation of the dif-surrounding region is lost
with these mutations (Fig. 5). This effect is observed in a region
covering at least 210 kb (from ydcB to ydg/) but does not affect the
yegY locus, 344 kb from dif. This result is fully consistent with the
length of the region preferentially processed by FtsK, i.e., the re-
gion of high FtsK activity [338—468 kb centered on dif (15)]. We
previously reported that ftsKxopspina cells are longer than wild-
type cells, suggesting that this mutation delays cell division (20).
This delay may modify the timing of the segregation of chromo-
some loci with respect to cell division and so might indirectly affect
the accuracy of their segregation order. Our data argue against
such an indirect effect because the ftsKxopsping mutation does not
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change the mean number of foci per cell of dif-proximal loci
(compare gray bars in Figs. 3 and 5). In addition, the FtsKxopsplind
protein interacts with the same region and at comparable fre-
quencies as FtsK,,; when assayed by the frequency of XerCD/dif
recombination (15). These data indicate that segregation of the
dif-surrounding region remains temporally linked to cell division
in the ftsKxopspina Strain, suggesting that the FtsKxopspiing protein
still segregates this region although in a nonordered manner.

So far, FtsK has been shown to support chromosome segrega-
tion only in special conditions, the most frequent and best un-
derstood being the formation of chromosome dimers (19-21). Our
results reveal that FtsK segregates the dif-surrounding region of
monomeric chromosomes, although this activity is essential only in
the case of dimers. This conclusion may appear contradictory,
given the RecA-dependency of XerCD recombination between dif
sites inserted at the dif locus (22). We currently have no expla-
nation for this discrepancy. A specific processing of the dif locus on
dimers remains possible. Alternatively, RecA may control the
XerCD/dif recombination independently of the dimeric state of
the chromosome. This latter hypothesis is supported by the RecA-
dependency of recombination between plasmid-borne dif sites
(29). A role for FtsK in the segregation of monomers also may
contrast with the growth defect of translocation-deficient FtsK
mutants, mainly because of their inability to resolve dimers (30).
However, these mutations provoke many more cells of abnormal
size or shape than seen with Xer inactivation (i.e., see Fig. S6),
suggesting that most fisK-~ cells harboring chromosome mono-
mers divide abnormally although they have viable progeny. This
notion is consistent with FtsK having a role in coupling ter segre-
gation with cell division even when chromosomes are monomeric.

Because FtsK is active only shortly before and during septum
constriction (31, 32), FtsK-dependent ordered segregation re-
quires that the dif-surrounding region be kept in the vicinity of
the septum until FtsK is activated. This appears to be the role of
MatP. Inactivation of MatP leads to earlier segregation of fer loci
and loss of the ordered segregation in the dif-surrounding region
(Fig. 6). MatP thus certainly allows FtsK to process the dif-
surrounding region either by its intrinsic cohesin activity or by

A B C
80 80 80
b Y b
70 70 70
60 60 60
3> 2] g
X 20 20. 204
15] 15 15]
10/ 10. 104
5] 5 5]
|| ol oLl
AR AR AR
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Cell categories

Fig. 6. Segregation of ter in matP~ strains. (A-C) Tagged loci are indicated
in their position relative to dif (the black and white box). Red arrowheads
indicate a parSpvrs tag, and green arrowheads indicate a parSp; tag. Cells
were classified by the number of foci of each locus (shown in cartoons on the
x-axis; the empty cell indicates cells that fall in none of the first four cate-
gories). Bars show the mean percentage of each category in the population
(y-axis) with individual measured ranges. Data reflect at least two in-
dependent experiments and 600 cells.
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interacting with ZapB (10, 33). Interestingly, the region of high
FtsK activity is shorter than the MatP-binding region. We have no
explanation for this difference at present. However, we noticed
that the density of mat§ sites is most important in a restricted
region around dif (Fig. S7). This region, which corresponds to
region of high FtsK activity in E. coli, may be processed by FtsK in
most cells because of the density of its matS sites, whereas the
adjacent regions may show important cell-to-cell variations in
FtsK activity.

FtsK has been shown to remove MatP from the DNA during
translocation but stops at XerCD/dif complexes in vitro (34, 35).
We thus assume that FtsK counteracts the effect of MatP by re-
moving it from matS sites. In this case, FtsK would act to unzip
sister fer regions. Whether it then transports DNA to daughter
cells remains to be determined. MatP thus would have a role akin
to a cohesin and FtsK to a separase, although the mechanisms
involved differ significantly from those of eukaryotic cohesins and
separases. In wild-type cells, the pattern of ordered segregation
implies that MatP removal is sequential. The region of high FtsK
activity may be translocated from its borders to dif in a processive
manner. Alternatively, translocations over short distances may
occur randomly but may promote segregation only when they
dissociate the MatP/matS complexes furthest from dif. The rather
long time separating segregation of ter loci (i.e., more than 5 min
for loci 100 kb apart) compared with the speed of FtsK and
SpollIE translocation in vitro and in vivo [at least 75 kb per min
(36, 37)] favor this second hypothesis. In ftsKxopspina cells, the
same process would occur but would last longer because the loss of
the sequence of MatP removal delays cell division. In fisK-" cells,
MatP would not been removed by FtsK, leading to important
defects in cell division. Nevertheless, most cells have viable progeny,
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indicating that the ter region is finally segregated by other means,
possibly involving either passive or active packaging of the mostly
segregated sister nucleoids. The colethality of FtsK- and MukB
inactivation (19, 20) is consistent with this hypothesis.

Materials and Methods

Strains and Plasmids. Strains used were derived from E. coli K12 strain LN2666
(W1485 F~ leu thyA thi deoB or C supE rpsL (StR) (38) and are listed in Table
S1. Plasmids used are listed in Table S2. Tagged chromosome loci are listed in
Table S3.

Cell Imaging. Cells were grown in M9 medium containing alanine as a carbon
source (0.2%); thiamine (1 ug/mL), thymine (2 pg/mL), and leucine (2 pg/mL).
After 48 h cultures were diluted 250 times in fresh medium and were grown
to ODggo = 0.2 before being mounted on microscope slides. Arabinose (0.2%)
or isopropylthio-g-galactoside (50 pM) were added 45 min before mounting,
and FM4-64 membrane dye was added 5 min before mounting. Cells were
applied to a 1% agarose slide and placed in the microscope temperature-
controlled box at 30 °C for at least 30 min before observation on a Ti-E
inverted microscope (Nikon) carrying a 100x oil-immersion lens (N.A. 1.36)
and a Hamamatsu ORCA-R2 camera. Images were acquired using NIS Ele-
ments AR 3.2 software (Nikon) and were converted for manual analysis with
MetaMorph v. 7.0 software (Molecular Devices) using a pencil pad.
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