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Modulation ot Escherichia coli sister
chromosome cohesion by topoisomerase IV
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A body of evidence supports the idea that newly replicated Escherichia coli chromosomes segregate
progressively as replication progresses, with spatial separation of sister genetic loci occurring ~15 min after
their replication. We show that the time of this cohesion can be modulated by topoisomerase IV (TopoIV)
activity. Impairment of TopolV prevents segregation of newly replicated sister loci and bulk chromosome
segregation, whereas modest increases in TopoIV decrease the cohesion time substantially. Therefore, we
propose that precatenanes, which form as replication progresses by interwinding of newly replicated sister
chromosomes, are responsible for E. coli sister chromosome cohesion.
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The heritable maintenance of the genetic material over
generations requires not only that it be accurately repli-
cated but that newly replicated chromosomes are faith-
fully transmitted to daughter cells at cell division. Defects
in chromosome segregation are associated with genetic dis-
ease and cancer. In eukaryotes, newly replicated sister
chromosomes remain associated and aligned until the on-
set of mitosis by dedicated cohesion mechanisms, using
SMC (structural maintenance of chromosomes) proteins.
Formation and dissolution of cohesion is under strict
spatial and temporal control (for review, see Nasmyth
and Haering 2005). Similarly, in the archaeon, Sulfolo-
bus sulfataricus, sister cohesion seems to extend from
the replicative to the post-replicative phase of the cell
cycle (Robinson et al. 2007). In contrast, a growing body
of evidence supports the view that newly replicated loci
in bacteria segregate progressively as replication pro-
ceeds, with a period of sister cohesion (the time between
locus replication and separation of the two sister loci)
that is substantially less than S phase (Viollier et al.
2004; Neilsen et al. 2006; Reyes-Lamothe et al. 2008).
Nevertheless, some work has led to the conclusion that
extensive sister cohesion may hold sisters together for a
large fraction of S phase (Sunako et al. 2001; Bates and
Kleckner 2005).

Topological entanglement of newly replicated sisters
has been implicated in facilitating sister chromosome
cohesion in bacteria, archaea, and eukaryotes, with pre-
catenanes (interwound sister DNA duplexes present in
a replicating chromosome), catenanes (interwound repli-
cated sister duplexes), or hemicatenanes (duplexes inter-
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linked by single-strand interwindings) mediating such
entanglement (Lopes et al. 2003; Espeli and Marians
2004; Nasmyth and Haering 2005; Robinson et al. 2007).
The right-hand (RH) interwinding of the two strands of
a DNA duplex (linkage) has to be completely removed in
order that newly replicated chromosomes can be segre-
gated to daughter cells. Complete segregation of newly
replicated Escherichia coli chromosomes requires the re-
moval of ~4.2 x 10° links in one generation time or less.
RH precatenanes will arise when RH links in duplex DNA
ahead of a progressing replication fork diffuse backward to
behind the fork, thus interlinking the two newly replicated
sisters by a redistribution of total linkage (Fig. 1A; Cham-
poux and Been 1980; Espeli and Marians 2004). In the ab-
sence of topoisomerase action, replication progression
leads to an increased density of RH links ahead of a rep-
lication fork. This takes the form of overtwisted RH du-
plex, which can adopt (+) supercoils within a left-handed
(LH) plectonemic superhelix. The topological torsion
arising from this overtwisting can be released by rotation
of the fork and replisome, thereby generating RH precat-
enanes. In principle, precatenane formation should not in-
terfere with replication progression. As a corollary to this,
if the DNA ahead of the fork is undertwisted and contains
(~) supercoils, precatenanes are expected to be removed by
forward diffusion of any duplex interwindings.
Precatenanes, catenanes, and knots are unlinked by type
Il topoisomerases. Bacterial topoisomerase IV (TopolV)
seems especially adapted for this role, while the other
type II topoisomerase, DNA gyrase, is adapted to act on
a single duplex to remove (+) supercoiling and to add (-)
supercoiling (for review, see Espeli and Marians 2004;
Schvartzman and Stasiak 2004). The type I topoisomer-
ase, topoisomerase III (Topolll), uses single-strand DNA
passage reactions to decatenate and remove other DNA
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Figure 1. TopolV impairment prevents sister nucleoid
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TopoIV action (Stone et al. 2003). If precatenane-con-
taining DNA becomes underwound ahead of the fork,
generating (-) sc, then diffusion forward of RH precat-
enanes to remove (-) sc will be favored. It has also been
proposed that accumulation of (-) sc ahead of a fork can
lead to LH (-) precatenanes in newly replicated DNA,
with these also being an in vivo substrate for TopolV
(see Schvartzman and Stasiak 2004). We believe this is
unlikely to be a common occurrence, because it would
exacerbate chromosome unlinking and be energetically
unfavorable because ATP hydrolysis by gyrase ahead of
a fork, generating (-) supercoiling, would need to be
countered by ATP hydrolysis by TopolV to remove LH
precatenanes. Unreplicated DNA is shown as a thick
black line and newly replicated DNA is shown as a gray
line. Arrows indicate the direction of reaction. Thick
arrows indicate efficient reactions and dashed arrows
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inefficient reactions. (B) Schematic of the E. coli genetic
loci used. (C) Nucleoids in the indicated cells. Replica-
tion was blocked by TetR binding to tetO arrays at R3,
~700 kb anti-clockwise of dif. White arrows indicate
20' positions of nucleoid splitting and yellow arrows show
positions of cytokinesis in a bright-field image. Nucle-

40 oids were stained with DAPI (0.5 pg/mL). Bars, 2 pm.
60' (D) Flow cytometry (DNA content per cell) of wild-type
80’ and parE® cells grown at 30°C and 42°C. Rifampicin,
100 which prevents replication initiation, and cephalexin,

which blocks cytokinesis, were added at 0 min, and
samples were taken at the indicated times.

entanglements, like hemicatenanes and Holliday junc-
tions (for review, see Wu and Hickson 2006).

Here we report experiments that lead to the conclu-
sion that precatenanes are a major contributor to sister
chromosome cohesion in E. coli and that TopolV acts
during the cell cycle to remove precatenanes as they
form during replication progression.

Results

Inhibition of TopolV prevents E. coli nucleoid splitting
and genetic locus segregation

Although TopolV is the major decatenating enzyme in E.
coli (Zechiedrich and Cozzarelli 1995; Zechiedrich et al.
1997), it has not been clear whether it acts primarily
during replication fork progression, removing any precat-

enanes that form during replication and possibly remov-
ing (+) supercoiling ahead of the replication fork (Khodu-
rsky et al. 2000) or whether TopolV action is targeted
primarily to the replication terminus region (ter) to re-
move precatenanes and catenanes at the completion of
replication (Espeli et al. 2003a,b; for review, see Espeli
and Marians 2004).

The cytological and flow cytometry observations that
TopoIV* strains do not segregate their sister chromo-
somes normally at restrictive temperature, although they
appear to complete replication (Grainge et al. 2007), hinted
that TopoIV acts throughout the whole replication cycle to
remove precatenanes formed as replication progresses.

In order to explore further the consequences of impair-
ing TopolV activity, nucleoids derived from TopoIV*
cells and TopoIV* replication-blocked cells were com-
pared with TopoIV* cells after cephalexin treatment,
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which permits clear display of segregated sister nucle-
oids (Wang et al. 2006). All experiments reported here
use growth in glycerol-minimal medium, giving a gen-
eration time of ~100 min at 37°C, with most cells initi-
ating DNA replication soon after birth and completing
replication 50-65 min later (Wang et al. 2005, 2006;
Reyes-Lamothe et al. 2008).

When replication was blocked at locus R3, located 700
kb anti-clockwise of the dif site (Fig. 1B), by TetR-Cfp
binding to tetO operator arrays (Possoz et al. 2006), the
nucleoid is clearly split into two partially replicated and
segregated sister chromosomes, just as in unblocked
TopoIV* conditions (Fig. 1C), an observation consistent
with previous demonstrations that nucleoid splitting is
initiated midway through S phase (Bates and Kleckner
2005; Wang et al. 2005). However, when parE™ cells,
temperature-sensitive for the TopoIlV ATPase subunit,
were grown for 2 h or 3 h at 42°C, the nucleoids appeared
smooth, with no sign of splitting (Fig. 1C; Grainge et al.
2007). After 3 h at 42°C, bright-field images showed large
unsegregated nucleoids located in the middle of the cell,
thereby preventing normal cytokinesis. In a minority of
cells, cytokinesis occurred either at DNA-free regions,
generating anucleate cells, or over the nucleoid to “cut”
the chromosome. These observations suggest strongly
that the action of TopolV is needed for sister nucleoid
separation throughout replication, rather than solely at
replication termination. Therefore, we infer that precat-
enanes arise as replication proceeds and are the major
substrate for TopolIV action on replicating chromosomes.

It has been reported that TopoIV can play an important
role in removing (+) supercoils ahead of a replication fork
(Khodursky et al. 2000), although other studies have in-
ferred that gyrase is the primary topoisomerase acting
there (for review, see Espeli and Marians 2004). To help
resolve this uncertainty, we used flow cytometry to as-
sess the time it takes to complete replication by perform-
ing a time-course “run-out” experiment in which repli-
cation can be completed but not reinitiated in the ab-
sence of cell division (Fig. 1D). The replication
progression profiles over time for TopoIV* and parE*
strains grown in glycerol minimal medium at 30°C and
42°C were similar, and both strains showed no changes
in profile after 60-80 min at 42°C. We conclude that
TopolV inactivation has little influence on replication
fork progression, a result confirmed and extended later,
when the time from replisome appearance at initiation
to disappearance at termination is monitored in time-
lapse experiments. We also used flow cytometry to show
that parE" strains can reinitiate replication at 42°C (data
not shown).

To examine the consequences of TopolV impairment
on segregation of genetic loci, initial experiments exam-
ined the segregation of oril, a locus 15 kb anti-clockwise
of oriC (Fig. 1B) (Wang et al. 2006) in a parE" strain at
permissive and restrictive temperatures. When cells
growing at 30°C were shifted for 2 h to 42°C, the pro-
portion of cells containing a single oril focus increased
from 25% to 54% (parE®) and from 21% to 49% (parE*
topB) (Fig. 2A-E). These initial values for the proportion
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of cells containing a single oril focus are similar to the
values reported previously for cells growing exponen-
tially at 37°C (Wang et al. 2005). Since the time at 42°C
corresponds to little more than a generation time, this
result shows that oril segregation is severely impaired
when TopolV activity is compromised, with Topolll, en-
coded by the topB, having no observable effect. Sister
oril segregation occurs normally in TopoIV* cells grown
at 42°C (data not shown).

The segregation of oril and locus L2, located 1 Mb
anti-clockwise of oriC (Fig. 1B), were examined simulta-
neously (Fig. 2F,G). The segregation of L2, like ori1, was
inhibited at 42°C. Even when some separation of loci
was observed, sister oril or L2 loci remained close to-
gether and separate from those of the other locus; reini-
tiation of replication in parE* cells at 42°C is evident
from the clusters of more than two sister loci (Fig. 2H). In
time-lapse studies of the parE' strain at 42°C we ob-
served that closely spaced sister ori1 foci transiently fuse
and reseparate, consistent with them being interwound
by precatenanes (see below; data not shown). We believe
that proper segregation of other sister loci will be simi-
larly inhibited when TopolIV is impaired. Similar results
were obtained with a parC* mutant (data not shown).

Increased TopolV levels reduce sister locus cohesion
time

The demonstration that TopoIV impairment leads to a
failure of normal chromosome segregation, despite al-
lowing normal replication progression, supports the
view that precatenanes can form as replication proceeds
and that failure to remove these with TopolV prevents
normal locus segregation. Nevertheless, these observa-
tions do not address whether precatenation is the major
or sole source of sister cohesion or whether some other
cohesion mechanism holds sisters together for the ~15-
min period of normal cohesion, with precatenanes per-
sisting only long enough to influence cohesion when
TopolV activity is impaired.

Therefore, to test whether precatenanes are the only or
major source of cohesion, we set out to determine
whether TopoIV overexpression reduces cohesion time.
In initial experiments we noted that even modestly in-
creased levels of TopolV are toxic to cells, with both
nucleoid segregation and oril focus segregation impaired
(data not shown). Nevertheless, the presence of plasmid
pWX35, which expresses TopolV from the arabinose pro-
moter, was able to partially suppress the temperature-
sensitive phenotype of parE* cells in medium lacking
arabinose, conditions that give basal levels of protein
expression (Guzman et al. 1995; X. Wang, R. Reyes-La-
mothe, and D.J. Sherratt, unpubl.). Therefore, a basal
level of plasmid-encoded TopolV expression is sufficient
for viability and chromosome segregation at 42°C in a
parE" strain.

We therefore assessed cohesion time for oril in cells
with the normal TopoIV complement (estimated to be
~1000 molecules per cell; Espeli and Marians 2004), plus
the basal complement from pWX35 (expected to be
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Figure 2. Sister oril and L2 genetic loci
fail to segregate normally when TopolV is
impaired. (A-D) Snapshot images of cells,
with oril labeled (red). (Blue) DAPI nucle-
oid staining. (E) Quantitation of the data
from the experiments shown in A-D.
Cells were classified into the four catego-
ries shown in the schematic. (Blue) Cells
with one oril focus, and longer cells (>4
pm) with two closely spaced oril foci

E. ori1 segregation in pare®
parE® 30°C 60
parE® topB 30°C 57
parE® 42°C 2 h
parE® topB 42°C 2 h
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(d < 1/5 cell length). (Red) Shorter cells (<4
um) with two closely spaced foci. (Green)
Cells with well-separated foci (d = 1/5 cell
length) or two clusters of separated foci.
(Purple) Cells with more than two foci or
clusters of foci. The cells in the red group
were distinguished from those in the blue
group because we cannot be sure whether
those in the red group have foci that are
unable to separate normally or are on the
way to normal separation. (F~H) Simulta-
neous labeling of oril (green) and L2 (red)
genetic loci. Bars, 2 pm.

<1000 molecules per cell; Guzman et al. 1995). Sister
oril cohesion time was assessed in two ways. First, ini-
tiation of DNA replication was synchronized using oril-
labeled dnaC* cells with pWX35 or the “empty” vector,
pBAD24. Cells grew normally at 30°C, and, when shifted
to 37°C, finished ongoing rounds of replication and cell
division but could not reinitiate replication. When
shifted back to 30°C, most cells reinitiate replication
within 5 min (Maisnier-Patin et al. 2001; Reyes-Lamothe
et al. 2008). Analysis of the increase in cells with two
oril foci with respect to time showed an additional
complement of TopolV provided by basal expression

from pWX35 decreased the time at 30°C needed to reach
50% of maximal increase in two ori foci from 28 min to
13 min (Fig. 3A).

In a second set of experiments, 5-min time-lapse
analysis was used to measure the time from replisome
appearance at initiation to oril segregation in exponen-
tially growing cells in minimal medium at 37°C (genera-
tion time ~100 min), with pWX35 or the parental plas-
mid, pPBAD24. Since replisome appearance marks initia-
tion and ori] is replicated within a minute of initiation,
this gives a direct measure of cohesion time for oril in
unperturbed cells (Reyes-Lamothe et al. 2008). Fifty per-

Figure 3. Increased TopolV decreases sister

ori1 segregation after initiation (timelapse)

cohesion time. (A) Snapshot analysis in
dnaC* TopolV* cells containing either an
“empty” plasmid (pPBAD24) or a plasmid with

basal low-level expression of TopoIlV
(pWX35). The main plot shows the increase in
cells containing two oril foci in a single ex-
periment carried out over 120 min at 30°C
from replication initiation. The inset shows
three experiments carried out for a shorter
time, with the mean values shown as thick
lines and standard errors as vertical bars. (B)
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DnaC* cells from replisome appearance at ini-
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cent of oril loci had segregated within 14 min of repli-
some appearance in wild-type cells. This value was re-
duced to 5 min in cells with the additional complement
of TopoIV from pWX35. Taken together, these results
provide compelling evidence that precatenanes in wild-
type cells are a major contributor to sister cohesion and
that this period of cohesion can be reduced by increasing
TopolV. Therefore, normal levels of TopolV appear to
limit the rate at which newly replicated sisters are de-
catenated.

TopolV inhibition does not prevent normal outward
migration of newly initiated replisomes

We show that sister replisomes originating from a single
initiation event at oriC separate into separate cell halves
~5 min after replication initiation and propose that
this separation reflects the tracking of sister replisomes
along the compacted DNA of the nucleoid (Reyes-La-
mothe et al. 2008). A prediction of this model is that
TopolV impairment should not interfere with sister
replisome separation. In contrast, if sister replisome
separation is a consequence of chromosome segregation,
then replisome separation should be blocked when To-
polV is impaired.

A functional bright fluorescent protein derivative of
Ssb, Ssb-Ypet, expressed from the endogenous chromo-
somal ssb promoter, was used as a replisome marker in a
parE" strain containing a marked oril locus. Analysis of

A. parE® ori1 Ssh-Ypet 30°C

Figure 4. Sister replisomes migrate to
separate cell halves in the absence of locus
segregation. (A,B) Snapshot analysis of
oril and replisome (Ssb-Ypet) in parE™

Ssb foci / oril focus = 0.80

elongating parE" cells at 42°C showed similar replica-
tion phase parameters and initiation times to those of
wild-type cells (Fig. 4; data not shown). Examination of
the snapshots showed that sister replisomes still migrate
to separate cell halves soon after initiation, although sis-
ter oril foci did not segregate; this is reflected in an in-
crease in the ratio of Ssb foci/oril foci after 2 h (Fig.
4A,B). Analysis by time lapse of 10 parE*® cells, shifted to
42°C 35 min before commencement of observation, con-
firmed this behavior (Fig. 4C,D). An oril focus or two
closely spaced foci remained close to midcell, whereas
the sister replisome moved outward for much of S phase.
The time from replisome appearance to disappearance
fell in the range of 45-60 min (mean 52 min), a value
similar to that obtained with wild-type cells examined in
control time lapses (data not shown). This confirms that
impairment of TopoIV does not interfere with replica-
tion progression. Significantly, the separation between
the sister replisomes in TopoIV-impaired cells increases
progressively up to the last stages of replication, as op-
posed to the situation in TopoIV* cells, where the pat-
tern is confounded by the recurrent movement of the
two replisomes toward and then away from each other,
presumably as a result of the reorganization of DNA to
accommodate the growing nucleoids during chromo-
some segregation; this leads to a reduced outward move-
ment (Fig. 4E; Reyes-Lamothe et al. 2008; data not
shown). Therefore, these data consolidate the conclusion
that sister replisomes track along DNA.

B. parE® ori1 Ssb-Ypet 42°C 2 h

Ssb foci / oril cluster = 1.54

strain at 30°C and 42°C (2 h). (C) Time- c ) o . D. oril segregation after
lapse analysis (5 min). Ten parE* cells oril and Ssb-Ypet positioning (timelapse) Ssb-Ypet appearance
were switched to 42°C (35 min) and then i

followed at 42°C by time lapse, and the el . 100

mean positions of the oril foci (either a \ woskirpel  wonl = =wt (n=18)
single focus or transient pair of closely é ok h * parE®(n=20)
spaced foci) and Ssb-Ypet foci are shown g 1 i Tty = | e
(ba‘rs show s;ndazc; eér(odrs). (fD) orl('JI) sepa- % i s {3 E o e
ration in parE® at 42° ata from C) com- =

pared with oril separation in TopoIV* £ 501 % z reg ity E Distance between
cells grown at 42°C (not shown). The in- 3 g { ’ sister Ssb-Ypet foci
dicated time intervals are the time from J (K ) ] }: =

replisome appearance to the last point at 240,

which a replisome was present. (E) The =

separation between sister replication forks T \ T T T g 204

after initiation from the data presented in 5 25 45 min 8 | ewt37°C e parE®42°C
C is compared with a similar experiment time after initiation 0 2‘0 4‘0 6I0 min'
using wild-type cells grown at 37°C.
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Discussion

The results presented here provide compelling evidence
that the normal period of E. coli sister chromosome co-
hesion (~15 min after replication of a locus) is mediated
by precatenation, presumably arising from the diffusion
of RH crossings within a duplex ahead of a fork to inter-
windings between newly replicated duplex sisters be-
hind the fork. Such backward diffusion requires rotation
of the fork and its associated replisome, a process that
would seem easier to accommodate when sister repli-
somes act independently rather than in a coordinated
replication factory (Reyes-Lamothe et al. 2008).

Taken together the data lend strong support to the
schematic in Figure 1 and the model in Figure 5. The
model proposes that after replication initiation at mid-
cell, DNA gyrase begins to remove most of the linkage
between parental duplex strands, by acting on (+) super-
coils as they accumulate in front of the progressing sister
replication forks; even before (+) supercoils accumulate,
gyrase could act to maintain the normal level of (-) su-
percoiling. Gyrase normally acts throughout replication
progression. Although TopoIV can also remove (+) super-
coils, the results here show that replication fork progres-
sion is not significantly reduced in the absence of To-
polV. Sister replisomes move apart soon after initiation,
and any rotation of the forks and their associated repli-
somes will generate precatenanes, which cohese the
newly replicated sisters. TopolV activity in the region of
newly replicated DNA is such that precatenanes persist

new born cell ogi

€ left fork

replication initiation ) right fork L R i

replication
progression, forks
separate before oris

precatenated newly
replicated DNA

precats removed as p
replication progresses \ |

new DNA layered
at either side of
oris; old DNA
disappearing

forks meet at
termination ".“’ ——
@E-DE-»

Figure 5. Model for cellular organization of replication and
chromosome segregation (see the text for details).

sister chromosomes fail to
segregate, replication
progresses normally

Precatenanes cohese E. coli sister chromosomes

on average for ~15 min, the observed period of cohesion
between newly replicated sisters. Although TopoIV has
evolved to act primarily on duplex interwindings present
in catenanes and precatenanes, its action on RH cat-
enanes is expected to be limited to those with a low
density of crossings (Fig. 1A). Our observation that once
TopoIV* cells have been incubated for 1-2 h at 42°C,
normal chromosome or locus segregation does not re-
sume within three to four generations of growth at 30°C
(data not shown) could be because increased RH precat-
enane density prevents the adoption of a suitable cross-
ing angle in the interlinks; thereby preventing effective
TopolV action (Stone et al. 2003). Alternatively, an ac-
cumulation of precatenanes might lead to structures that
cannot be resolved by TopolV.

Precatenanes can also be resolved independently of
TopolV if (-) supercoils accumulate in front of a replica-
tion fork; this will favor diffusion forward of the inter-
links, thereby reducing the level (-) supercoils (Fig. 1A).
Therefore, increased (-) supercoiling ahead of a fork will
act to prevent RH precatenane formation and to facili-
tate removal of any precatenanes that arise (Fig. 1A). An
accumulation of (-) supercoiling ahead of a fork, accom-
panied by fork-replisome rotation, could lead to forma-
tion of LH precatenanes, which would be removed effi-
ciently by TopolV (Schvartzman and Stasiak 2004). How-
ever, any loss of (-) supercoiling in unreplicated DNA
will tend to hinder duplex unlinking and replication fork
progression. Our experiments did not identify a role for
Topolll in bulk decatenation.

Once sister loci have become decatenated they segre-
gate to opposite cell halves. This segregation is accom-
panied by nucleoid remodeling to generate the observed
patterns of locus distribution. Toward the end of repli-
cation, sister replisomes converge in the midcell region,
replisomes dissociate once replication is complete and
final decatenation and chromosme dimer resolution is
mediated by TopolV and XerCD-dif dimer resolution
(Grainge et al. 2007).

Since impairment of TopolV activity leads to a dra-
matic inhibition of locus separation, even when the lo-
cus is close to oriC, precatenanes are likely to form as
replication progresses and be resolved by TopoIV soon
afterward; indeed, TopolV activity could be associated
with replication forks. This observation is not necessar-
ily in contradiction to the proposal that temporal and
spatial control of TopoIV activity leads to most of its
activity being targeted to ter at the end of replication
(Espeli et al. 2003a,b). This is because we also demon-
strate that the normal levels of TopolV activity appear to
be limiting for decatenation of at least the oril region,
despite the relative abundance of TopolV.

A modest increase in TopolV activity reduces cohe-
sion time substantially, consistent with precatenanes
having a major, and perhaps the sole, role in sister chro-
mosome cohesion in E. coli. Precatenanes inaccessible to
TopolIV could still be responsible for the ~5 min that loci
remain spatially unseparated after replication when
TopolV is increased, or perhaps this reflects the time
between locus replication and initiation of segregation.
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Alternatively, other unidentified cohesion processes
could be responsible for this short-term cohesion, al-
though the E. coli SMC complex, MukBEF, appears not
to be required for sister locus cohesion (Danilova et al.
2007). Our demonstration that sister replisomes still seg-
regate during conditions of TopoIV impairment helps
substantiate our proposal that sister replisomes track in-
dependently along DNA.

Overexpression of the replisome clamp loader, v, re-
moves the requirement for TopoIV in bulk replication,
although the cell is now dependent on FtsK-facilitated
XerCD-dif site-specific recombination to remove final
catenation at the end of replication (Levine and Marians
1998; Espeli et al. 2003b; Grainge et al. 2007). Excess vy
could act by limiting rotation of the fork or by facili-
tating gyrase action ahead of the fork, thereby minimiz-
ing diffusion backward of linkage and maximizing reso-
lution of any precatenanes by forward diffusion. With
regard to this, replisomes still act independently under
conditions of y overexpression (R. Reyes-Lamothe and
D.J. Sherratt, unpubl.).

The work reported here provides the most direct evi-
dence for the in vivo generation during replication of
precatenanes in chromosomal DNA and for a biological
role for such precatenanes in sister cohesion. In previous
experiments, precatenanes have been demonstrated in
plasmid substrates in bacteria and in eukaryotes, under
conditions in which replication is blocked or topoisom-
erases are inhibited (for review, see Espeli and Marians
2004; Schvartzman and Stasiak 2004). In eukaryotes, pre-
catenation/catenation should occur as a direct conse-
quence of unlinking during replication, but other dedi-
cated cohesion mechanisms, which are under strict tem-
poral and spatial control, ensure that newly replicated
sisters remain cohesed and aligned until the biologically
appropriate time (for review, see Nasmyth and Haering
2005). In those bacteria, like E. coli, that support over-
lapping replication cycles and that have chromosomes
that complete segregation several generations after ini-
tiation, it may be particularly important to ensure that
locus segregation occurs progressively soon after replica-
tion. It will be interesting to see whether those bacteria
and archaea with a strict separation of S phase and cyto-
kinesis have extended periods and lengths of cohesion
and whether they use eukaryote cohesin-like mecha-
nisms or appropriately controlled DNA entanglement-
disentanglement.

Currently, we have no measure of the level of precat-
enanes, and indeed whether their density varies in a ge-
netically determined way throughout the chromosome.
For example, the level could be determined by the exis-
tence of preferential DNA-binding sites for the action of
DNA gyrase and TopolV or by the presence of sites of
DNA replication pausing, which might facilitate fork ro-
tation and/or gyrase action ahead of a fork. Temporal and
spatial control of topoisomerase activity may also play
an important role (Espeli et al. 2003a,b; Espeli and Mar-
ians 2004). Our belief is that most linkage is removed by
the action of DNA gyrase during replication and that on
average <1% of linkage is transferred to precatenanes
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during bulk replication, corresponding to less than one
precatenane per kilobase; under conditions of TopoIV
impairment, transient spatial separation of sister loci is
still observed. We do not yet know whether there are
biological functions that depend on the cohesion intro-
duced by precatenanes For example, does this facilitate
recombinational repair between newly replicated sisters,
or indeed the sister chromosome segregation process it-
self? Attempts to answer these questions can be ad-
dressed now since it is possible to modulate the periods
and extents of cohesion and to control chromosome seg-
regation through precatenation.

Materials and methods

Bacterial strain, growth, and plasmids

Unless otherwise stated, E. coli K12 AB1157 was used (Wang et
al. 2005). parE®, parC*, and parental MG1655 strains were a gift
from L. Zechiedrich (Grainge et al. 2007). A AtopB strain was
kindly provided by “NBRP E. coli Strain” (Baba et al. 2006).

Cells were growing at 30°C for parE*, parC*, and dnaC2*
strains and shifted to 42°C, 42°C, and 37°C, respectively, to
obtain the temperature-sensitive phenotypes.

Chromosomal genetic loci were visualized using fluorescent
repressor—operator systems (Wang et al. 2005, 2006). A lacO
array of 240 copies was inserted into oril, L2 and a 240 copy
tetO array into R3 (Fig. 1B) (Wang et al. 2006). LacI-mCherry and
TetR-mCerulean were expressed from the chromosomal leuB
and galK loci, respectively, regulated by the lac promoter
(Reyes-Lamothe et al. 2008). A Ssb-Ypet fusion protein was ex-
pressed from the ssb endogenous chromosomal promoter and
used as a marker for the replisome (Reyes-Lamothe et al. 2008).
Replication blockage at R3 tetO arrays by tightly bound TetR
was achieved by removal of anhydrotetracycline (Possoz et al.
2006).

TopolV was cloned from the pBR322 derivative pLexPar-
EParC (a kind gift of K.J. Marians) to pPBAD24, where the cloned
genes were under the control of the arabinose promoter (Guz-
man et al. 1995).

Flow cytometry and fluorescence microscopy

Flow cytometry was performed as in Reyes-Lamothe et al.
(2008). Cells for microscopy were grown in minimal glycerol
supplemented with required nutrients (Wang et al. 2005). Snap-
shot images were taken from cells in exponential phase (Agq
0.05-0.2). Cells were mounted on 1% agarose in minimal me-
dium at required temperature during time-lapse analysis (5-min
intervals). Cells were visualized with a 100x objective on a Ni-
kon Eclipse TE2000-U microscope, equipped with either a Pho-
tometrics Cool-Snap HQ CCD or a QuantEM camera, and a
temperature-controlled incubation chamber. The images were
taken, analyzed, and processed by MetaMorph 6.2.
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