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Interplay between Type 1A Topoisomerases and Gyrase in
Chromosome Segregation in Escherichia coli

Valentine Usongo, Cynthia Tanguay, Flora Nolent, Jill Egbe Bessong, Marc Drolet

Département de Microbiologie et Immunologie, Université de Montréal, Montréal, Québec, Canada

Escherichia coli possesses two type 1A topoisomerases, Topo I (fopA) and Topo III (fopB). Topo I relaxes excess negative super-
coiling, and topA mutants can grow only in the presence of compensatory mechanisms, such as gyrase mutations. topB mutants
grow as well as wild-type cells. In vitro, Topo III, but not Topo I, can efficiently decatenate DNA during replication. However, in
vivo, a chromosome segregation defect is seen only when both type 1A topoisomerases are absent. Here we present experimental
evidence for an interplay between gyrase and type 1A topoisomerases in chromosome segregation. We found that both the
growth defect and the Par™ phenotypes of a gyrB(Ts) mutant at nonpermissive temperatures were significantly corrected by de-
leting topA, but only when topB was present. Overproducing Topo IV, the major cellular decatenase, could not substitute for
topB. We also show that overproducing Topo III at a very high level could suppress the Par™ phenotype. We previously found
that the growth and chromosome segregation defects of a triple topA rnhA gyrB(Ts) mutant in which gyrase supercoiling activ-
ity was strongly inhibited could be corrected by overproducing Topo III (V. Usongo, F. Nolent, P. Sanscartier, C. Tanguay, S.
Broccoli, I. Baaklini, K. Drlica, and M. Drolet, Mol. Microbiol. 69:968-981, 2008). We show here that this overproduction could
be bypassed by substituting the gyrB(Ts) allele for a gyrB* one or by growing cells in a minimal medium, conditions that reduced
both topA- and rnhA-dependent unregulated replication. Altogether, our data point to a role for Topo III in chromosome segre-
gation when gyrase is inefficient and suggest that Topo I plays an indirect role via supercoiling regulation.

NA topoisomerases are ubiquitous enzymes found in eubac-

teria, archaebacteria and eukaryotes that solve the topologi-
cal problem associated with replication, transcription, and recom-
bination (1). Type 1A topoisomerases cleave one DNA strand at a
time to change the DNA linking number in single steps, and they
all require, to various extents depending on the enzyme, an ex-
posed single-stranded region within the DNA substrate. Esche-
richia coli possesses two type 1A enzymes, namely, topoisomerase
I (Topo 1) (topA) and Topo III (topB). Topo I binds to single-
stranded DNA regions close to double-stranded ones (2), and this
explains its major role in the relaxation of excess negative super-
coiling, which is mostly generated during transcription (3-5).
Consistent with this function is the finding that many fopA mu-
tants can grow owing to the presence of compensatory mutations
in gyrA or gyrB that reduce the supercoiling activity of gyrase (6,
7). One major consequence of excess negative supercoiling is R-
loop formation and RNA degradation (5, 8, 9).

Topo 11 is a very-low-abundance protein (10), and its cellular
role is not well defined. This is largely due to the fact that, as
opposed to fopA-null mutants, topB-null mutants display no ob-
vious phenotype (they grow as well as wild-type strains, at least
under standard laboratory conditions [10]). Topo III requires sta-
ble single-stranded DNA regions for activity and does not effi-
ciently relax negatively supercoiled DNA (11). In fact, Topo III
plays no role in supercoiling regulation in vivo (12, 13). In vitro,
Topo III is a potent decatenase provided that single-stranded re-
gions are present on the DNA (11).

DNA gyrase, the enzyme responsible for the introduction of
negative supercoiling in DNA, plays major roles in replication.
First, via negative supercoiling, gyrase facilitates DNA melting at
oriC in order for replication initiation to take place (14). Second,
gyrase removes the left-handed positive supercoiling generated in
front of moving replication forks (15). In fact, it is believed that
most of the intertwining generated by replication is normally
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eliminated by gyrase (16). The positive supercoiling generated by
replication can also migrate behind the replication fork, provided
that the replication complex is free to rotate, which leads to the
formation of precatenanes (intertwining of the pair of replicated
chromosome segments) (17-19) that can be removed by Topo 1V,
the major cellular decatenase. Once the chromosome is fully rep-
licated, the remaining precatenanes becomes catenanes that are
also eliminated by topoisomerase IV, thus allowing chromosome
segregation to take place. In vitro, Topo III alone can support
replication presumably by acting on single-stranded DNA at the
replication fork to remove precatenanes (20-22). This mechanism
has been proposed to explain the suppression of the chromosome
segregation defect of Topo IV mutants by Topo III overproduc-
tion at very high levels (22).

Interestingly, one of the first mutations isolated that caused a
chromosomal segregation defect mapped to a subunit of gyrase
(23). The observed phenotype was named Par, and it is charac-
terized by anucleate cells, guillotined cells, and long filaments with
abnormal nucleoid structures. As Topo IV, not gyrase, was later
shown to be the major cellular decatenase in vivo (24, 25), this
result suggested that the gyrase mutation somehow reduced the
efficiency of decatenation by Topo IV. This has been explained
based on the observation that negative supercoiling strongly fa-
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TABLE 1 E. coli strains used in this study

Reference or

Strain Genotype source
REM443  rpsL galK2 Alac74 31
RFM445  rpsL galK2 gyrB221(Cou") gyrB203(Ts) Alac74 31
RFM475  rpsL galK2 gyrB221(Cou") gyrB203(Ts) 31
A(topA cysB)204 Alac74

NF88 RFM475 gyrB* This work
MD897 DM4100 AtopB::kan 30

CT170 RFM475 AtopB::kan This work
RFM430 rpsL galK2 AtrpE 32

PH379 RFM430 rnhA::cam 32

SB383 RFM475 rnhA::cam pPH1243 32

NF98 SB383 gyrB* This work

vors the decatenation reaction of Topo IV over its catenation re-
action (26-29). Moreover, defective gyrase would favor the accu-
mulation of precatenanes. Such precatenanes are good substrates
for Topo IV only when their density is low so that their crossing
angle is optimal for enzyme activity (16). Thus, defective gyrase
(and supercoiling) could lead to chromosome segregation defects
by rendering Topo IV inefficient for two reasons: by promoting
the catenation reaction and by causing the accumulation of prec-
atenanes.

Despite biochemical and genetic evidence for the involvement
of Topo III but not Topo I in chromosome segregation, a defect in
this process could be observed in vivo only when both type 1A
topoisomerases were absent (30). Since only topA mutants, not
topB ones, display severe growth defects, it is possible that the topA
topB phenotype reflects an absolute requirement for Topo III in
chromosome segregation when topA is absent. To test this hy-
pothesis, we initiated a study to understand how the various com-
pensatory mechanisms for the absence of topA, such as gyrase
mutations, RNase HI overproduction and others to be presented
elsewhere (V. Usongo, C. Tanguay, and M. Drolet, unpublished
data), can modulate this topA topB phenotype. While we were
testing the effect of modulating gyrase activity by using a gyrB(Ts)
allele that is known to compensate for the absence of topA at 37°C
(31), we found that deleting topA was able to compensate for the
strong gyrase inhibition at 39 to 40°C and above (up to 42°C). This
temperature also coincided with the appearance of the strong
Par~ phenotype. This complementation, achieved by deleting
topA, was found to be totally dependent on the presence of an
active topB gene. Here we present these results and others that
allow us to conclude that Topo III can play an important role in
chromosome segregation in vivo and that topA likely influences
this process indirectly by regulating replication via supercoiling.

MATERIALS AND METHODS

E. coli strains. Strains used in this work are described in Table 1. Strains
carrying the gyrB(Ts) allele carry in fact a gyrB gene with two mutations,
one (gyrB221) conferring coumermycin resistance and one (gyrB203)
conferring temperature sensitivity. These two mutations were obtained
simultaneously following mutagenesis of a wild-type strain with N-methyl-
N'-nitro-N-nitrosoguanidine (NTG). They have always been used to-
gether in our studies (4, 8,9, 31-34) and in studies from other groups (35),
and DNA supercoiling is fully restored to a wild-type level when strains
carrying these mutations are exposed to permissive temperatures (30°C
and below) (31). Strains were constructed by transduction with phage
Plviras previously described (36). When needed, tetracycline (10 pg/ml),
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or kanamycin (50 p.g/ml) was added to the medium. The gyrB™ allele was
transduced into gyrB(Ts) recipients by selecting first for a nearby Tnl10
marker and then for thermoresistant growth (42°C). The presence of the
wild-type gyrB allele was confirmed by sequencing.

Plasmids. pPH1243 is a pTrc99a derivative carrying the topB gene
under the control of the IPTG (isopropyl-B-p-thiogalactopyranoside)-
inducible Ptrc promoter (33). pET11-parEC produces a ParEC fusion
protein that is active as a Topo IV (37).

Plasmid extraction for supercoiling analysis. pPH1243 DNA extrac-
tion for supercoiling analysis was performed as described previously (32).
Chloroquine gel electrophoresis and in situ hybridization of the dried gels
were done as previously reported (32).

Western blot analysis. Western blot analysis was performed as de-
scribed previously (32).

Microscopy. Cells were grown overnight on LB plates supplemented,
when required, with cysteine (50 pg/ml) and appropriate antibiotics.
When needed, IPTG (1 mM) was added to the plates. The plates were
incubated at 37°C. After overnight growth, cells were resuspended in pre-
warmed (37°C) liquid LB medium (supplemented as required) to obtain a
starting optical density at 600 nm (ODy,) of about 0.01. Cells were grown
at 37°C to an ODy, of 0.8. The cells were prepared for microscopy as
described before (32). Pictures were randomly taken and randomly se-
lected to calculate the number of cells in each category.

Flow cytometry. Overnight cultures were prepared and diluted, and
cells were grown in either LB or M9 glucose medium supplemented as
appropriate. When the ODy, reached 0.3, the cells were either recovered
(Fig. 1) or treated with rifampin (300 wg/ml) to prevent the initiation of
new rounds of replication and then incubated for an additional 2 h, to
allow the ongoing replication rounds to terminate (run-out experiments
[see Fig. 8]). Cells were washed twice with TE buffer (Tris [10 mM], pH
8.0; EDTA [1 mM]) before being fixed with ice-cold ethanol (77%). After
one wash with TE buffer, the cells were stained with Syto 16 (Molecular
Probes). RNase A (200 pg/ml) was also added during the staining (30
min). Flow cytometry was performed on a Becton, Dickinson FACSCali-
bur. DNA/mass ratios were obtained by dividing the average Syto 16 green
fluorescence by the average forward light scatter (FSC), which is roughly
equivalent to cell mass.

RESULTS

Deleting topA partially corrects the growth defect and the Par™
phenotypes of the gyrB(Ts) mutant at nonpermissive tempera-
tures. We found that deleting fopA (strain REM475) allowed a
gyrB(Ts) mutant (strain RFM445) to grow at 42°C on LB plates
(Fig. 1a). The growth inhibition of a strain carrying the same
gyrB(Ts) allele was previously shown to correlate with the inhibi-
tion of replication initiation at nonpermissive temperatures (38,
39). Moreover, a strong Par~ phenotype for this allele at a non-
permissive temperature has been described (35). Therefore, this
result suggested that the absence of Topo I sufficiently increased
the negative supercoiling level in the gyrB(Ts) mutant to allow
replication initiation and chromosome segregation to take place
in strain RFM475.

We used flow cytometry to measure cell mass and DNA con-
tent in strains RFM445, RFM475, and RFM443 as a wild-type
control. Figure 1b shows that the average cell mass at 37°C was
similar for the three strains, with that of RFM475 being slightly
lower. DNA content had a somewhat wider distribution for
RFM445 compared to RFM443 and that of RMF475 was signifi-
cantly wider, with the average DNA content being higher in this
strain. As a result, strain REM475 clearly had a higher DNA/mass
ratio (Fig. le). This could be due, at least in part, to unregulated
replication in strain RFM475 (see below).

At40 and 42°C, strain RFM445 did not form visible colonies on
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FIG 1 Deleting topA complements the growth and Par™ phenotype of the gyrB(Ts) strain. (a) Cells of strains REM445 [gyrB(Ts)] and REM475 [topA gyrB(Ts)]
were grown at 37°C to an ODy, of 0.7 and streaked on LB plates. The plates were incubated at 42°C for 24 h. (b, ¢, and d) Flow cytometry analysis of RFM443,
RFM445, and REM475 cells grown in LB medium. Cell mass (left panels) and DNA content (right panels) parameters are shown. M1 and M2 correspond to
anucleate cells (the percentages are indicated in each panel) and to cells with DNA, respectively. (e) DNA/mass ratios were obtained from the data shown in panels
b to d (37°C, 40°C, and 42°C, respectively) except for strains REM445 and RFM475 grown at 42°C, where the data of two additional experiments were used to

obtain an average DNA/mass ratio.

plates but grew sufficiently in liquid (five generations) to obtain
cells for flow cytometry analysis. Figure 1c shows a bimodal dis-
tribution of the average cell mass for strain RFM445 at 40°C. This
also coincided with the appearance of a high peak on the left side
of the DNA histogram which corresponds to nonspecific binding
of the dye. This indicates the accumulation of small anucleate cells
(55% of the cells were anucleate), a typical manifestation of the
Par™ phenotype. Moreover, DNA labeling shifted toward the right
side of the histogram for strain REM445, reflecting the presence of
longer cells, another manifestation of the Par™ phenotype. Based
on these criteria, it can be deduced that deleting fopA (strain
RFM475) significantly corrected the Par~ phenotype of the
gyrB(Ts) strain (9.4% anucleate cells [Fig. 1c]). This was later con-
firmed by fluorescence microscopy.

Figure 1d shows that the Par™ phenotype was exacerbated in
both RFM445 and RFM475 at 42°C (79.4 and 32.8% anucleate
cells, respectively) compared to 40°C but that deleting topA (strain
RFM475) still significantly corrected this phenotype. In fact, the
Par~ phenotype was even stronger in strain REM445 cultivated at
40°C than in strain RFM475 grown at 42°C (55.06% versus 32.8%
anucleate cells, respectively). The DNA/mass ratio clearly
dropped for strains RFM445 and RFM475 at 40°C compared to
37°C (Fig. 1le). This probably indicates reduced replication initia-
tion due to the lack of negative supercoiling at oriC (14). We also
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noted that the drop at 42°C was reproducibly more important for
strain RFM445 compared to REM475 (Fig. 1e). We believe that
this indicates a partial correction of the replication initiation de-
fect in strain RFM475 conferred by the absence of fopA. Thus,
deleting topA significantly corrected the Par™ phenotype of the
gyrB(Ts) strain at nonpermissive temperatures plus all other su-
percoiling-dependent processes, e.g., replication initiation, that
are required for growth.

The correction of the growth and the Par™ phenotypes of the
gyrB(Ts) mutant by deleting topA depends upon the presence of
the topB gene. As gyrase supercoiling activity was strongly inhib-
ited at 40°C and above in strains carrying the gyrB(Ts) allele, it was
possible that Topo IV could not efficiently perform DNA decat-
enation. In this situation, Topo III activity could be required if it
can actually play a role in chromosome segregation in vivo. The
correction of the growth defect of the gyrB(Ts) strain by deleting
topA gave us the opportunity to test this possibility. We used P1vir
transduction to introduce a topB-null allele into the topA gyrB(Ts)
strain, RFM475. As a control for transduction efficiency, we also
introduced the fopB-null allele within isogenic wild-type (RM443)
and gyrB(Ts) (RFM445) strains. For these strains, topB-null trans-
ductants were obtained after 18 h of incubation at 37°C, whereas
48 h was required to obtain transductants of strain REM475 at the
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FIG 2 The topB gene is required for the growth of the topA gyrB(Ts) strain at nonpermissive temperatures. (a) Cells of strains RFM475 [topA gyrB(Ts)] and
CT170 (REMA475 topB) were grown at 37°C to an ODg, 0of 0.7 and streaked on LB plates. The plates were incubated for 24 h at 35 or 42°C. (b) Cell growth of strains

RFM475 and CT170 was monitored in liquid LB at 35, 37, 39, and 40°C.

same temperature. The disruption of the topB gene was confirmed
by PCR for 8 transductants of each group (data not shown).

Upon restreaking on LB plates, transductants of strains
RFM443 and RFM445 formed medium-sized colonies after 18 h
of incubation, whereas it took 48 h for RFM475 transductants to
form colonies of a similar size (not shown). The vast majority of
the colonies obtained after 48 h were homogeneous in size. We
obtained similar results for strain DM800, a widely used topA-null
mutant that also contains the naturally acquired gyrB225 compen-
satory mutation (6) (data not shown). Similar results in terms of
the number of transductants and their growth rate were also re-
ported by another group for strain DM750, a topA-null mutant
carrying the naturally acquired gyrA224 compensatory mutation
(40). Thus, E. coli cells lacking both type 1A topoisomerases are
viable but grow slowly.

Next, we tested the ability of topA gyrB(Ts) cells lacking the
topB gene to form colonies on LB plates at 35 and 42°C. Figure 2a
shows that whereas REM475 cells grew better at 42°C than at 35°C,
cells of strain CT170, a topB-null transductant of strain REM475,
formed colonies at 35°C but did not grow at 42°C. The growth
behavior of strain RFM475 was previously reported and was
shown to be due to the reactivation of gyrase activity as the tem-
perature was decreased, so that the gyrB(Ts) allele could no longer
compensate for the absence of Topo I (31). The opposite behavior
of strain CT170 shows that topB is required for the growth of the
topA gyrB(Ts) strain at higher temperatures.

The growth of the two isogenic strains (RFM475 and CT170)
was also monitored in liquid medium at different temperatures,
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and in some cases cell samples were recovered for DAPI (4,6’-
diamidino-2-phenylindole) staining and prepared for fluores-
cence microscopy to examine cell morphology and DNA content.
The growth rates at 35°C were very similar for both strains,
whereas when the temperature was raised to 40°C, the growth rate
increased for strain RFM475 but did not significantly change for
strain CT170 (Fig. 2b). The temperature of 37°C was found to be
the optimal temperature for the growth of the topA topB mutants
(Fig. 2b) (Usongo et al., unpublished). Major differences between
RFM475 and CT170 strains were observed from 39°C. At 40°C,
the growth of strain CT170 stopped during log phase at an OD,
of 0.6 (Fig. 2).

One typical phenotype of topA topB-null mutants that was pre-
viously reported is the formation of very long filaments with un-
segregated nucleoids having abnormal structures (30). Such fila-
mentous cells were also observed for our topA topB-null mutant
(strain CT170; >14 chromosomes/cell) (Fig. 3; also, see Fig. S3
and S4 in the supplemental material). Importantly, the propor-
tion of such cells dramatically increased as the incubation temper-
ature was raised to 39°C, with a maximum being reached at 40°C
(7% versus 24%, respectively, for 37 and 40°C; this roughly cor-
responds, respectively, to 30% and 70% of the total cell mass
[Fig. 3]). This dramatic increase correlated with temperatures at
which the gyrB(Ts) Par™ phenotype started to appear.

As expected because of the Par™ phenotype, the proportion of
anucleate cells also considerably increased at high temperatures
(4% versus 48%, respectively, for 37 and 40°C [Fig. 3]). Although
the isogenic RFM475 strain [topA gyrB(Ts)] did not exhibit signif-
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Classification (%)

Anucleate Low DNA Small Short  Med.size Long
cells content cells filaments filaments filaments
(1-2 2-6 (6-14 (=14
chri/cell) chri/cell) chr/cell) chr/cell)
Temperature 34 chefosl
Strains (°C) Total
RFM475 37 0.1 0 919 7.8 0.2 832
39 242 0.8 36.2 35.8 3.0 772
40 40.2 N/A 13.8 38.0 7.0 1.0 358
CT170 37 4.0 0.3 46.7 30.0 12.0 7.0 651
39 56.2 13 19 8.4 18.6 134 521
40 47.7 N/A 0.3 48 21.0 242 338

FIG 3 The topB gene is required for chromosome segregation in the fopA gyrB(Ts) strain at nonpermissive temperatures. Cells were grown and prepared for
microscopy as described in Materials and Methods. Superimposed pictures of phase contrast and fluorescence (Adobe Photoshop) of DAPI-stained cells from
strains REM475 [topA gyrB(Ts)] and CT170 (REM475 topB) were used to calculate the number of cells in the different categories. The total is the number of cells
that were examined to calculate the percentages of cells in each category. The low-DNA-content category likely reflects guillotined cells, a manifestation of the
Par™ phenotype (23). N/A, cells in this category were not counted. chr, chromosomes.

icant formation of very long filaments at any temperature tested
(less than 1% at 40°C [Fig. 3; also, see Fig. S1 and S2 in the sup-
plemental material), it also produced a large proportion of anucle-
ate cells at higher temperatures (less than 0.1% versus 40%, re-
spectively, for 37 and 40°C [Fig. 3]). As predicted from the results
shown in Fig. 1, anucleate cells accumulated at a higher frequency
in strain RFM445 (0.1% versus 67%, respectively, for 37 and 40°C
[see Fig. S5 in the supplemental material]). However, RFM445
produced considerably fewer very long filaments than CT170 (4%
versus 24%, respectively, for RFM445 and CT170 at 40°C). A
AtopB::kan derivative of REM445 [gyrB(Ts) topB] behaved like
RFM445 except that it produced a higher number of longer cells
(data not shown). Thus, in the fopA deletion strain, the topB gene
is required to alleviate the Par™ phenotype related to defective
gyrase activity. When topB is deleted, the Par~ phenotype is
mostly manifested as very long filaments with unsegregated nucle-
oids. This could be due to the fact that the absence of topA (in-
creased negative supercoiling) confers to the cells the ability to
grow for a while, whereas growth is much more restricted in the
single gyrB(Ts) mutant. We can conclude that Topo IIT at its wild-
type level can perform DNA decatenation to allow chromosome
segregation to take place when gyrase is defective.
Overproducing Topo IV cannot bypass the requirement for
Topo Il activity for the growth of the topA gyrB(Ts) strain. Our
data indicated that Topo IV could not fully support chromosome
segregation in the gyrB(Ts) mutant at nonpermissive tempera-
tures, despite the increase in negative supercoiling conferred by
deleting topA. This could indicate either that there was not enough
Topo IV or that it could not substitute for Topo III. To address
this issue, we introduced the plasmid pET11-parEC (37) into
strains REM475 [topA gyrB(Ts)] and CT170 [topA topB gyrB(Ts)].
This plasmid produces a ParEC fusion protein that is fully active as
aTopo IV protein in vitro and that was shown to complement the

1762 jb.asm.org

thermosensitive growth of parE(Ts) and parC(Ts) strains (37).
We found that this plasmid was able to stimulate the growth of
strain RFM475 (Fig. 4a). This result is in agreement with the pre-
vious finding showing that Topo IV overproduction can compen-
sate for the absence of fopA (41) and also confirmed that an active
Topo IV could be produced from this plasmid. The results of
Western blot experiments showed that Topo IV as a fusion protein
was indeed produced in both REM475 and CT170 strains carrying
pET11-parEC (Fig. 4b).

We found that overproducing Topo IV did not improve the
growth of strain CT170. There was even a slight but reproducible
negative effect (CT170; one log drop in the efficiency of plating for
cells carrying pET11-parEC that also had a slightly higher dou-
bling time than CT170 cells without pET11-parEC [Fig. 4a]). The
reason for this effect is currently unknown. Nevertheless, it clearly
indicates that Topo IV cannot substitute for Topo III in chromo-
some segregation when gyrase supercoiling activity is significantly
impaired. This result is also in line with a previous report showing
that overproducing Topo IV could not complement the growth
defect of DM750 and DM800 topA cells in which the topB gene had
been inactivated (30).

Topo III overproduction at a very high level can correct the
Par™ phenotype of the gyrB(Ts) mutant at a nonpermissive tem-
perature. The fact that the gyrB(Ts) strain RFM445 displays a
strong Par™ phenotype despite the presence of the topB gene may
indicate that there is not enough Topo III to fully decatenate chro-
mosomal DNA to allow segregation. To test this hypothesis, we
introduced the plasmid pC18pBAD33 (a kind gift from R. J.
DiGate, University of the Sciences, Philadelphia, PA) into strain
RFM445 to overproduce Topo Il at a very high level. This plasmid
has the topB gene placed under the control of the strong arabi-
nose-inducible promoter Py, , and a strong Shine-Dalgarno box.
The same amount of REM445/pC18pBAD33 cells from a concen-
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FIG 4 Effect of overproducing a functional ParEC fusion protein on the
growth of RFM475 and CT170 strains. (a) The effect of pET11-parEC on the
growth of REM475 and CT170 cells was monitored by spotting 10 pl of serial
10-fold dilutions of cells grown in LB to an ODy,, of 0.6 (at 30 and 37°C,
respectively, for REM475 and CT170) from 10° to 10~ > (from left to right) on
LB plates that were incubated at 30°C for 48 h (REM475) or 37°C for 24 h
(CT170). Cells grown in liquid were also used to calculate the efficiency of
plating (EOP; number of viable cells [colonies] without plasmid divided by the
number of viable cells carrying pET11-parEC) and the doubling time. The
results shown here are representative of three independent experiments. (b)
CT170 and RFM475 cells with or without pET11-parEC were grown on LB
plates at 37°C for 24 h. Aliquots of cells were recovered for Western blotting
with anti-ParC (top) or anti-ParE (bottom) antibodies as described in Mate-
rials and Methods.

trated glycerol stock were streaked on three LB plates containing
ampicillin and either arabinose (0.05%), glucose (0.2%) or no
sugar. The plates were incubated for 3 days at 42°C. We found that
growth was essentially restricted to the beginning of the streaks, as
very few isolated colonies were obtained (not shown). This was
expected, as negative supercoiling is not restored by overproduc-
ing Topo III. Cells from the beginning of the streaks were recov-
ered for DAPI staining and prepared for fluorescence microscopy
to examine cell morphology and DNA content.

Figure 5a shows that when Topo III was not overproduced
(0.2% glucose), a large number of anucleate cells accumulated.
Most strikingly, lemon-shaped cells with a huge mass of unsegre-
gated DNA at the center were produced. However, very few
anucleate cells and no lemon-shaped cells were produced in the
absence of sugar or with 0.05% arabinose (Fig. 5b and ¢, respec-
tively). Western blotting (Fig. 5¢) showed that a large quantity of
Topo I was produced only when cells were grown on plates with
arabinose or no sugar.

Since the cells were recovered after 3 days of incubation, we
were aware of the possibility that suppressor mutations leading to
the loss of the Par™ phenotype could have accumulated. To test
this possibility, we took cells from the LB plate with no sugar that
had been incubated for 3 days and streaked them on an LB plate
with glucose. After 3 days of incubation, cells from the beginning
of the streaks were recovered for DAPI staining and prepared for
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fluorescence microscopy. The fact that a large number of anucle-
ate cells and lemon-shaped cells accumulated indicated that the
correction of the Par™ phenotype was due to Topo III overpro-
duction and not to the accumulation of suppressor mutations.
Moreover, in an independent experiment, we found that RFM445
strain without plasmid produced similar amount of anucleate cells
and lemon-shaped cells whether it was grown on LB plates with no
sugar or with glucose or arabinose (data not shown).

In another experiment, we used the plasmid pPH1243, in
which the topB gene with its poor Shine-Dalgarno sequence is
under the control of the IPTG-inducible Ptrc promoter. However,
the level of Topo III overproduction achieved with this plasmid
after the addition of IPTG was similar to the level obtained from
pC18pBAD33 in the presence of glucose (Fig. 5f, compare lanes 2
and 3). This would explain our failure to observe an effect of
pPH1243 on chromosome segregation in strain REM445 at 42°C
(data not shown). Thus, overproduction of Topo III at a very high
level can substantially correct the Par™ phenotype of the gyrB(Ts)
strain.

Increasing gyrase activity in a topA rnhA gyrB(Ts) mutant
allows chromosome segregation and growth independent of
Topo III overproduction. We previously described a topA
gyrB(Ts) mutant in which the depletion of RNase HI (rnhA) ac-
tivity triggered the inhibition of the supercoiling activity of gyrase
and lead to chromosome segregation defects and growth inhibi-
tion (32). Similarly, this extensive supercoiling inhibition was ob-
served in a triple topA rnhA gyrB(Ts) mutant (strain SB383) in
which Topo III overproduction from an IPTG-inducible topB
gene on a plasmid (pPH1243), corrected both the growth and
chromosome segregation defects.

To test the hypothesis that Topo III acts by compensating for
the weak gyrase activity in strain SB383 [topA rnhA gyrB(Ts)/
pPH1243], we first performed P1vir transduction to replace the
gyrB(Ts) allele of strain SB383 with a wild-type one. Although the
gyrB(Ts) allele present in strain SB383 compensated for the lack of
topA, we reasoned that the response leading to gyrase inhibition in
the absence of RNase HI would be sufficient to allow a gyrB*
derivative of SB383 to grow. Indeed, gyrB™ transductants of strain
SB383 could be obtained. Moreover, hypernegative supercoiling
was not observed following the addition of a translation inhibitor
(spectinomycin) to a gyrB™ transductant (strain NF98 [topA rnhA
gyrB™/pPH1243]) (Fig. 6a, lane 2).

This treatment was previously shown to strongly stimulate hy-
pernegative supercoiling in topA-null mutants (34), but not when
rnhA was absent (as in strain SB383) (35). As a control, we showed
that hypernegative supercoiling accumulated in strain NF88 (topA
gyrB™ /pPH1243) after the addition of spectinomycin (Fig. 6a, lane
1). Steady-state supercoiling was significantly higher in strain
NF98 than in SB383 (Fig. 6b), which is in agreement with the
presence of the gyrB™ allele in strain NF98. Thus, despite the pres-
ence of the response leading to gyrase inhibition in the absence of
RNase HI, gyrase supercoiling activity was higher in strain NF98
than in strain SB383. In a recent study, deleting the fopA gene in an
rnhA mutant with a wild-type gyrase was shown to generate non-
viable cells (42). Presumably, the excess negative supercoiling to-
gether with the absence of RNase HI caused the accumulation of
stable R loops that inhibited growth and precluded the expression
of the cellular response leading to gyrase inhibition.

Aswould be predicted if increasing gyrase activity could bypass
the need for Topo III overproduction, strain NF98 grown in the
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FIG 5 Overproducing Topo III at a very high level corrects the Par~ phenotype of a gyrB(Ts) strain at 42°C. REM445 strain [gyrB(Ts)] carrying pC18pBAD33
was grown on LB plates with glucose 0.2% (a), no added sugar (b), or arabinose 0.05% (c) at 42°C for 72 h. In all cases, growth was essentially restricted to the
beginning of the streaks, as was expected, since the chromosomal DNA is extensively relaxed. Cells that were able to grow were shown not to be revertants, as they
kept their thermosensitive growth phenotype. Aliquots of cells were recovered for fluorescence microscopy to examine cell morphology and DNA content. The
images are pictures of phase contrast and fluorescence that were superimposed (using Adobe Photoshop). (d) An aliquot of cells from the LB plate with no sugar
was streaked on an LB plate with glucose and incubated for 72 h at 42°C. Growth was restricted to the beginning of the streaks. Cells were recovered for
fluorescence microscopy as described above. Data in panels a to d are representative of three independent experiments. (e and f) Western blots showing the level
of Topo III overproduction from cells carrying either pC18pBAD33 (e) or pPH1243 (f). The bottom image in panel e is an overexposure of the gel to reveal the

Topo IIT band in the 0.2% glucose sample.

absence of IPTG produced many fewer anucleate cells than strain
SB383 grown under the same conditions (29 and 2% anucleate
cells, respectively, for strains SB383 and NF98 [Fig. 7; also, see Fig.
S6a and S7a in the supplemental material]). Cells with alow DNA
content and long filaments with unsegregated nucleoids were also
produced in small amounts in strain NF98. Noticeably, the sup-
pression was so efficient in this strain that the addition of IPTG to
overproduce Topo III did not further reduce the number of cells
with chromosome segregation defects (Fig. 7; also, see Fig. S7b).
As expected, strain NF98, but not SB383, was able to grow over-
night on LB plates in the absence of IPTG (see Fig. S8a in the
supplemental material), and both strains produced similar
amounts of Topo III protein with and without IPTG (see Fig.
S8b). Thus, the need to overproduce Topo III for growth and
chromosome segregation could be bypassed by increasing gyrase
supercoiling activity in a topA rnhA gyrB(Ts) strain. This result
further supports the interplay between gyrase and Topo III in
chromosome segregation.

The absence of topA and rnhA causes unregulated replica-
tion. Replication initiation that takes place at oriC is tightly regu-
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lated so that it occurs once and only once per cell cycle (43). This
process is synchronized with the initiation mass. Unregulated rep-
lication initiation could be especially harmful when gyrase activity
is suboptimal for chromosome segregation. Interestingly, flow cy-
tometry studies have revealed asynchronous replication in the
topA-null mutant DM800 (44). We used flow cytometry in rifam-
pin run-out experiments with cells grown in LB medium to inves-
tigate the regulation of replication initiation in a set of isogenic
strains that included RFM443 (wild-type), REM445 [gyrB(Ts)],
and RFM475 [topA gyrB(Ts)]. As shown in Fig. 8a, both RFM443
and RFM445 cells contained 2" chromosomes, thus showing that
replication initiation was well regulated in these strains. However,
the removal of the ropA gene from the gyrB(Ts) strain almost
completely eliminated the 2" chromosomal pattern (strain
RFM475 [Fig. 8a]). Thus, the absence of Topo I leads to the ap-
pearance of unregulated replication in strain REM475.

In the absence of RNase HI, replication can initiate from R
loops at sites other than oriC (45). Several of these sites (0riKs) are
located close to the terminal (Ter) region. Replication in rnhA
mutants was named cSDR (constitutive stable DNA replication)
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FIG 6 Effects on DNA supercoiling of substituting the gyrB(Ts) allele of strain
SB383 [topA rnhA gyrB(Ts)] for a gyrB™ one. (a) NF88 (RFM475 gyrB™) and
NF98 (SB383 gyrB™) cells were grown in LB with IPTG (1 mM) at 37°C to an
ODy, 0f 0.6, at which time spectinomycin (250 pg/ml) was added, and 15 min
later the cells were transferred to 28°C for 30 min. pPH1243 DNA was ex-
tracted, and the topoisomers were resolved following electrophoresis in an
agarose gel containing 7.5 pg/ml of chloroquine. At this chloroquine concen-
tration, the relaxed topoisomers migrate more rapidly than the negatively su-
percoiled ones, except the hypernegatively supercoiled topoisomers, which
also migrate rapidly. (b) SB383 and NF98 cells were grown in LB at 37°C to an
ODgq 0f 0.6, at which time pPH1243 DNA was extracted and the topoisomers
were resolved as described above. The gels were hybridized with a probe to
detect pPH1243 topoisomers. [--] and [rel] indicate hypernegatively super-
coiled and extensively relaxed DNA, respectively.

because it could continue for several hours following the addition
of protein synthesis inhibitors. cSDR is not synchronized with the
cell cycle but is sensitive to rifampin. Our rifampin run-out exper-
iments of cells grown in LB medium indicated that replication in
rnhA cells was highly unregulated, with the loss of discrete chro-
mosomal peaks being observed (strain PH379 [Fig. 8b]). Thus,
extensive unregulated replication is expected to occur in cells lack-
ing both rnhA and topA as is the case for strain SB383 [topA rnhA

Type 1A Topoisomerases in Chromosome Segregation

gyrB(Ts)/pPH1243]. This might be particularly harmful for chro-
mosomal segregation in this strain in which gyrase activity is in-
hibited.

If unregulated replication is problematic for the growth (and
chromosome segregation) of strain SB383, culture conditions that
reduce such replication should alleviate the problem. We found
that strain SB383 could grow in minimal medium without the
need to overproduce Topo III (data not shown). Under these con-
ditions, unregulated replication was clearly reduced in both fopA-
and rnhA-null mutants. Indeed, flow cytometry in rifampin run-
out experiments revealed a near perfect 2" chromosomal pattern
with only one small additional peak, reflecting some asynchrony,
for the topA-null mutant (strain REM475 [Fig. 8a]). A nearly per-
fect 2" chromosomal pattern was also obtained in run-out exper-
iments for rnhA-null cells grown in minimal medium (Fig. 8b).
Thus, our results support the hypothesis that unregulated replica-
tion due to the absence of topA and rnhA can contribute to growth
and chromosomal segregation problems of cells with a defective
gyrase. Therefore, the topA gene would indirectly affect chromo-
somal segregation by regulating replication.

DISCUSSION
Interplay between Topo III and gyrase in chromosome segrega-
tion. In this paper, we present experimental evidence for an inter-
play between gyrase and Topo III in chromosomal segregation in
vivo. This interplay could not be revealed until topA was found to
correct the growth defect of the gyrB(Ts) mutant at nonpermissive
temperatures. Growth inhibition due to defective gyrase has sev-
eral causes, including inhibition of replication initiation, chromo-
some segregation failure (Par™ ), inhibition of rRNA synthesis,
and others (46), that all have at least in part a common denomi-
nator, namely, the lack of negative supercoiling. Thus, deleting
topA would bring negative supercoiling to a level that would allow
these key cellular activities to be sufficiently completed for growth
to occur. However, the topB gene would be required due to the
Par™ phenotype at nonpermissive temperatures.

topA topB-null mutants were previously shown to suffer from
severe RecA-dependent chromosomal segregation defects (30).
Therefore, it could be argued that the major chromosomal segre-

Classification (%)

Anucleate Low
cells DNA
content

Segregated Short Unsegregated
nucleoids filaments nucleoids,long
filaments

. B2 =] ISP =

Strains (1mM) Total

SB383 + 16.5 7.8 18.7 52.7 54 1494
- 29.4 213 14 254 22.6 1307

NF98 + 4.0 54 181 67.5 5.0 846
- 23 6.7 19.6 67.2 42 741

FIG 7 Substituting the gyrB(Ts) allele of strain SB383 [topA rnhA gyrB(Ts)] for a gyrB™ one substantially corrects the chromosomal segregation defect. Cells were
grown and prepared for microscopy as described in Materials and Methods. Phase contrast and fluorescence images of DAPI-stained cells from strain SB383
[topA rnhA gyrB(Ts)/pPH1243] and its gyrB™ derivative (NF98) were superimposed (by using Adobe Photoshop) and were used to calculate the number of cells
in the different categories. The total is the number of cells that were examined to calculate the percentages of cells in each category. The low-DNA-content
category likely reflects guillotined cells, a manifestation of the Par™ phenotype (23). Cells in the short-filaments category have nucleoids that are not fully
segregated. These cells were most likely viable, since they increased in proportion in strains that grew better (e.g., SB383 with IPTG).
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FIG 8 Effects of the growth medium on unregulated replication in topA and rnhA mutants. Rifampin run-out experiments for flow cytometry analyses were
performed as described in Materials and Methods. (a) REM443 (wild-type), REM445 [gyrB(Ts)], and RFM475 [gyrB(Ts) topA] cells grown in LB or M9 glucose
medium; (b) REM430 (wild-type) and PH379 (rnhA) cells grown in LB or M9 glucose medium.

gation phenotype of the topA topB gyrB(Ts) strain described here
was the result of two independent effects: a RecA-dependent effect
that was due to the absence of both type 1A topoisomerases plus a
Par™ -related effect due to defective gyrase activity. However, for
several reasons, we do not believe this to be the case. First, we
recently found that compensatory mechanisms (including a recA
deletion) that significantly correct the chromosomal segregation
defects of our topA topB gyrB(Ts) strain at lower temperatures had
no effects at higher temperatures (Usongo et al., unpublished).
Second, here we present strong evidence for an interplay between
gyrase and Topo III in two other instances: overproduction of
Topo III at a very high level substantially corrects the Par™ phe-
notype of the gyrB(Ts) strain, and replacement of the gyrB(Ts)
allele by a gyrB* one bypasses the need for Topo III overproduc-
tion for growth and chromosome segregation in our topA rnhA
gyrB(Ts) strain. Thus, we believe our results are consistent with an
interplay between gyrase and Topo III in chromosomal segrega-
tion.

While our manuscript was in preparation, a paper was pub-
lished that demonstrated an interplay between Topo III and Topo
IV in chromosome segregation in E. coli (47). However, no clues
were provided as to when one specific topoisomerase would be
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required to allow chromosome segregation to occur. Further-
more, based on the fact that deleting topB had only a minor effect
on chromosomal segregation in a strain carrying the same
gyrB(Ts) allele as the one used in the present study, the authors
concluded that there were no significant interactions between
Topo III and gyrase in segregation. However, as shown in our
paper and as stated above, a significant interplay between fopB and
this gyrB(Ts) allele could be seen only when topA was also deleted.
Therefore, while the paper by Perez-Cheeks et al. (47) clearly re-
veals an interplay between Topo Il and Topo IV in chromosomal
segregation, our paper shows an interplay between Topo III and
gyrase in this process.

The interplay between Topo III and Topo IV in chromosomal
segregation can thus be explained, at least in part, in the context of
chromosomal supercoiling that is regulated by the opposing en-
zymatic activities of gyrase and Topo I. When gyrase activity is
defective, the supercoiling level is low and Topo IV would not be
efficient in decatenation. In this context, the activity of Topo III
would be required. This would explain why Topo IV overproduc-
tion cannot substitute for Topo III in chromosomal segregation at
nonpermissive temperatures, in our topA gyrB(Ts) strain. On the
other hand, an increase in negative supercoiling conferred by de-
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leting topA in the gyrB(Ts) strain likely improves the ability of
Topo IV to perform decatenation, but the supercoiling level is still
too low, thus explaining why Topo III is also required.

Replication-induced positive supercoiling becomes particu-
larly problematic when convergent replication forks are about to
meet at the Ter region of the E. coli chromosome. Not only does a
very high level of positive supercoiling accumulate, but also, the
space on the DNA template may become too small to accommo-
date binding by gyrase. It has been shown in vitro that Topo III
together with RecQ and single-stranded DNA-binding protein
(SSB) can act at converging replication forks to topologically un-
link them (48). In this reaction, RecQ helicase provides the single-
stranded DNA substrate to which Topo III can bind. SSB, by in-
teracting with both proteins, mediates the functional cooperation
between RecQ and Topo III. However, we found that deleting
recQ in our topA gyrB(Ts) strain does not affect the ability of the
topA deletion to complement the gyrB(T's) mutant at high temper-
atures, thus indicating that RecQ is not required for Topo III to
perform its essential function in this situation (Usongo et al., un-
published).

The location where Topo III actually acts in vivo is still un-
known. As ssDNA regions are expected to form only transiently in
vivo (this would even be more problematic when gyrase is defec-
tive) and as the abundance of Topo III is normally very low, it has
been difficult to pinpoint the exact site of action of Topo III in
vivo. The ability of Topo III to physically interact with SSB protein,
as recently shown, may explain how Topo III can have access to its
site of action in vivo (48). Indeed, SSB may efficiently bring Topo
III to its site of action that may be situated at the replication forks
where SSB also binds. Topo III would therefore be properly lo-
cated to act on precatenanes, as suggested elsewhere (47).

Interplay between Topo I and gyrase in chromosomal segre-
gation. The severe chromosomal segregation and growth pheno-
types seen here when both type 1A topoisomerases were absent
may indicate that Topo I can substitute for Topo III in chromo-
somal segregation. The much lower efficiency of Topo I in this
process compared to Topo III could be compensated for by its
much higher abundance than Topo III. Although this is possible,
an alternative and non-mutually exclusive explanation that may
reflect a real function of Topo I would be that it indirectly affects
chromosome segregation through supercoiling by limiting firing
from oriC. By doing so, Topo I would control the number of
replication forks traveling on the chromosome. This would facil-
itate linkage removal, especially when gyrase is defective, as is of-
ten the case in fopA mutants.

In fact, in an in vitro oriC-based replication system, Topo III
was shown to support replication fork progression and to perform
the final decatenation step, whereas inhibition of replication ini-
tiation from oriC was the only effect seen for Topo I (20, 21).
Moreover, a topA deletion has been shown to suppress the growth
defect of a dnaA46(Ts) mutant at the nonpermissive temperature
(49) and to cause replication from oriC to be unregulated (44), as
also shown here in our topA-null strain. Furthermore, the replica-
tion initiation defect of the gyrB(Ts) strain at nonpermissive tem-
peratures was shown here to be corrected by deleting topA. This
supports the hypothesis that the lack of Topo I activity promotes
replication from oriC by causing negative supercoiling to increase
in this region, thus facilitating DNA melting. Thus, in the topA
gyrB(Ts) strain, unregulated replication from oriC would make
the defective gyrase unable to efficiently support chromosome
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segregation. The wild-type level of Topo IIT activity would then be
indispensable, but sufficient, for chromosome segregation. Alter-
natively, we also have to consider the possibility that Topo I,
through supercoiling regulation, may affect chromosome segre-
gation indirectly by modulating gene expression.

In the topA rnhA gyrB(Ts) strain SB383, the absence of RNase
HI further enhanced the level of unregulated replication already
caused by the absence of fopA, by allowing replication from stable
Rloops (¢SDR). Moreover, since one major function of Topo I is
to inhibit R-loop formation (5, 8), the absence of topA is also
expected to stimulate cSDR. Together with the fact that gyrase
supercoiling activity is significantly inhibited in the absence of
RNase HI (32), this high level of unregulated replication could
explain why Topo III needed to be overproduced in strain SB383
to allow growth and chromosomal segregation. In this context,
our results suggest that the previously reported effect of rnhA on
chromosomal segregation (32) is indirect and likely related to
cSDR. Thus, Topo I and RNase HI may facilitate chromosomal
segregation by limiting replication.

Interestingly, when the topA rnhA gyrB(Ts) strain was grown in
a minimal medium instead of a rich one, chromosomal segrega-
tion was significantly improved, and this coincided with a clear
reduction in the amount of unregulated replication conferred by
deleting topA or rnhA. This correlation strongly supports the link
between unregulated replication and chromosomal segregation
defects. Furthermore, the results of transposon mutagenesis to
isolate suppressors of the growth defect of strain SB383 indicate
that, indeed, unregulated replication conferred by the absence of
topA and rnhA significantly contributes to the chromosomal seg-
regation defect seen in this strain (Usongo et al., unpublished).
Thus, Topo I, via supercoiling regulation can likely affect chromo-
somal segregation in two ways: by affecting the efficiency of decat-
enation by Topo IV and by regulating replication initiation.
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