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We used DNA microarrays of the Escherichia coli genome to trace
the progression of chromosomal replication forks in synchronized
cells. We found that both DNA gyrase and topoisomerase IV (topo
IV) promote replication fork progression. When both enzymes
were inhibited, the replication fork stopped rapidly. The elonga-
tion rate with topo IV alone was 1/3 of normal. Genetic data
confirmed and extended these results. Inactivation of gyrase alone
caused a slow stop of replication. Topo IV activity was sufficient to
prevent accumulation of (+) supercoils in plasmid DNA in vivo,
suggesting that topo IV can promote replication by removing (+)
supercoils in front of the chromosomal fork.

topo IV | coumarins | positive supercoiling

opoisomerases are needed in all three phases of bacterial

DNA replication: initiation at the origin of replication,
elongation with progressive outward movement of the forks until
they meet halfway around the chromosome, and ftermination,
including the final disentanglement of the catenated daughter
chromosomes. Bacterial cells have two indispensable topoisom-
erases: gyrase and topoisomerase IV (topo IV) (1). (—) super-
coiling by gyrase is involved in all three phases of replication: (—)
supercoiling facilitates unwinding in initiation, reduces links in
front of the fork during elongation, termed the swivel function
(2), and compacts DNA in termination.

It was widely believed that gyrase was the only topoisomerase
needed during elongation (3, 4). This was inferred from the
observation that replication stops in the absence of gyrase (5),
whereas inhibition of topo IV has only a small effect on DNA
synthesis (6). However, the interpretation of past results is
complicated by the multiple roles of gyrase in replication and the
failure until quite recently to recognize that drugs used to inhibit
gyrase also inhibit topo IV (6, 7).

Here we demonstrate that topo IV can indeed act as a
replication swivel. Our demonstration depended on a use of a
whole genome Escherichia coli microarray and on the observa-
tion that topo IV is a secondary target for coumarin antibiotics
such as novobiocin. The evidence for the role of topo IV in DNA
elongation is supported by our findings that topo IV and gyrase
have overlapping roles in replication fork movement and that
topo IV is sufficient to remove (+) supercoils in vivo.

Materials and Methods

Bacterial Strains and Plasmids. The bacterial strains used in this
study are listed in supplemental Table 1 (see www.pnas.org).
Plasmids pBR322 and pGP509 have been described in refs. 8 and
9, respectively.

Enzymes, Reactions, and Chemicals. Norfloxacin, novobiocin,
coumermycin Al, hydroxyurea, and pancreatic DNasel were
obtained from Sigma. DNA supercoils were removed by nicking
substrates with pancreatic DNase I in the presence of 300 pg/ml

ethidium bromide. Assays of plasmid topology and DNA repli-
cation were done as previously described (6).

Use of Genomic Microarrays to Study DNA Replication. Four thousand
one hundred fifteen of all 4,290 annotated E. coli ORFs (10) were
successfully PCR amplified by using primer pairs (Sigma—-Genosys)
kindly provided by Fred Blattner (University of Wisconsin, Mad-
ison, WI). These PCR products were printed onto polylysine-coated
glass microscope slides as described in the MGuide at
http:/ /cmgm.stanford. edu/pbrown/mguide/index.html. W3110
AacrAdnaC?2 cells were grown in LB + 0.2% glucose at 30°C and
shifted to 42°C for 70 min. Half of the culture was then shifted to
30°C by addition of 18°C media, and the other half remained at the
restrictive temperature for 20 min more before it was harvested as
anonreplicating reference. We harvested a sample of the culture 30
min after shifting it to 30°C and then added novobiocin to the
cultures. The time of novobiocin addition was designated time 0.
Samples taken at each successive time point were added to NaN3,
and frozen in liquid nitrogen. Genomic DNA was prepared by using
a Qiagen (Chatsworth, CA) column and digested with Sau3Al
(Roche Molecular Biochemicals). Genomic DNA labeling and
microarray hybridization are described at http://cmgm.stan-
ford.edu/pbrown/protocols/index.html. The 16-bit TIFF images
were acquired by using the AxonScanner (GENEPIX 1.0, Axon
Instruments, Foster City, CA). After fluorescence, ratios were
extracted for each element on the array by using SCANALYZE 2.1, all
ratios were normalized on a logarithm scale such that the average
ratio of 100 ORFs near terB (b#1608-1712) was equal to 1. A
moving average of the fluorescence ratios for 10 adjacent ORFs was
calculated, and the results were mapped onto the E. coli chromo-
some by using the CIRCLEMAKER program (J.D., unlicensed soft-
ware). Different moving averages did not affect the positioning of
the replication forks. Curiously, the ratios in the replicated region
averaged 1.5 to 1.6 rather than 2; this may be the result of
incomplete initiation in the strain. Therefore, in Fig. 3, ORFs with
a moving average ratio <1.2 were colored in gray; those with a
moving average of >1.2 were colored in red.

Gel Electrophoresis and Quantification. To detect catenated plasmid
DNA species, nicked plasmid DNA was resolved by high-
resolution agarose gel electrophoresis (11). Topoisomers of
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Fig. 1.

Effects on DNA replication of novobiocin addition and mutational inactivation of gyrase. Novobiocin (Nov) was added to acrAgyrA43t cells (A) or acrA

gyrB's™ novobiocin-resistant cells (B) at time 0. Cells were pulsed for 1 min with [3H]thymidine at each time point and acid precipitable counts determined. (A
and B) Novobiocin concentrations were (O) 0 ug/ml; () 1 ng/ml; (@) 2 ng/ml; (V) 5 g/ ml; and (M) 40 g/ ml. The rate of DNA synthesis shown is the percentage
of the rate in an isogenic wild-type strain grown in parallel but without drug. (C) A acrA* gyrB' strain was treated with the indicated concentrations of novobiocin
for 15 min at 30°C, and plasmid DNA from the strain was nicked and analyzed by agarose gel electrophoresis. Positions of catenanes, supercoiled monomers (sc

m), open circular monomer (oc m), and open circular dimer (oc d) are indicated.

closed circular DNA of pBR322 were resolved in one dimension
on a 1% agarose Tris-acetate—EDTA (TAE) gel containing 0, 1,
or 10 pg/ml of chloroquine. Two-dimensional gel electrophore-
sis was performed by resolving plasmid DNA in a 1% agarose
TAE gel in the first dimension and in a 1% agarose gel in TAE
+ 10 pg/ml chloroquine in the second dimension. Southern
blots of gels were quantified by PhosphorImager (Molecular
Dynamics).

Results
Topo IV Is a Secondary Target of Novobiocin and Can Support
Elongation of DNA Replication in Vivo. If the elongation phase of
bacterial DNA synthesis specifically requires gyrase to unlink the
parental DNA, then inactivation of gyrase should cause a rapid
arrest of DNA replication. We inactivated both subunits of the
enzyme by treating the gyr4" mutant with novobiocin at 42°C.
Novobiocin is a specific inhibitor of the gyrB subunit of gyrase
(12). To increase sensitivity to novobiocin, we used acr4 deriv-
atives, which have impaired drug efflux (13). This double
inhibition caused only a slow arrest of DNA replication (Fig. 14).
This is not a result of slow inactivation of gyrase, because
inactivation of gyrase in the gyr4" mutant by temperature alone
caused the supercoiling density of a reporter plasmid to drop
within seconds, reaching the fullest extent of relaxation in 1-2
min (see supplemental Fig. 6 at www.pnas.org).

These results suggested that a second topoisomerase also acts
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as a swivel. The second swivel activity was sensitive to high
concentrations of novobiocin. Novobiocin concentrations of 40
g/ ml rapidly shut down DNA replication at either the permis-
sive or restrictive temperature for the gyr4* mutant (Fig. 14). In
the control with a gyrB'S" mutant that is resistant to novobiocin
as well as temperature sensitive, DNA replication showed only
about a 10% decrease in 40 pg/ml drug at the permissive
temperature for gyrase (Fig. 1B). However, at the restrictive
temperature, DNA synthesis was inhibited slowly below 10
g/ ml novobiocin but rapidly at the higher drug concentration
where the secondary target is affected (Fig. 1B).

We proved in several ways that this secondary target is topo
IV. The signature activity of topo IV is its essential role in
decatenating the products of replication (14). We showed that
catenated plasmids accumulate in novobiocin-resistant gyrase
strains exposed to high novobiocin concentrations that rapidly
halt DNA synthesis (Fig. 1C). The concentrations of novobiocin
used are higher than in Fig. 14, because the results shown are
for an acrA™ strain.

The most direct evidence for the involvement of topo IV in
elongation is provided by the use of conditional mutations in the
genes encoding topo IV, parC, and parE. We combined novo-
biocin inhibition of gyrase with mutational inactivation of topo
IV. In an acrA strain, a low concentration of novobiocin, 5
pg/ml, inhibited gyrase and caused a slow replication stop in
both parE™ and parE" strains at 30°C. On shift to 42°C, DNA
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Fig.2. Inthe absence of gyrase, inhibition of topo IV causes rapid replication
arrest. (A) E. colistrains acrA parE* ((J) and acrA pare® (O) were grown at 30°C.
At time 0, novobiocin (Nov) was added to 5 png/ml, and the cultures were
simultaneously shifted to 42°C. The rates of DNA synthesis were measured at
the indicated times. (B) S. typhimurium strains gyrA208 (gyrA®, W) and
gyrA208parE® (@) were grown at 30°C. At time 0, they were shifted to 44°C.
The rates of DNA synthesis were measured at the indicated times after
temperature shift.

synthesis dropped precipitously (replication was halved in only
3.5 min) in a parE®™ strain but much more slowly in the parE™*
control (Fig. 24). After many unsuccessful attempts to construct
strains of E. coli that would be temperature sensitive for both
gyrase and topo IV, we succeeded in constructing the double
mutant in Salmonella typhimurium. We compared the ability of
this Salmonella strain to support replication at permissive and
restrictive temperatures with single mutations in either enzyme.
Inhibition of topo IV alone in this strain had only a slight effect
on DNA synthesis, as expected (6, 15). Replication stopped
slowly in the gyrA" single mutant at the restrictive temperature
(replication was halved in 16 min). In the gyrA" parC* double
mutant, replication stopped much faster at the restrictive tem-
perature; the rate halved in only 4 min (Fig. 2B). Therefore, in
E. coli and S. typhimurium it is necessary to inhibit both topo I'V
and gyrase to stop replication rapidly.

Use of Genomic Microarrays to Measure the Rate of Replication Fork

Movement. Direct proof of the roles of topoisomerases in DNA
synthesis required measurement of replication fork progression
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in vivo. To do so, we developed an original method that took
advantage of genomic microarray technology (16). The method
is illustrated in Fig. 34. In a synchronous population of cells,
those genes that have replicated are twice as abundant as
unreplicated genes. We positioned the replication forks by
measuring the abundance of each gene in E. coli from the
amount of DNA that hybridizes to the array. We constructed
microarrays containing 96% of the E. coli ORFs amplified by
PCR and printed onto glass slides. We synchronized replication
in a dnaC2 mutant by shifting the temperature to 42°C for 90 min
to allow the completion of a round of replication and by
returning the culture to 30°C for initiation of DNA synthesis
(17). We added novobiocin to the indicated concentrations to
inhibit gyrase and topo I'V at time “0,” 30 min after the shift to
30°C. At this time, the forks had moved about halfway around the
chromosome. We took samples at times thereafter and isolated
genomic DNA from the cells. We labeled this partially replicated
DNA by randomly primed synthesis with Cy5 (red). Completely
replicated reference DNA (from 42°C cultures) was similarly
labeled with Cy3 (green), and the two differentially labeled
DNAs were mixed and hybridized to the microarray. The relative
copy number of each gene in the replicating chromosome could
then be determined from the ratio of Cy5 to Cy3 fluorescence
at the array elements corresponding to the genes. The reference
DNA set a gene dosage of 1 for each ORF. Genes from the
replicating culture present at the level of the reference (unrep-
licated genes) are colored gray on the conventional circular
genetic map of E. coli; those that are more abundant (replicated
genes) are in red on the map (Fig. 3 B-D). To dampen out
fluctuations, a moving average was applied over 10 ORFs. The
results are shown as concentric circles representing the abun-
dance of nearly every E. coli gene at times after the zero
reference (Fig. 3 B-D). There is an almost uniform red color
starting from the origin of replication, uninterrupted by gray,
and a near absence of red-colored genes in the unreplicated area.
As a result, replication fork boundaries are sharply defined.

Fig. 3B shows the extent of replication for the control in the
absence of novobiocin at 1, 7, and 20 min after time 0. Repli-
cation is bidirectional, with both forks progressing linearly at the
same rate. Fig. 3B Inset shows that the supercoiling of a reporter
plasmid in this strain remained maximal, as expected, because
gyrase is fully functional.

In a parallel experiment, we added a high concentration of
novobiocin (500 ug/ml), which we determined was sufficient to
inhibit both gyrase and topo IV completely in this strain (even
though this strain is acr4~, high concentrations were needed to
completely inhibit the topoisomerase activity). This level of drug
rapidly stopped [*H]thymidine incorporation (data not shown)
and caused relaxation of an internal reference plasmid DNA
within 1 min (Fig. 3D Inset). At this novobiocin concentration,
the fork boundary continued to map to the same ORF over the
entire time course of the experiment (Fig. 3D). We then tested
the effect of intermediate levels of novobiocin: 2, 5, 10, and 50
pg/ml. The results for a time series after addition of 10 ug/ml
novobiocin are shown in Fig. 3C. At this concentration of drug,
gyrase is completely inhibited (Fig. 3C Inset), and thus the
replication fork movement is supported by topo IV alone.

The derived positions of the replication forks as a function of
time for all drug concentrations are plotted in Fig. 4. Because the
two forks moved at the same rates (within error) under all
conditions, the results shown in Fig. 4 are average values.
Without drug, the rate of fork progression was constant, with
time at 45 kb-min~!, which extrapolates to 51 min to replicate the
entire chromosome. In this strain, 2 ug/ml of novobiocin slowly
inhibits gyrase, and the rate of fork movement is reduced only
slightly. Five micrograms per milliliter or 10 pg/ml of novobio-
cin effectively inhibit gyrase, as determined by plasmid DNA
relaxation (Fig. 3C Inset) and drop the rate of fork progression
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Fig.3. RolesoftopoIVandgyraseinreplication fork progression. (4) Schematicillustrating the use of genome microarrays to trace replication fork progression.
Replication was synchronized in a temperature-sensitive dnaC2 initiation mutant. Fluorescently labeled genomic DNAs from a synchronized replicating culture
(red) and a fully replicated reference DNA (green) were hybridized together to a glass slide containing DNA from 4,115 individual ORFs of E. coli. A representative
sector of an array is shown. The fluorescence ratio in each spot indicates whether the gene was replicated. Each spot was mapped to its position on the E. coli
chromosome. Replicated genes are shown in red. (B-D) Plasmid pBR322 and genomic DNAs were isolated from the cells at the indicated time points. The first
time point ("0”) from the replicating DNA was taken 30 min after the shift to 30°C and immediately before the addition of novobiocin to the indicated
concentrations. The positions of the clockwise replication forks at times after inhibition of gyrase or of gyrase and topo IV are shown as concentric circles
superimposed on the E. coli physical map. oriCmarks the origin of replication. The percent of pBR322 DNA that was supercoiled at each time point was determined
by agarose gel electrophoresis and is shown in the Insets.

to roughly 14 kb/min. We conclude that this is the rate of
replication supported by topo I'V alone. At later times, there is
a progressive further decrease in the rate of replication, which we
believe is the result of secondary effects caused by the relaxation
of the chromosome.
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Accumulation of Positively Supercoiled DNA Requires Inhibition of
Both Gyrase and Topo IV. Topo IV could support replication fork
movement directly by removing (+) supercoils in front of the
replication fork, as gyrase does. It is also possible that topo IV
acts indirectly by removing (+) precatenanes behind the repli-
cation fork, as these should be in equilibrium with the (+)
supercoils ahead of the fork (18, 19). Although activity on either
(+) supercoils in front of the fork or (+) precatenanes behind

the replication fork could constitute a swivel function, for : —p200ug/miNovo |

simplicity we focused on the ability of topo IV to remove (+) 0 10 20 30 40 80
supercoils in vivo.

Positive supercoils can be generated in vivo through the twin
domain effect associated with transcription (20). RNA polymer-
ase causes transitory (+) supercoils ahead of the transcription
complex and (—) supercoiling behind (21). It has been thought
that coumarins and quinolones generate net (+) supercoiling by
inhibiting gyrase and thereby removing the activity that converts
(+) supercoils to (—) supercoils (20, 22). However, these drugs
inhibit topo IV as well. In all four of our E. coli conditional
gyrase mutants, the mean o of plasmids changed rapidly on
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Fig.4. Ratesofchromosomalreplication supported by gyrase and topo IV.
acrA dnaC2 cells were synchronized, and the position of the replication
forks was determined by using hybridization to a genomic microarray as
shown in Fig. 3. The plots show the average distance of the two forks
relative to their respective positions at the time of novobiocin addition
(time 0). Thirty minutes after the shift to 30°C to restart replication,
novobiocin was added to 0 (O), 2 ((J), 5 (A), 10 (i), 50 (@), or 500 (M) g/ ml.
The times plotted are after addition of drug. The initial slopes (between 0
and 20 min) of the curves are: 0 drug, 45 kb/min; 2 ng/ml novobiocin, 35

temperature upshift from —0.065 to —0.01. In no case, though,
was (+) supercoiled plasmid DNA produced, even after 60 min
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kb/min; 5 and 10 uwg/ml, 13.5 kb/min; 50 ug/ml, 5.1 kb/min; and 500
ng/ml, 0 kb/min.
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Fig.5. Topo IV efficiently relaxes positively supercoiled DNA in vivo. (A) pBR322 DNA was isolated from an E. coli AacrAparE10 strain after addition of 5 ug/ml
novobiocin (Nov). Novobiocin was added at time 0, and cultures were either kept at 30°C (lanes 1-4) or shifted to 42°C (lanes 5-8). DNA was resolved on a 1%
TAE gel with 10 ng/ml chloroquine. The positions of (—) supercoiled, [(—) sc], and (+) supercoiled, [(+) sc] topoisomers are shown. (B) pBR322 DNA was isolated
from parC* (Left) and parC" norfloxacin-resistant (Right) E. coli strains that had been treated with 100 ng/ml norfloxacin. The DNA was analyzed by
two-dimensional agarose gel electrophoresis. The first dimension (1D) was a 1% TAE agarose gel without chloroquine, and the second dimension (2D) contained
10 ng/ml chloroquine. Reference plasmid DNA relaxed in vitro by calf thymus topoisomerase | is shown (Lower). The positions of (+) and (—) topoisomers are

shown.

at the restrictive temperature. Therefore, inhibition of gyrase
alone is not sufficient to allow (+) supercoiling of DNA.

We directly implicated topo I'V in (+) supercoil removal. We
shifted acrAparE® cells to the nonpermissive temperature for
topo I'V and treated them with a low concentration of novobiocin
that selectively inhibits gyrase, conditions that cause a fast stop
in DNA synthesis (Fig. 14). Up to 30% of resident plasmid
pBR322 was highly (+) supercoiled after 5 min at the restrictive
temperature (Fig. 54, lane 8). However, treating the cells with
the same amount of novobiocin at the permissive temperature
for topo IV, which results in inhibition of gyrase alone, only
relaxed the DNA (Fig. 54, lane 4). The gyrase and topo IV
double mutants of S. typhimurium accumulated positively su-
percoiled plasmid DNA at the nonpermissive temperature (data
not shown).

We independently demonstrated that topo IV efficiently
relaxed (+) supercoiled DNA by using norfloxacin, a quinolone
antibiotic, to inhibit gyrase. The availability of parC mutants
resistant to quinolones (6) permitted a stringent control for the
experiments. We used two-dimensional gel analysis to examine
the entire topological distribution of plasmid DNA. When a
gyrA parC™* strain was treated with enough norfloxacin to
inhibit both gyrase and topo IV, a substantial fraction of the
plasmid DNA became (+) supercoiled (Fig. 5B Left, compare
with relaxed DNA marker at right). The (+) supercoiled DNA
was absent when the gyr4 *parC* control was treated with drug
(Fig. 5B Center). Similar experiments with a gyrA"parC™ strain
showed no significant changes in plasmid supercoiling (data not
shown).

We conclude topo IV removes (+) supercoils efficiently in
vivo, and that this activity may contribute to its role in the
advancement of the replication fork.

Discussion

Topoisomerases play multiple roles in replication. Negative
supercoiling by gyrase is needed for all three phases of replica-
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tion: it aids unwinding at the origin, reduces the linking number
of DNA to facilitate replication fork progression during elon-
gation, and compacts DNA to promote decatenation and dis-
entanglement by topo IV to complete replication (1, 4, 23). We
have shown here that topo I'V also has multiple roles. In addition
to its established role in decatenation, topo IV promotes fork
progression, at least in part, by relaxing the (+) supercoils
generated by replication.

Previously, gyrase had been thought to be the sole swivel for
replication. This conclusion was based in part on the rapid
inhibition of DNA synthesis by quinolones and coumarins,
originally identified as inhibitors of gyrase alone. The present
work with coumarins and previous results with quinolones (6)
show that topo I'V is a secondary target of both families of drugs.
A second reason that gyrase was thought to be solely responsible
for elongation is that mutational inactivation of gyrase but not
topo IV arrests DNA synthesis (5, 15). However, nearly all
gyrase mutations cause only a slow stop in DNA synthesis under
nonpermissive conditions (24-27). In our experiments with five
different gyrase mutations, the rate of DNA synthesis was halved
in about 20 min, or one-half of the generation time (Figs. 1 and
2 and data not shown). If gyrase were solely responsible for fork
progression, the effect on DNA synthesis should be much faster.
Indeed, when both gyrase and topo IV were inactivated, repli-
cation was halved within minutes (Figs. 1 and 2). These exper-
iments imply that both topo IV and gyrase act as replication
swivels. Exceptional gyrase mutants have been found (5, 28) that
can cause a fast stop in DNA synthesis. We suggest that these
mutations, like quinolone antibiotics, can convert gyrase into an
SOS-inducing poison of replication (29, 30).

Topo IV supported fork movement at about 1/3 of the rate
when both gyrase and topo I'V were active (Fig. 4). We believe
that the gradual cessation of fork progression apparent in the
microarray analysis (Fig. 4) is a secondary consequence of the

PNAS | August 15,2000 | vol.97 | no.17 | 9423

BIOCHEMISTRY



lack of supercoiling, perhaps because of impaired transcription
or an inability to repair stalled forks.

We conclude that topo IV can act as a swivel for replication
by relaxing (+) supercoils ahead of the fork. First, we showed
this activity of topo I'V is great enough to completely prevent the
appearance of (+) supercoiled DNA in vivo, although it does not
remove the (—) supercoils in the plasmid (Fig. 5). Second, the
instant stop of DNA replication when norfloxacin targets gyrase
is characteristic of a protein being converted to a physical barrier
in front of the replication fork. In gyrase-deficient strains that
are partially rescued by a topo I disruption, topo IV targeting by
norfloxacin causes an instant replication stop (31), suggestive of
topo IV action in front of the fork. Third, we discovered (N.
Crisona, T. Strick, D. Bensimon, V. Croquette, and N.R.C.,
unpublished results) that the rate of unlinking of (+) supercoiled
DNA by topo IV in vitro is 20 times higher than unlinking of (—)
supercoiled DNA. This differential activity is essential for a
prokaryotic swivel, as relaxation of (—) supercoils increases
linking number and would negate any role in fork progression if
equal to (+) supercoil relaxation. It is possible that in vivo topo
IV also removes (+) precatenanes behind the replication fork
(19, 32), but this has not yet been demonstrated.

In this work, we present another application of DNA microar-
ray technology. Previously, microarrays were used to study
steady-state levels of RNA or DNA (33, 34). We demonstrated
that the technique is sensitive enough to study a dynamic process
like DNA replication at high resolution. We traced the progres-
sion of the replication fork along the bacterial chromosome by
using the relative abundance of replicated DNA over unrepli-
cated DNA. Although this was at most 2-fold, we were able to
position the fork boundary accurately. The high resolution was
evidenced in two ways. Only 0.1-0.5% of the ORFs in the region
of the chromosome that we defined as unreplicated had a “red”
to “green” ratio higher than 1 (Fig. 3). Second, at high novo-
biocin concentration, the fork boundary mapped to the same
OREF in all samples in the time course (Fig. 3D).
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The abrupt termination of replication at high novobiocin
concentrations is interesting. In the absence of topoisomerases,
replication with purified enzymes of oriC- and ColEI-driven
plasmids proceeds until substantial (+) supercoiling (o =
+0.048) is induced (35). In mutants of Saccharomyces cerevisiae,
DNA replication goes on for several thousand base pairs in the
absence of topoisomerase activity and then halts, unable to
overcome the (+) torsional stress generated by replication (36).
In both cases, about 10% of the parental DNA was replicated in
the absence of topoisomerase. If the novobiocin-induced repli-
cation arrest likewise occurs when the supercoil density in the
topological domain containing the replication fork reaches
+0.048, then the rapidity of the arrest puts an upper bound on
the size of this domain. Bacterial chromosome replication should
cease without topoisomerase activity after 5 or 150 seconds,
depending, respectively, on whether replication occurs in a
100-kb isolated supercoiled domain (37) or in a single chromo-
some-wide domain. We observed complete replication arrest in
the first time points at less than 1 min after drug addition. This
suggests that torsional stress from replication is distributed not
throughout the chromosome but in a smaller topologically closed
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