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Summary

Antibacterial quinolones inhibit type 11 DNA topoisomerases by stabilizing covalent topoisomerase-
DNA cleavage complexes, which are apparently transformed into double-stranded breaks by cellular
processes such as replication. We used plasmid pBR322 and two-dimensional agarose gel
electrophoresis to examine the collision of replication forks with quinolone-induced gyrase-DNA
cleavage complexes in Escherichia coli. Restriction endonuclease-digested DNA exhibited a bubble
arc with discrete spots, indicating that replication forks had been stalled. The most prominent spot
depended upon the strong gyrase binding site of pBR322, providing direct evidence that quinolone-
induced cleavage complexes block bacterial replication forks in vivo. We differentiated between
stalled forks that do or do not contain bound cleavage complex by extracting DNA under different
conditions. Resealing conditions allow gyrase to efficiently reseal the transient breaks within
cleavage complexes, while cleavage conditions cause the latent breaks to be revealed. These
experiments showed that some stalled forks did not contain a cleavage complex, implying that gyrase
had dissociated in vivo and yet the fork had not restarted at the time of DNA isolation. Additionally,
some branched plasmid DNA isolated under resealing conditions nonetheless contained broken DNA
ends. We discuss a model for the creation of double-stranded breaks by an indirect mechanism after
quinolone treatment.

Introduction

Topoisomerases are ubiquitous enzymes that regulate DNA topology. In a topoisomerase
reaction cycle, an active site tyrosine residue attacks the phosphodiester backbone, creating a
transient break in the DNA through formation of a covalent phosphotyrosine bond. For type
Il topoisomerases, the break consists of two staggered cuts covalently attached at their 5’ ends
to the tyrosine residues of each subunit of the dimeric topoisomerase. This reaction intermediate
is called the cleavage complex. Once the cleavage complex is formed, the enzyme passes
another segment of double-stranded DNA through the transient break to change the DNA
topology, and then reseals the DNA (reviewed in Wang, 2002).

In eukaryotes, the type Il topoisomerase is called topoisomerase 11 (topo Il; oo and B in some
eukaryotes), while prokaryotes contain DNA gyrase (gyrase) and topoisomerase IV (topo 1V).
These type Il topoisomerases can be inhibited by important chemotherapeutic drugs that
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Fig. S1. Lysis under in vitro cleavage conditions after norfloxacin treatment causes accumulation of discrete spots on the bubble arc.
Fig. S2. 2D gel electrophoresis pattern of DNA from parCR cells.

Fig. S3. 2D gel electrophoresis pattern of DNA from gyrAR cells.
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stabilize the cleavage complex. Bacterial gyrase and topo 1V are inhibited by the class of
synthetic antibacterial drugs called quinolones (including the fluoroguinolones such as
norfloxacin) (for reviews see Drlica and Zhao, 1997; Levine et al., 1998). Although quinolones
can inhibit both enzymes in Escherichia coli, gyrase is the major target with respect to
cytotoxicity, because a single mutation in gyrA can confer drug resistance (Khodursky et al.,
1995; Chen et al., 1996). The mammalian and bacteriophage T4 type Il topoisomerases are
inhibited by anti-tumour drugs such as aminoacridines, anthracyclines, ellipticines and
epipodophyllotoxins (for reviews see Chen and Liu, 1994; Wang et al., 1997).

When drug-stabilized cleavage complexes are treated with SDS, the topoisomerase denatures,
thereby revealing the latent DNA break. Subsequent digestion with proteinase K is generally
used to remove the attached protein (see Cozzarelli, 1980; and Gellert, 1981). On the other
hand, if the drug is diluted out or the cleavage complex is subjected to certain ‘resealing
conditions’ before the addition of proteinase K, then the enzyme can reseal the staggered cuts
in the cleavage complex. Resealing conditions generally consist of high temperatures (i.e. 65°
C) and/or EDTA treatment (Sugino et al., 1977; Sander and Hsieh, 1983; Kreuzer and Alberts,
1984; Osheroff and Zechiedrich, 1987; Howard et al., 1994). Resealing of DNA strands after
cleavage complex formation has also been seen on chromosomal DNA in mammalian cells in
vivo (Hsiang and Liu, 1989).

A variety of results provide strong evidence that formation of the cleavage complex is central
to the mechanism of cell killing by quinolones (reviewed in Drlica and Zhao, 1997). However,
formation of the cleavage complex is not sufficient to cause cell death. Cytotoxicity likely
results from the conversion of cleavage complexes into overt DNA breaks, but the mechanism
of break formation is not known (Drlica and Zhao, 1997). Treatment of E. coli with quinolones
induces the SOS response in a RecBC-dependent manner (McPartland et al., 1980). Because
RecBC enzyme generally requires DNA ends as entry sites, this result argues that cleavage
complexes can be converted into double-stranded breaks. Additionally, recombination-
deficient mutants of E. coli exhibit quinolone hypersensitivity (McDaniel et al., 1978),
indicating the importance of recombinational proteins in repairing quinolone-mediated
damage. Furthermore, bactericidal concentrations of a quinolone cause free rotation of
chromosomal DNA in the presence of ethidium bromide, which is characteristic of broken
DNA (Chen et al., 1996). Important questions that have yet to be addressed are how these
double-stranded breaks are formed and whether they are protein-free or protein-linked.

Although there is no direct evidence applying to type Il topoisomerases, one model for the
introduction of double-stranded breaks upon drug treatment is the replication run-off model
(reviewed in Drlica, 1999). In this model, the replication fork disrupts the cleavage complex
upon collision, detaching the DNA strand that is not covalently bound to the topoisomerase.
The site of this break would therefore correspond precisely to the transient break created by
the topoisomerase (Drlica, 1999 and references therein). Recently, this model was supported
for eukaryotic type | topoisomerase inhibitors in vivo (Strumberg et al., 2000). With respect
to type 1l topoisomerases, E. coli helicase Il can disrupt a T4 topoisomerase cleavage complex
in vitro, demonstrating that the model is reasonable (Howard et al., 1994). However, the E.
coli replicative helicase DnaB does not cause DNA breaks when it encounters quinolone-
induced topoisomerase cleavage complexes in vitro (Shea and Hiasa, 1999; also see Hiasa and
Marians, 1996).

It is possible that the induced double-stranded breaks are not derived from the latent DNA
breaks within the cleavage complex. Previous studies have shown that topoisomerase-DNA
cleavage complexes can block replication in vitro without causing DNA breaks. For example,
purified T7 DNA polymerase is stalled by a norfloxacin-induced gyrase-DNA cleavage
complex without detectable DNA breakage (Wentzell and Maxwell, 2000). Likewise, both the
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replicative helicase DnaB and the complete E. coli replication complex are stalled by
norfloxacin-induced topoisomerase-DNA cleavage complexes without generating a break
(Hiasa et al., 1996; Shea and Hiasa, 1999). Furthermore, evidence suggests that double-
stranded breaks are induced by an indirect pathway upon antitumour drug treatment of
bacteriophage T4-infected E. coli (Hong and Kreuzer, 2003). In this system, the drug-stabilized
cleavage complexes block replication forks in vivo; some of the cleavage complexes reverse
in vivo and yet the forks remain stalled, indicating a need for replication restart (Hong and
Kreuzer, 2000). These stalled forks can be cleaved in vitro by T4 endonuclease VII, a
recombination endonuclease, and increased levels of stalled replication forks accumulate as a
result of inactivating endonuclease VI1 in vivo (Hong and Kreuzer, 2003). These results suggest
a ‘collateral damage’ model, in which the DNA breaks induced by topoisomerase inhibitors
are created by recombination nucleases that act on stalled replication forks.

In this study, we examine replication fork dynamics of the plasmid pBR322 in norfloxacin-
treated E. coli. A plasmid system was used because it allows us to visualize a relatively large
amount of DNA, because the replicative intermediates of pBR322 have been well studied by
two-dimensional agarose gel electrophoresis (Martin-Parras et al., 1991; 1998; Schvartzman
etal., 1993; Lucas et al., 2001), and because the interaction of pPBR322 DNA with gyrase and
quinolones has been well studied (Fisher et al., 1981; 1986; Lockshon and Morris, 1985). We
show that norfloxacin-induced gyrase cleavage complexes stall replication forks in vivo. Some
of these stalled forks do not contain a cleavage complex at the time of isolation, indicating that
the cleavage complex reversed in vivo and yet the fork did not immediately restart.
Additionally, we found that norfloxacin treatment produces sigma-shaped DNA molecules that
are present even after in vitro resealing of gyrase-induced cleavage complexes. These broken
molecules may be generated by a collateral damage mechanism similar to the one described
above.

Norfloxacin treatment induces formation of cleavage complexes in vivo

We began by confirming the formation of norfloxacin-induced cleavage complexes on pBR322
DNA invivo. Cells were lysed in the presence of SDS, proteinase K was added to degrade any
covalently bound topoisomerase and reveal the latent double-stranded breaks within cleavage
complexes, and the DNA was purified by phenol extraction and dialysis (see Experimental
procedures). These DNA isolation conditions will be referred to as “cleavage conditions’. DNA
from a drug-free control, cleaved with EcoRlI, generated the expected linear band at 4.4 kb
(Fig. 1A, lane 1). DNA from norfloxacin-treated cells included many sublinear fragments
consistent with cleavage complex formation at expected gyrase binding sites (Fig. 1A, lane 2;
see Lockshon and Morris, 1985). The major binding site for DNA gyrase on pBR322 is centred
at 990 bp (Fisher et al., 1981), which corresponds to the prominent cleavage bands at 3.4 kb
and 1.0 kb (upon digestion with EcoRlI, arrows in Fig. 1B, lane 10). To confirm that these two
cleavage bands corresponded to the gyrase binding site centred at 990 bp, we mutated this site
to one that causes greatly reduced gyrase binding (pBR322MUT990 plasmid, see Experimental
procedures;Fisher et al., 1986). As expected, the plasmid mutation resulted in loss of the bands
at 3.4 kb and 1.0 kb, while the remaining pattern was unchanged (Fig. 1B, lane 11).

As described in the Introduction, EDTA plus heat treatment (65°C) in the absence of a strong
denaturant causes topoisomerases to religate and release their bound DNA. We confirmed that
DNA purified from cells that were lysed under such ‘resealing conditions’ leads to the
disappearance of nearly all the cleavage complex bands (Fig. 1A, lane 3). Using quantitative
phosphorimager analysis, we estimate that 90% of cleavage complexes formed with
norfloxacin treatment are resealed under these conditions. Isolating DNA under resealing
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conditions thereby allows us to differentiate between forms of DNA with and without a gyrase
cleavage complex at the time of isolation.

To confirm that the effects of norfloxacin on cleavage complex formation are because of gyrase
and not topo IV, we moved quinolone-resistant alleles of gyrA (S83L gyrase mutant) and
parC (E83K topo IV mutant) (Khodursky et al., 1995) into the genetic background used in our
experiments. We first examined cleavage complex formation after norfloxacin treatment and
found that the parCR cells showed exactly the same pattern as wild-type cells (Fig. 1A, lanes
4-6). DNA from the gyrAR cells treated with norfloxacin showed only very small amounts of
cleavage complexes when isolated under cleavage conditions, and these were eliminated under
resealing conditions (Fig. 1A, lanes 7-9). Although the norfloxacin concentration used in this
study, 1 pg mlI~2, was 20-fold higher than the minimal inhibitory concentration for cells with
wild-type gyrase (0.05 ug mI™1), it was similar to the minimal inhibitory concentration for cells
with amutated S83L gyrase (0.78 ug mI™1) (Yoshida etal., 1990). Therefore, it is not surprising
that a small amount of cleavage complex formation was detected with the gyrAR cells.

Norfloxacin treatment causes stalled replication forks in vivo

We assayed for stalled replication forks by using neutral/neutral two-dimensional (2D) agarose
gel electrophoresis, which separates replicating from non-replicating DNA. The first
dimension was run under conditions that maximize size discrimination and minimize the
contribution of shape. Each sample lane was then excised and cast across the top of a second-
dimension gel that was run with conditions that maximize shape contributions (see Friedman
and Brewer, 1995 for review). Figure 2 presents the expected 2D pattern after AlwNI or
EcoRlI digestion of pBR322 (also see Martin-Parras et al., 1991), which replicates
unidirectionally. After restriction endonuclease digestion, the replicative intermediates form a
characteristic 2D pattern of bubble (B) molecules until replication reaches the restriction
endonuclease site, at which point the replicating molecules are shaped like double-Y (DY)
molecules. This transition point is called the bubble-to-double-Y transition, and includes
passage through a simple-Y () intermediate. AlwNI digestion results in replicating molecules
mostly in the form of bubbles, as AIwNI cleaves just behind the start site for unidirectional
replication (Figs 2A and 3A).

When the cells were treated with norfloxacin, a discrete spot appeared on the bubble arc,
corresponding to stalled replication forks (Fig. 3B, upper panel; multiple spots were observed
on long exposures; also see Fig. S1; Fig. 3C and D). For DNA isolated under cleavage
conditions (i.e. Fig. 3B), this spot represents unbroken stalled replication forks where in vivo
reversal of the cleavage complexes must have occurred (see Discussion). The strong spot on
the bubble arc in Fig. 3B (upper panel) migrated at approximately the position expected for
replication forks blocked at the major gyrase binding site centred at 990 bp. We confirmed this
interpretation by repeating this analysis with the pBR322MUT990 plasmid (Fig. 3B, lower
panel; also see Fig. S1). The prominent spot disappeared, and we therefore conclude that gyrase
cleavage complexes at the major gyrase cleavage site block replication forks upon norfloxacin
treatment. Analysis of 2D gels with other single-cutting restriction enzymes verified this
conclusion (see below for EcoRI digestion of pBR322, which shows the main spot at 1.35x,
and data not shown for restriction enzyme digestion of pBR322MUT990, where the main spot
at 1.35x is always absent). All of the DNA samples from norfloxacin treatments in this article
were from cells exposed to norfloxacin for 6 min; very similar results were obtained with 3-,
10- and 20 min norfloxacin treatments.

We next isolated DNA under resealing conditions after treatment of the cells with norfloxacin,
and found a very substantial increase in both the number and intensity of discrete spots
(compare Fig. 3C with Fig. 3B). As both DNA samples came from the same norfloxacin-treated
cells, we infer that the cells contained a substantial amount of replication forks blocked at
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‘active’ cleavage complexes (i.e. ones that break upon SDS addition; Fig. 4A, arrows 1 and
2). Once again, the strongest spot on the bubble arc, in the position expected for the major
gyrase binding site, disappeared with the pBR322MUT990 plasmid (Fig. 3C and D, lower
panels).

Several results argue that the discrete spots on the bubble arc are branched DNA molecules
that accumulated from blockage of the replication fork by a gyrase cleavage complex. First
and most importantly, DNA that appears along a bubble arc can only be produced by DNA
replication. Second, the same samples that contained discrete spots on the bubble arc also
contained norfloxacin-induced cleavage complexes (see Fig. 1A, lane 2). Third, the position
of the most prominent spot on the bubble arc was consistent with DNA replication from the
origin to the strongest gyrase binding site in pBR322 DNA, and mutation of the strong gyrase
binding site eliminated both the intense cleavage complex bands (Fig. 1B, lane 11) and the
discrete spot on the bubble arc (Fig. 3B-D, lower panels). We conclude that norfloxacin-
induced gyrase cleavage complexes block replication forks in vivo.

As described above, resealing conditions substantially increased the amount of branched
bubble forms of DNA, and we attribute this increase to replication forks blocked by “active’
cleavage complexes. If this interpretation is correct, we should be able to detect unique
branched forms of DNA corresponding to these molecules under cleavage conditions, where
the gyrase-mediated DNA breaks are revealed by SDS treatment during cell lysis (see Fig. 4A,
top). The expected DNA molecules would be shortened simple-Y (SSY)-form DNA after
AlwNI digestion, and such molecules would be difficult to detect because they are very similar
to linear DNA (Fig. 4A, arrow 2). However, digestion with EcoRI readily revealed the expected
Y-form DNA (see Fig. 2B for EcoRI 2D gel predictions, and Fig. 4A, arrow 2, for this specific
DNA form). An additional arc always appeared when DNA from norfloxacin-treated cells was
isolated under cleavage conditions but not resealing conditions (Fig. 5). This arc started at the
bubble-to-double-Y transition and extended to the right with a downward slope towards (but
above) the monomer spot (see Fig. 5B and diagram). This arc contained multiple discrete spots
and was completely absent under resealing conditions (Fig. 5C). A similar arc was also seen
with Pstl, Sall and Styl restriction digests, at the expected locations for those enzymes (data
not shown). We assign this arc as SSY molecules, in which replicating DNA is cleaved by both
a gyrase cleavage complex (at the stalled fork) and the restriction enzyme (in the unreplicated
region) (see Fig. 4A, arrow 2). To control for the possibility that resealing conditions affect
replicating DNA structures in some way other than resealing gyrase cleavage complexes, we
isolated DNA from untreated cells under resealing conditions. The pattern was identical to that
with DNA isolated under cleavage conditions (Fig. 3E, upper panel for AlwNI, and data not
shown for other digests).

Examination of undigested DNA from norfloxacin-treated cells

To further analyse the DNA molecules produced after norfloxacin treatment, we examined
undigested DNA on 2D agarose gels; the lower panels of Fig. 6 show the established migration
patterns of various forms of undigested DNA (see Martin-Parras et al., 1998; and Lucas et
al., 2001). As expected, we found that most plasmid DNA was in the form of non-replicating
covalently closed circles (CCC and TopCCC), with significant amounts of linear monomers
(LM), and open circles (OC). In addition, some replicating plasmid DNA was detected as CCC
replication intermediates (Fig. 6A). Norfloxacin treatment led to dramatic changes in the 2D
gel electrophoresis pattern (Fig. 6B). First, there was a large increase in linear DNA, consistent
with in vitro SDS-induced cleavage of non-replicating CCC DNA bound by a single gyrase
cleavage complex (also see Fig. 1). Second, a prominent simple-Y arc appeared, consistent
with in vitro cleavage of replicating CCC DNA bound by a single gyrase cleavage complex at
a blocked fork (note that the SDS-induced cleavage must have occurred very close to the fork
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position or the resulting molecules would not be Y-form; see below; also see Fig. 4A, arrow
2). Many discrete spots are located on the simple-Y arc, corresponding to replicating DNA
blocked at different gyrase cleavage sites. As expected, the most prominent spot is at a location
(roughly 1.35x) consistent with a replication block at the strongest gyrase binding site (centred
at 990). Note that these simple-Y molecules are the same molecules that give rise to the SSY
arc discussed above. If these simple-Y molecules are subsequently cut by a restriction
endonuclease in their replicated portion, the resulting SSY molecules have the same size stem
but shorter branches compared with the undigested simple-Y. If the restriction endonuclease
cleaves in the unreplicated part of the simple-Y, the resulting SSY molecules will have a shorter
stem but identical branches compared with the undigested simple-Y (see Fig. 4A, arrow 2,
AlwNI and EcoRlI digests).

A third change induced by norfloxacin in the undigested DNA samples was the generation of
sigma molecules (Fig. 6B; S arc). Sigma molecules form an eyebrow-shaped arc that begins
atthe OC onthe 2D gel electrophoresis pattern (Belanger et al., 1996;Lucas et al., 2001). Sigma
molecules can be created when replicating CCC DNA becomes nicked on one strand near the
replication fork (Fig. 4B). We will argue below that these sigma molecules are created by fork
breakage in vivo.

Two additional changes to the undigested 2D pattern upon norfloxacin treatment are the
appearance of bubbles (B) and two-tailed circles (TTC). The TTC region occupies a funnel
shape above the eyebrow-shaped S arc, while the bubble arc is in the same location as the
bubble arc after restriction endonuclease treatment (Lucas et al., 2001; and see Fig. 6). Bubbles
and TTC are presumably generated when CCC replicating DNA contains a gyrase cleavage
complex some distance ahead or behind the replication fork respectively. During DNA
isolation with cleavage lysis conditions, disruption of the gyrase cleavage complex away from
the replication fork reveals the latent double-stranded break, thereby generating the Band TTC
forms (Fig. 4A, arrows 4 and 6 respectively).

Many of the branched DNA forms that appeared in norfloxacin-treated samples after isolation
under cleavage conditions did not appear when the DNA was isolated under resealing
conditions (Fig. 6C). In fact, the 2D pattern of DNA isolated under resealing conditions after
norfloxacin treatment was quite similar to that of DNA from drug-free samples isolated under
cleavage conditions (compare Fig. 6A and C; note that DNA from drug-free samples isolated
under resealing conditions generated the same pattern as that in Fig. 6A with cleavage
conditions; data not shown). However, there was one important exception: DNA isolated under
resealing conditions from norfloxacin-treated cells contained the sigma arc that was also
present under cleavage conditions. Therefore, the breaks that cause sigma molecule formation
are not latent DNA breaks of gyrase cleavage complexes revealed by SDS treatment. These
results are therefore consistent with the possibility that the sigma molecules are created by
norfloxacin-dependent fork breakage in vivo.

Eyebrow-shaped sigma arcs can be generated by rolling-circle replication (Belanger et al.,
1996). To directly compare the sigma arc with bonafide rolling circle intermediates in our
system, we examined the 2D gel pattern from recB™ cells, which are known to replicate plasmid
DNA by both theta and rolling-circle mechanisms (Cohen and Clark, 1986). In the 2D pattern
of undigested DNA from recB™ cells, the eyebrow-shaped arc was evident, but extended farther
in an S-shaped curve (Fig. 7A). Thus, the norfloxacin-induced eyebrow arc in recB* cells (Fig.
6B and C) has the same shape as the rolling circle arc in recB™ cells, but does not extend beyond
the dimer size. Upon examination of restriction endonuclease-digested DNA from recB™ cells,
we found a simple-Y arc with all restriction endonucleases tested (Fig. 7B and data not shown),
as predicted for rolling-circle replication.

Mol Microbiol. Author manuscript; available in PMC 2005 September 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pohlhaus and Kreuzer Page 7

Several points about the eyebrow-shaped arcs are worth emphasizing. First, the beginning of
the sigma arc in the DNA isolated from recB™ cells comigrated with the eyebrow arc in the
norfloxacin-treated samples, confirming the assignment of sigma molecules after norfloxacin
treatment. Second, as expected for rolling circle replication, the sigma arc continued beyond
the 2.0% length in the DNA isolated from recB™ cells. This is precisely where the sigma arc
ends in the norfloxacin-treated samples, consistent with broken forks rather than rolling circle
replication. Third, norfloxacin-treated recB™ cells yield essentially the same 2D gel pattern as
norfloxacin-treated wild-type cells (data not shown). Finally, upon cleavage with EcoRl, a
large majority of the eyebrow-shaped molecules from the recB~ DNA were transformed into
simple-Y molecules, with no evidence of the SSY molecules that were prominent after
norfloxacin treatment of recB* cells.

Novel DNA forms depend on DNA gyrase, not topo IV

The experiments presented above with the pPBR322MUT990 plasmid strongly suggested that
the norfloxacin effects we have uncovered are dependent on DNA gyrase. To further investigate
the involvement of DNA gyrase versus topo IV we analysed DNA from cells carrying drug-
resistance alleles of gyrA and parC. The 2D gel electrophoresis patterns of both undigested
and EcoRI-digested DNA from the parCR cells with and without norfloxacin were essentially
the same as those for wild-type cells (Fig. S2). Furthermore, the 2D patterns of DNA isolated
from norfloxacin-treated gyrAR cells largely resembled the pattern seen from untreated cells,
confirming the role of DNA gyrase in replication fork blockage (Fig. S3). The undigested DNA
samples from norfloxacin-treated gyrAR cells showed a faint signal corresponding to simple-
Y molecules in the cleavage conditions and sigma molecules in both cleavage and reversal
conditions (Fig. S3, lower panels). In addition, restriction endonuclease digestion of these
samples resulted in faint simple-Y arcs in cleavage and resealing conditions and faint spots on
the bubble arc in resealing conditions (Fig. S3, upper panels). These very weak signals
presumably reflect a low frequency of replication fork blockage from the reduced amount of
cleavage complex formation in the gyrAR cells (see above; Fig. 1A, lane 8).

Discussion

Norfloxacin treatment causes stalled replication forks in vivo

In this study, we examined replication fork dynamics after norfloxacin treatment by analysing
the accumulation of branched DNA using 2D gel electrophoresis. We detected a variety of
discrete branched DNA forms along replicative arcs, including strong spots in Y- and bubble-
arcs corresponding to the major gyrase binding site at position 990. The intensity of the bubble
arc was consistently higher when the DNA was isolated under resealing conditions compared
with cleavage conditions (Figs 3 and 5 and data not shown). This result implies that some of
the branched molecules contained active gyrase cleavage complexes, such that the DNA was
broken when cells were lysed under cleavage conditions (see Fig. 4A, arrow 2). The locations
of these cleavage complexes were revealed when we analysed the DNA without restriction
enzyme digestion (Fig. 6). In this case, norfloxacin clearly induced the production of TTC,
bubbles and simple-Y molecules. As diagrammed in Fig. 4, TTC result when the cleavage
complex is located behind the fork, bubbles when the cleavage complex is ahead of the fork,
and simple-Y form DNA when the cleavage complex is very close to the branch point. Gyrase
isthought to act ahead of the fork to help solve the topological problem during DNA replication
(discussed in Postow et al., 1999;2001;Zechiedrich et al., 2000), consistent with our finding
of cleavage complexes ahead of the fork (bubbles and simple-Y molecules). We also found
cleavage complexes behind the fork (TTC), and in some non-replicating molecules (linear
spot). The generation of simple-Y form DNA is particularly interesting, because it implies that
these molecules contained a cleavage complex extremely close to the site of the blocked
replication fork. In these cases, disruption of the cleavage complex during lysis under cleavage
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conditions left a duplex DNA break that was so close to the branch point that it presumably
allowed all three branches of the fork to dissociate from each other (Fig. 4, reaction 2). We
infer that these branched molecules represent replication forks that have been blocked by
physical encounter with the gyrase cleavage complex, and that the blocking cleavage complex
was still present at the time of cell lysis.

Some norfloxacin-induced stalled replication forks reverse in vivo

The presence of discrete spots along the bubble arc when DNA was isolated under cleavage
conditions (Figs 3B and 5B; Fig. S1) was informative. If the cleavage complex that blocked
the fork was still present at the time of isolation, the latent double-stranded break would be
revealed upon cell lysis under cleavage conditions. These DNA molecules would not migrate
along the bubble arc. Therefore, the gyrase cleavage complex that stalled the replication fork
apparently reversed in vivo before isolation (see Fig. 8). A similar conclusion was reached in
an analysis of antitumour drug-stabilized topoisomerase cleavage complexes in the phage T4
system (Hong and Kreuzer, 2000).

Upon reversal of the cleavage complex in vivo, one might expect the replication fork to quickly
resume (Fig. 8; replication restart). However, detection of spots on the bubble arc under
cleavage conditions implies that restart is delayed. Replication restart could be delayed if
stalling of the replication fork caused dissociation of an essential replication factor. The
replicative helicase DnaB is a likely candidate, as loading of DnaB by PriA is required for
multiple pathways of replication restart in E. coli (Jaktaji and Lloyd, 2003). The simplest
model, direct fork restart, is based on elegant work with phage Mu, where the replicative
transposition substrate closely resembles an arrested E. coli replication fork. In this system,
DnaB is loaded directly on the substrate in a PriA-dependent reaction without further
processing of the DNA (Jones and Nakai, 2000). Other models for fork restart involve
regression of the stalled fork into a four-way junction, or formation of a o-loop from a broken
intermediate (Marians, 2000;Michel, 2000;Gregg et al., 2002;Jaktaji and Lloyd, 2003).

Norfloxacin appears to trigger fork breakage in vivo

Examination of undigested DNA on 2D gels revealed sigma-shaped molecules after
norfloxacin treatment (Fig. 6). These molecules can be created when one of the two parental
strands is nicked at or very near a replication fork (see Fig. 4B). We detected sigma molecules
when DNA was isolated under cleavage or resealing conditions, strongly suggesting that the
breaks were generated in vivo. This is an important difference from the bubble (B) and two-
tailed circle (TTC) arcs, which were seen only in DNA isolated under cleavage conditions.

The nature of the sigma molecules was clarified by further examination of restriction enzyme-
digested DNA samples (AlwNI digestion in Fig. 3 and EcoRI digestion in Fig. 5). We detected
two norfloxacin-dependent arcs when DNA was isolated under cleavage or resealing
conditions, corresponding to Y-shaped DNA molecules. Some Y-shaped molecules migrated
along an arc that was similar to the simple-Y arc, while a second arc contained asymmetric Y
molecules that approached the ‘line of linears’ at approximately 1.9x monomer size for
AlwNI-digested DNA and 1.6x monomer size for EcoRI-digested DNA (AY arc in Figs 3 and
5). Because the AY arcs return to the line of linears before reaching linear dimer size, they
must be composed of Y molecules with arms of unequal (asymmetric) length. Considering the
EcoRI digests, these molecules can be explained by in vivo breakage at the fixed branch near
the replication origin and EcoRlI digestion in vitro (i.e. EcoRI digestion of molecules in Fig.
4B, left side). In vivo breakage of the active fork that had been stalled by a cleavage complex
would generate Y-shaped molecules that progress from monomer size up to the size of the
bubble-to-double-Y transition (EcoRI digestion of molecules in Fig. 4B, right side). For
AlwNI digests, breakage of the active fork yields the AY arc.
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Both the asymmetric-Y (AY) arc and part of the simple-Y arc (for restriction endonuclease-
digested DNA), as well as the sigma arc (for undigested DNA), have been described before as
a result of breakage of the fixed branch or replicating fork of pPBR322 (Martin-Parras et al.,
1992; 1998). These authors found broken forks in plasmid DNA from untreated cells (i.e. DNA
that was not expected to encounter frequent replication blocks) and concluded that breakage
occurred during DNA isolation in vitro. However, we did not detect either the simple-Y or the
asymmetric-Y arc (for restriction endonuclease-digested DNA) or the sigmaarc (for undigested
DNA) in untreated samples. Because the intensity of the bubble arc in our restriction
endonuclease-digested samples is similar between untreated and norfloxacin-treated cells
isolated under cleavage conditions (Fig. 3A and B), and yet the various arcs corresponding to
broken forks appear only in norfloxacin-treated samples, we conclude that the simple-Y,
asymmetric-Y and sigma arcs are not produced artifactually during isolation.

How are sigma molecules created?

Is the DNA break that creates sigma molecules from covalently closed circular replication
intermediates created directly by DNA gyrase? One relatively trivial model along these lines
is that gyrase sometimes leaves a nick at the fork upon resealing in vitro. That is, perhaps our
in vitro resealing conditions allow incomplete resealing of gyrase-bound DNA breaks so that
only one of the two gyrase monomers reseals its bound DNA break. Several results argue
strongly against this model. First, sigma molecules are also produced under cleavage
conditions, which would complicate the model and necessitate further assumptions. Second,
we know of no convincing evidence that gyrase produces DNA nicks. Finally and perhaps most
compelling, the detected breaks appear at both the stalled fork and the fixed branch back at the
origin, where a gyrase cleavage complex is not expected.

Another possible model for creation of sigma molecules is replication fork run-off in vivo. In
this model, a replication fork collides with a bound cleavage complex and detaches the parental
DNA strand that is not covalently bound to the topoisomerase (the lagging strand template).
In this model, the remaining gyrase cleavage complex would reseal the other parental template
strand, either in vivo or upon lysis under resealing conditions. As with the nicking model
described above, the strongest evidence against replication run-off is that fork breakage was
detected at both the stalled fork and the fixed branch.

Our data strongly argue for a very different model of DNA breakage, namely that the break
results from ‘collateral damage’ after the replication fork is stalled by the cleavage complex
(Fig. 8; in vivo fork breakage). In this model, the collateral damage is likely a DNA break
induced by a recombination nuclease after the cleavage complex has reversed but before
replication has restarted. This model is similar to one proposed for antitumour drug action in
the bacteriophage T4 model system, where blocked replication forks accumulated at
topoisomerase cleavage complexes in vivo (Hong and Kreuzer, 2000). The amount of blocked
forks increased markedly in endonuclease VII-deficient infections, and purified T4
endonuclease VII was shown to cleave purified blocked forks in vitro, arguing that this
recombination nuclease is involved in generating the cytotoxic lesion in vivo (Hong and
Kreuzer, 2003).

Which processing enzyme(s) might be involved in the creation of the norfloxacin-induced
DNA breaks that generate sigma molecules? One candidate is the E. coli Ruv-ABC complex,
which was shown to be required for breakage of E. coli replication forks debilitated by a
mutation in DnaB or Rep helicase (Seigneur et al., 2000). Because RuvABC acts to resolve
Holliday junctions, this chromosomal breakage was argued to occur after regression of stalled
replication forks into the chicken foot structure (see Michel, 2000). Interestingly, RuvAB itself
can disrupt a norfloxacin-induced topo 1VV-cleavage complex in vitro, causing reversal of the
cleavage complex to yield intact DNA (Shea and Hiasa, 2003). This raises the possibility that
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RuvAB may play an additional role, dissociating the cleavage complex at the stalled replication
fork before cleavage of the Holliday junction by RuvC. Another candidate for the processing
endonuclease is SbcCD, which has been shown to selectively cleave branched molecules such
as extruded base pairs (Connelly et al., 1998). In addition, an uncharacterized protein such as
YqgF, which is related to RuvC by both sequence (Aravind et al., 2000) and structure (Liu et
al., 2003) could be involved.

As discussed above, we detected molecules that were apparently broken at either the stalled
fork or the fixed branch near the origin. The collateral damage model readily explains breakage
of the stalled forks, but how does it explain breakage at the fixed branch near the origin? One
possibility is that norfloxacin-induced blocking of plasmid replication forks greatly prolongs
the lifetime of the branched intermediate at the origin, thereby exposing it to the same kind of
collateral damage that can occur at a stalled fork. Note that chromosomal replication, being
bidirectional, does not have the equivalent of such a fixed branch.

If sigma molecules are induced as proposed by the collateral damage model, they could
represent the double-stranded breaks that cause cytotoxicity after quinolone treatment. As
described in the Introduction, formation of a cleavage complex is necessary but not sufficient
for cytotoxicity. The double-stranded end created by endonuclease cleavage could provide an
entry site for RecBC, consistent with RecBC-dependent induction of the SOS response
(McPartland et al., 1980). There is conflicting evidence as to whether DNA replication is
required for induction of the SOS response after quinolone treatment (Gudas and Pardee,
1976; Sassanfar and Roberts, 1990), which would be predicted by the collateral damage model.
A previous study inferred the existence of chromosomal DNA breaks in cells treated with
bactericidal concentrations of quinolones (Chen et al., 1996), even when DNA was isolated
without SDS (i.e. similar to our resealing conditions). These chromosomal breaks could be
occurring by the same collateral damage mechanism that we are proposing.

Conclusion

In this study, we presented evidence that E. coli replication forks on plasmid pBR322 are stalled
in vivo by norfloxacin-induced gyrase-DNA cleavage complexes. While some stalled forks
contained bound gyrase cleavage complexes, others were not bound by gyrase cleavage
complexes, indicating that the blocking cleavage complexes had reversed in vivo. We also
found sigma molecules in undigested DNA after norfloxacin treatment, under conditions where
any transient breaks from the quinolone-DNA-gyrase cleavage complex should have been
resealed. Our data support a model in which the sigma molecules are created by “collateral
damage’, namely endonuclease-mediated cleavage of forks that had been stalled by an
encounter with gyrase cleavage complexes.

Experimental procedures

Materials

Stock solutions of norfloxacin (Sigma) at 0.25 mg ml~! were made in ethanol and stored at
—20°C until use. Oligonucleotides for site-directed mutagenesis were purchased from Qiagen
Operon. Nylon-S Supercharge blotting membrane was purchased from Schleicher and Schuell.
The random-primed labelling kit was obtained from Boehringer Mannheim. Restriction
enzymes were purchased from New England Biolabs. Genomic DNA was isolated with
Epicentre Technologies MasterPure Complete DNA and RNA Preparation Kit.
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Bacterial strains

Plasmids

Strain JH39 [F~ sfiAll, thr-1, leu-6, hisG4, argE3, ilv (ts), galK2, srl (?), rpsL31, lac4U169,
dinD1::Mudl (Ap" lac)] (O’Reilly and Kreuzer, 2004) was considered wild type for these
studies. The JH39 recB strain was isolated in a screen for transposon insertion mutants deficient
in SOS induction after nalidixic acid treatment (Newmark et al. submitted). The gyrAR (S83L)
and parCR (E84K) derivatives of JH39 were created by P1 transduction from donor strain 1643
(Khodursky et al., 1995), with selection for nalidixic acid resistance and kanamycin resistance
respectively. The desired mutations in gyrA and parC were confirmed by restriction digestion
analysis of polymerase chain reaction (PCR) products from genomic DNA (the S83L mutation
results in loss of a Hinfl site in gyrA, while the E84K mutation results in addition of a Psil site
in parC). The desired plasmid (pBR322 or pPBR322MUT990; see below) was introduced into
each strain by transformation, selecting for resistance to tetracycline (10 ug mi~1). A colony
that contained mostly monomeric (at least 80%) plasmid was chosen, grown overnight in
Luria—Bertani, and aliquots of the overnight culture were frozen and stored at —80°C. These
aliquots were used as innoculum for each experiment, so that all experiments involved cells
with very similar amounts of monomeric plasmid DNA.

Monomeric plasmids (pBR322 and pBR322MUT990) were gel purified before transformation
into desired strains. pPBR322MUT990 DNA contains an altered gyrase binding site at the 990
location (ATGGCCTTCCC changed to ATG GCTTTTCC). This change, based on the work
of Fisher et al. (1986), was created by site-directed mutagenesis using the Stratagene
QuikChange mutagenesis kit and the following oligonucleotides: 5'-
GAGGCTGGATGGCTTTTCCCATTATG ATTCTTCTCG-3', 5~
CGAGAAGAATCATAATGGGAAAAGC CATCCAGCCTC-3'. The nucleotide changes
were confirmed by sequencing.

DNA preparations

The method for DNA preparation was based on Hong and Kreuzer (2000) and Hong and
Kreuzer (2003), with modifications. Frozen aliquots of the desired strain were thawed and
added to fresh LB without antibiotic. Cells were grown with shaking at 37°C to log phase (0.5
< ODgqg < 0.6). Norfloxacin (dissolved in ethanol) was added to a final concentration of 1 ug
mlI~1 (an equivalent volume of ethanol was added to the drug-free controls) and incubated at
37°C with shaking for 6 min.

For experiments involving only cleavage isolation conditions, cells from 1.5 ml of culture were
collected by centrifugation and the pellet was frozen with dry ice and ethanol. The pellet was
thawed with 300 pl of 1x cleavage lysis buffer [(50 mM Tris-HCI (pH 7.8), 10 mM EDTA,
100 mM NaCl, 0.2% SDS]. Proteinase K was added to 0.5 mg mI~1 and the solution was
incubated at 65°C for 1 h. The total nucleic acids were then extracted sequentially with phenol,
phenol/chloroform/isoamyl alcohol, and chloroform/isoamyl alcohol before dialysis overnight
at 4°C into TE buffer [10 mM Tris-HCI (pH 7.8), 1 mM EDTA].

For all other experiments, cells from 1.5 ml of culture were collected in duplicate by
centrifugation and the pellets were kept cold on ice. One set of samples was resuspended in
300 pl of 1x cleavage lysis buffer and incubated at 37°C for 20 min. Proteinase K was then
added to 0.5 mg mlI~1 and the samples were incubated at 65°C for 1 h. The other set of samples
was resuspended in 300 pl of 1x resealing lysis buffer [50 mM Tris-HCI (pH 7.8), 10 mM
EDTA, 1% Triton X-100, lysozyme at 1.8 mg ml~1] and incubated at 65°C for 20 min.
Proteinase K and SDS were then added (to 0.5 mg ml~1 and 0.2%, respectively) and the samples
were incubated at 65°C for 1 h. All samples were then extracted and dialysed as above.
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Agarose gel electrophoresis

Nucleic acid samples were treated with the indicated restriction enzymes overnight or
undigested samples were loaded directly onto agarose gels. Cleavage complex gels (Fig. 1)
contained 1.2% agarose and were run in 0.5x TBE (45 mM Tris-HCI, 45 mM borate, 1 mM
EDTA) at 2.8 VV cm ™1 for 17 h at room temperature. Two-dimensional gel electrophoresis was
performed according to the method of Friedman and Brewer (1995) with modifications.
Briefly, the first dimension used a 0.4% agarose gel run in 0.5x TBE buffer for 29 hat 1.2 V
cm~1 at room temperature. This gel was stained in 0.5x TBE with ethidium bromide (final
concentration 0.3 pg ml~1). The marker lanes were cut out and photographed under ultraviolet
(UV) light and the sample lanes were cut out based on the migration of the bands in the marker
lanes. In this way, sample lanes were not exposed to UV light between dimensions to minimize
possible DNA breakage. The sliced sample lanes were cast across the top of a second dimension
1% agarose gel in 0.5x TBE containing 0.3 ug ml~2 ethidium bromide, which was run at 6 VV
cm~1 for 16 h at 4°C.

Southern hybridization

The gels were treated with 0.25 N HCI for 15-20 min, then denatured in a solution of 3 M
NaCl and 0.4 M NaOH for at least 30 min. The gels were transferred to Nylon-S Supercharge
membrane as adapted from the downward transfer methods of Koetsier et al. (1993) and Zhou
etal. (1994). Briefly, the following items were layered on a tray from bottom to top: 2-3 inches
of dry paper towels, 4 sheets of dry thick electrophoresis blotting paper, 4 sheets of dry 3M
Whatman paper, 1 sheet of wet 3M Whatman paper, wet nylon membrane, agarose gel, 3 sheets
of wet 3M Whatman paper, and a sponge saturated with transfer buffer (1.5 M NaCl, 0.4 M
NaOH). Wet items were soaked in transfer buffer briefly before assembly. Downward transfer
was allowed to proceed at room temperature for at least 4 h. The nylon membrane was then
washed with 4x SSC and crosslinked with a 120 mJ/cm? UV exposure. The membrane was
then blocked with prehybridization buffer (6x SSC, 5x Denhardt’s Solution, 1% SDS, 50%
formamide, sonicated salmon sperm DNA at 0.1 mg ml~1) before the probe was added and
allowed to hybridize at 42°C for 12—20 h. The probe was a 2.5 kb linear fragment of pBR322
(AlwNI/BamHI fragment) labelled with [a-32P]-dATP by a random-primed DNA labelling kit.
This probe avoids hybridization to a chromosomal bla gene present in the JH39 strains. All
blots were visualized by both autoradiography and phosphorimager; phosphorimager results
are presented in all figures.
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Fig. 1.

Norfloxacin treatment causes cleavage complex formation at gyrase binding sites. Cells
containing pBR322 (lanes 1-10) or pBR322MUT990 (lane 11) were lysed under cleavage (C)
or resealing (R) conditions; DNA was extracted and dialysed overnight into TE buffer and then
digested with EcoRI. Samples were loaded onto a 1.2% agarose gel, which was analysed by
Southern hybridization using a pBR322 probe.

A.JH39 (lanes 1-3), parCR (lanes 4-6), or gyrAR (lanes 7-9) cells were treated with norfloxacin
(NOR) for 6 min (lanes 2-3, lanes 5-6, lanes 8-9) or were untreated (lanes 1, 4 and 7). The
marker lane consisted of a mixture of restriction fragments derived from plasmids pBR322 and
pSF5 (a pBR322 derivative with an approximately 13-kb fragment of phage lambda DNA,;
obtained from Dr M. Feiss, University of lowa).

B. JH39 cells carrying pBR322 (lane 10) or pPBR322MUT990 (lane 11) were treated with
norfloxacin and DNA was extracted under cleavage lysis conditions. Arrows indicate cleavage
complex bands resulting from cleavage at the major gyrase binding site centred at 990 bp. The
marker lane consisted of a mixture of restriction fragments of pBR322.
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Fig. 2.

Diagrams of pPBR322 DNA after cleavage with AlwNI (A) or EcoRlI (B). Replication of pBR322
begins unidirectionally at position 2535 and is indicated by the thick black arrow. AlIwNI cuts
just behind the origin at position 2890 and EcoRI cuts midway around the plasmid at position
1, as indicated in the schematic on top. The major gyrase binding site is at position 990 and is
indicated by two overlapping ovals. The map indicates the forms of DNA produced as
replication proceeds from 1.0x to 2.0x. Non-replicating linear (LM) monomers are 4361 base
pairs. As the replication fork crosses the location of the restriction endonuclease recognition
site, the resulting molecules change from bubble-form (B) to double-Y form (DY), by passing
through a simple-Y form [expected as a spot along the simple-Y arc (Y)]. The bubble-to-
double-Y transition occurs at 1.9x for AlwNI and 1.6x for EcoRI. At 1.35x, the replication
fork reaches the gyrase binding site centred at 990 bp, where stalling can occur if a gyrase
cleavage complex is bound (molecules indicated by an asterisk). To the right of the maps are
illustrations of the expected 2D gel electrophoresis patterns. The location of the entire simple-
Y arc is shown as a dotted line; this arc is not expected for normal pBR322 replication (except
for the discrete spot at the bubble-to-double-Y transition).
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Fig. 3.

Norfloxacin treatment causes stalled replication forks at gyrase binding sites. DNA was
isolated from JH39 cells carrying pBR322 (upper panels) or pPBR322MUT990 (lower panels)
and digested with AlwNI. The samples were as follows:

A. Cells were untreated (UTR) and DNA was isolated under cleavage conditions (CLV).

B. Cells were treated with norfloxacin (NOR) and DNA was isolated under cleavage
conditions.

C. Cells were treated with norfloxacin and DNA was isolated under resealing conditions (RSL).
D. Shorter exposures of panel C.

E. Cells were untreated and DNA was isolated under resealing conditions (upper panel). The
illustration (E, lower) indicates the various arcs seen after AlwNI digestion where B, bubble;
LM, linear monomer; Y, simple-Y; AY, asymmetric-Y; DY, double-Y; X, X-shaped
molecules; OC, open circular monomer. The arrows indicate the location that corresponds to
the asterisk in the lower panel of (E).
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Fig. 4.

DNA molecules resulting from in vitro resealing or cleavage lysis conditions after norfloxacin
treatment (A) and DNA molecules resulting from breakage of sigma molecules in vivo (B).
The partially replicated plasmid considered in this figure is stalled at the major gyrase binding
site (centred at 990 bp). The gyrase cleavage complex is indicated by red overlapping ovals.
Newly synthesized DNA strands are shown in green. The purple and green arrowheads indicate
the AlIwNI and EcoRI cut sites respectively.

A. Reactions that occur during in vitro lysis are as follows. Under resealing lysis conditions,
a gyrase cleavage complex at a blocked fork would reseal the latent DNA break, resulting in
an intact covalently closed circular replication intermediate (CCC RI) (arrow 1); treatment of
this molecule with either AlwNI or EcoRl yields a bubble. Under cleavage conditions, the latent
DNA break within the gyrase cleavage complex at a stalled fork is revealed, resulting in a
simple-Y (Y) molecule (arrow 2); treatment of this molecule with either AlwNI or EcoRlI yields
a linear fragment plus a shortened simple-Y (SSY) molecule. If a gyrase cleavage complex
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exists well ahead of the replication fork, isolation under resealing conditions results in an intact
CCC RI (arrow 3); treatment of this molecule with either AlwNI or EcoRlI yields a bubble. In
this case, isolation under cleavage conditions results in a bubble (B) (arrow 4); treatment of
this molecule with either AlwNI or EcoRlI yields a linear fragment plus a shortened bubble. If
a gyrase cleavage complex is located behind the replication fork, isolation under resealing
conditions results in an intact CCC RI (arrow 5); treatment of this molecule with either AlwNI
or EcoRl yields a bubble. In this case, isolation under cleavage conditions produces a two-
tailed circle (TTC) (arrow 6); treatment of this molecule with either AlwNI or EcoRl yields a
double-Y (DY) molecule.

B. A CCC RI without a gyrase cleavage complex can be broken in vivo at the fixed branch (left
side) or the replicating fork (right side).
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Fig. 5.

Norfloxacin treatment causes formation of shortened simple-Y molecules. DNA was isolated
from JH39 cells carrying pBR322 and digested with EcoRI. The samples were as follows:

A. DNA was isolated under cleavage conditions (CLV) from untreated cells (UTR).

B. DNA was isolated under cleavage conditions from norfloxacin-treated cells (NOR).

C. DNA was isolated under resealing conditions (RSL) from norfloxacin-treated cells.

The illustrations below indicate the various arcs seen after EcoRI digestion, where B, bubble;
LM, linear monomer; SSY, shortened simple-Y; Y, simple-Y; DY, double-Y; AY, asymmetric-
Y; and OC, open circular monomer.
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Norfloxacin treatment causes formation of a sigma arc in undigested DNA. pBR322 DNA was
isolated from JH39 under the following conditions:

A. Cleavage conditions (CLV) from untreated cells (UTR).

B. Cleavage conditions from norfloxacin-treated cells (NOR).

C. Resealing conditions (RSL) from norfloxacin-treated cells.

None of the samples were treated with restriction enzymes.

The illustrations indicate the various arcs, where B, bubble (blue); LM, linear monomer; LD,
linear dimer; Y, simple-Y (green); TTC, two-tailed circle; S, sigma (red); OC, open circular
monomer; CCC, covalently closed circle; CCC RI, covalently closed circle replication
intermediate; TopCCC, topoisomers of CCCs; CCC2, dimer of CCC; and CCC/OC, CCC in
first dimension, OC in second dimension.
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Fig. 7.
Rolling circle replication in recB cells in the absence of norfloxacin. pBR322 DNA was isolated

under cleavage conditions (CLV) from recB™ cells without drug treatment (UTR). DNA was
undigested (A) or digested with EcoRI (B).
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Fig. 8.

Model for fork blockage and breakage in vivo. Replication is initiated at the unidirectional
origin and the fork encounters a norfloxacin-stabilized cleavage complex, resulting in fork
blockage. Once the fork is blocked, the cleavage complex can reverse in vivo, presumably
allowing for direct fork restart. Alternatively, the blocked replication fork can be processed by
in vivo fork breakage (at either the fixed branch or the active fork).
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