
Topoisomerase III Acts at the Replication Fork To Remove
Precatenanes

Chong M. Lee,a Guanshi Wang,b Alexandros Pertsinidis,b Kenneth J. Mariansa

aMolecular Biology Program, Memorial Sloan Kettering Cancer Center, New York, New York, USA
bStructural Biology Program, Memorial Sloan Kettering Cancer Center, New York, New York, USA

ABSTRACT The role of DNA topoisomerase III (Topo III) in bacterial cells has proven
elusive. Whereas eukaryotic Top III� homologs are clearly involved with homologs of
the bacterial DNA helicase RecQ in unraveling double Holliday junctions, preventing
crossover exchange of genetic information at unscheduled recombination intermedi-
ates, and Top III� homologs have been shown to be involved in regulation of vari-
ous mRNAs involved in neuronal function, there is little evidence for similar reac-
tions in bacteria. Instead, most data point to Topo III playing a role supplemental to
that of topoisomerase IV in unlinking daughter chromosomes during DNA replica-
tion. In support of this model, we show that Escherichia coli Topo III associates with
the replication fork in vivo (likely via interactions with the single-stranded DNA-
binding protein and the � clamp-loading DnaX complex of the DNA polymerase III
holoenzyme), that the DnaX complex stimulates the ability of Topo III to unlink both
catenated and precatenated DNA rings, and that ΔtopB cells show delayed and dis-
organized nucleoid segregation compared to that of wild-type cells. These data ar-
gue that Topo III normally assists topoisomerase IV in chromosome decatenation by
removing excess positive topological linkages at or near the replication fork as they
are converted into precatenanes.

IMPORTANCE Topological entanglement between daughter chromosomes has to be
reduced to exactly zero every time an E. coli cell divides. The enzymatic agents that
accomplish this task are the topoisomerases. E. coli possesses four topoisomerases. It
has been thought that topoisomerase IV is primarily responsible for unlinking the
daughter chromosomes during DNA replication. We show here that topoisomerase
III also plays a role in this process and is specifically localized to the replisome, the
multiprotein machine that duplicates the cell’s genome, in order to do so.

KEYWORDS DNA replication, DNA topoisomerase, DNA topology, chromosome
segregation

DNA topoisomerases are critical components of essentially all macromolecular
transactions on DNA, acting to untangle DNA strands either by passing either

single-stranded DNA (ssDNA) (type IA topoisomerases) or double-stranded DNA (type
II topoisomerases) through itself or by allowing free rotation of one DNA strand about
the other (type IB topoisomerases) (1). Escherichia coli possesses four topoisomerases:
two type IA (topoisomerase I [Topo I] and Topo III) and two type II (DNA gyrase and
Topo IV). The roles of three of these topoisomerases are well established (2–4). DNA
gyrase removes positive supercoils formed during DNA replication by converting them
to negative supercoils and helps maintain an appropriate overall superhelical density of
the chromosome. Topo IV also removes positive supercoils as well as precatenanes
(windings of the two partially replicated sister duplexes about each other) during
replication and decatenates the fully replicated sister chromosomes to ensure the
complete removal of all topological linkages. Topo I, which interacts with RNA poly-
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merase, removes excess negative supercoils formed during transcription and cooper-
ates with DNA gyrase to maintain global supercoiling. The role of Topo III is less clear.

Topo III was identified initially in the Cozzarelli lab as a type I topoisomerase that
had a DNA cleavage pattern different from that of Topo I (5). Srivenugopal et al. (6) also
purified the enzyme as a type I topoisomerase that bound, oddly enough, to a
novobiocin affinity column (the enzyme is not inhibited by this antibiotic). We subse-
quently purified Topo III as an activity detected in soluble extracts of E. coli that could
resolve the late replication intermediates and catenated dimers formed in a reconsti-
tuted pBR322 DNA replication system in the presence of DNA gyrase (7) and cloned the
gene, topB, encoding the enzyme (8). We demonstrated that Topo III had a strong
preference for binding to ssDNA as its site of action, requiring single-strand gaps in the
nascent strands to decatenate the linked sister chromosomes and being capable of
efficiently relaxing negatively supercoiled DNA only at elevated temperature (8). A
remarkable finding was that Topo III was able to form a covalent complex with RNA (9),
and the enzyme was shown subsequently to also be an RNA topoisomerase, capable of
knotting circular RNA (10). Interestingly, unlike the case for the metazoan homolog (see
below), no role for the bacterial enzyme in RNA metabolism has emerged.

In both yeast and higher eukaryotes, the Topo III homolog Top3� was shown to
physically and functionally associate with the RecQ homologs Sgs1 and BLM, respec-
tively, to take apart double Holliday junctions that form between replicating sister
chromosomes during unscheduled recombination likely stimulated by replication fork
stalling, resulting in the suppression of genetic crossover events (11). More recently
(12), it was shown that the Topo III metazoan homolog Top3� interacted with TDRD3
and that the Top3�-TDRD3 complex interacted with FMRP, an RNA-binding protein
deficient in fragile X syndrome that regulates translation of mRNAs involved in neural
function (13). Top3� can be found associated with polyribosomes, suggesting that
Top3� might be involved in the regulation of gene expression, perhaps via its RNA
Topo activity (14, 15).

Functional, but not physical, interaction between E. coli RecQ and Topo III has been
demonstrated in several different assay systems. These enzymes can resolve opposing
stalled replication forks (16) and catenate covalently closed DNA rings (17). Whereas
these biochemical reactions support the concept that RecQ and Topo III could partic-
ipate in resolving recombination intermediates in vivo as they do in eukaryotes, there
is conflicting genetic evidence to this point.

Deletion of topB in a ΔtopA (encoding Topo I) mutant strain that also carried the
DNA gyrase compensatory mutation gyrB225, which reduced the supercoiling activity
of the enzyme, caused extensive filamentation and gave rise to abnormal nucleoid
structures (18). This phenotype was suppressed by mutations in recA (encoding the
strand exchange protein RecA), leading the authors to suggest unresolved recombina-
tion intermediates as the cause of the phenotype. Similarly, Lopez et al. (19) were
unable to construct ΔtopB parE(Ts) (encoding the ParE subunit of Topo IV) strains by P1
transduction but could do so if recQ was mutated as well. However, we were able to
construct the ΔtopB parE(Ts) strain, and none of its phenotypes were rescued by
mutation in either recA or recQ (20). Interestingly, the growth and chromosome
partition (par) phenotype of a ΔtopA gyrB(Ts) (encoding the GyrB subunit of DNA
gyrase) mutant strain was relieved by mutation of recQ (21), suggesting a partnership
between RecQ and Topo I, rather than Topo III.

Our biochemical studies have shown that Topo III can support both nascent chain
elongation and decatenation of the sister chromosomes during DNA replication in vitro
with purified proteins (22, 23). Furthermore, both Topo III and Topo IV, but not DNA
gyrase, were capable of removing precatenanes (24), which are the result of the excess
positive linkages that accumulate ahead of the replication fork distributing behind it,
linking the two partially replicated sister chromosomes together (25, 26). We found that
overexpression of Topo III in a parE(Ts) strain rescued both the temperature-sensitive
growth and par phenotypes of the strain (24) and that ΔtopB was synthetically lethal at
the permissive temperatures with both parE(Ts) and parC(Ts) (encoding the ParC
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subunit of Topo IV) mutations (20). Furthermore, ΔtopB strains exhibited increased
sensitivity to novobiocin, an inhibitor of the type II topoisomerases, even in a gyrB
(Novor) background (20). These observations led us to propose that Topo III was likely
acting either at or close to the replication fork to remove precatenanes during DNA
replication (20).

In support of our model for Topo III action, we show here that Topo III is found
associated with the replication fork in vivo, that nucleoid separation is less orderly and
takes somewhat longer in a ΔtopB strain than in the wild type, and that the DnaX
complex of the DNA polymerase III holoenzyme (Pol III HE) stimulates the ability of
Topo III to remove both precatenanes and catenanes from linked DNA rings.

RESULTS
Topo III colocalizes with the replication fork in vivo. We suggested in a previous

study that Topo III would act at or near the replication fork to remove precatenanes
during DNA replication (20). To address this question directly by fluorescence micros-
copy, we constructed W3110 strains where Topo III was fused to an E. coli codon-
optimized and straightened (27) version of green fluorescent protein (ecGFPS) (28) and
the � processivity clamp of the DNA Pol III HE (encoded by dnaN [29]) was fused to the
mCherry fluorescent protein, which marks the localization of the replisome (30). Ac-
cordingly, W3110 topB-ecgfpS mCherry-dnaN (CL109) was grown at 37°C in minimal
medium (doubling time, 100 min) to early log phase and imaged directly on grooved
agarose pads (Fig. 1A). In nearly 80% of the cells a single focus of Topo III-GFP
colocalized with a single focus of mCherry-DnaN (Fig. 1B). We also examined the
localization of a catalytically inactive version of Topo III where the catalytic Tyr had been
substituted with Phe (Topo III Y328F). Localization of Topo III Y328F with � in W3110
topBY328F-ecgfpS mCherry-dnaN (CL113) was reduced somewhat but could still be
observed in 50% of the cells (Fig. 1B), suggesting that the association of Topo III with
the replisome was not dependent on its catalytic activity. Expression levels of both the
wild-type and the catalytically inactive Topo III were equivalent (see Fig. S1 in the
supplemental material). We do note that under the growth and imaging conditions
used here, nearly all the cells contained a single focus of �, consistent with the
observations of Mangiameli et al. (31) that the two replication forks remain associated
during cell growth, as opposed to those of Reyes-Lamothe et al. (30) that argued the
two replication forks separated.

Positioning of Topo III at the replication fork could occur by one of two mechanisms:
Topo III could associate directly with a protein in the replisome, or Topo III could be
binding to single-strand gaps on the nascent duplexes that are near the fork via its
interaction with the single-stranded DNA-binding protein (SSB) (32). Topo III associates
with the C-terminal eight amino acids of SSB (16). The interaction of many proteins with
the SSB C-terminal tail is disrupted by mutation of the penultimate amino acid Pro176

to Ser (33). Strains carrying this mutation (ssb-113, originally lexC113) are temperature
sensitive and quite compromised (34, 35). To investigate this question, we constructed
W3110 topB-ecgfpS mCherry-dnaN ssb-113 (CL281) and compared Topo III and � local-
ization with that in the wild-type strain (CL109) at 30°C in minimal medium (Fig. 1C).
Overall, more cells had no visible foci of either Topo III or � than when CL109 was
grown at 37°C (compare Fig. 1A and C), consistent with the reduction of growth rate at
the lower temperature. When calculated using as a denominator all cells observed, the
same fraction of cells of both the wild type (CL109) and the ssb-113 mutant strain
(CL281) displayed colocalized foci of � and Topo III (Fig. 1C). There was an increase in
the fraction of cells that displayed only a � focus that was concomitant with a decrease
in the fraction of cells in the ssb-113 mutant that did not display any foci compared to
the wild type (Fig. 1C). However, when only replicating cells were considered (i.e.,
eliminating cells that displayed no foci from the count), the fraction of ssb-113 mutant
cells showing colocalization of � and Topo III declined by about 30% compared to that
of the wild type (Fig. 1D). We interpret these data to mean that whereas SSB Pro176
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plays some role in attracting Topo III to the replication fork, it is not the sole determi-
nant nor is likely to be the major determinant.

Topo III interacts physically and functionally with the DnaX complex. To determine
whether there were other determinants of the association of Topo III with the repli-
some/replication fork, we performed immunoblotting with replisome components.
Topo III showed a strong interaction with the DnaX complex of the Pol III HE (Fig. 2). The
DnaX complex (�2���=��) forms the core of the cellular replicase, anchoring the two
polymerase cores (�	
) via their binding to the � dimer and loading � to the 3= end of
the primer terminus as required to interact with the polymerase subunit (�) to engage
processive DNA synthesis (36). The � subunit also cements the replisome together by
interacting with the DnaB replication fork DNA helicase (37). Topo III interacted with
SSB as expected. Negligible interactions were detected between Topo III and the
polymerase core, as well as with �, �, and �= individually. However, a fairly strong
interaction was observed between the DnaX complex and Topo III, present in the same
range of concentration as the interaction between Topo III and SSB. (Note that the
amount of DnaX complex on the blots is 1/10 of that in all the other samples, except
Topo III itself, which is present at 1/100 the level in the other samples.) We therefore
investigated whether the DnaX complex functionally interacted with Topo III by
stimulating its decatenating activity.

FIG 1 Topo III colocalizes with the � subunit of the DNA Pol III HE at the replication fork. CL109 (W3110
topB-gfp mCherry-dnaN), CL113 (W3110 topBY328F-gfp mCherry-dnaN), and CL281 [W3110 topB-gfp
mCherry-dnaN ssb-113 (P176S)] were grown and imaged as described in Materials and Methods. (A) Classes
of cell images. mCherry-� foci were consistently brighter than Topo III-GFP foci. Only the first three classes
were observed with CL109 and CL113 growing at 37°C. “Both, colocalized” indicates that the GFP and
mCherry foci colocalized in at least one of the Z planes. “Not colocalized” indicates that both GFP and
mCherry foci were present but were not colocalized in any of the three Z planes. Left column, overlay of
the GFP and phase channels. Middle column, overlay of the Texas Red and phase channels. Right column,
overlay of the GFP, Texas Red, and phase channels. (B) Effect of the Topo III Y328F mutation on
colocalization of Topo III and �. Greater than 200 cells were counted for each strain. Red, CL109; blue,
CL113. (C) Effect of the SSB ProP176S mutation on colocalization of Topo III and �. (D) Replot of the data
in panel C counting only cells that had Topo III and � foci. Greater than 200 cells were counted for each
strain. Red, CL109; blue, CL281. wt, wild type. Error bars represent the standard deviation from the mean.
*, P � 0.05.
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We have examined this question in the past as a result of isolating dnaX as a
high-copy-number suppressor of the temperature-sensitive growth and par pheno-
types of the parE10 mutation (38). At that time, decatenation of Crithidia mitochondrial
DNA was used as an assay, and we concluded that there was no effect of DnaX complex
subunits on Topo III activity (39); however, that assay requires only one unlinking event
to yield monomer product and as such is unlikely to detect stimulation of a processive
reaction. We therefore turned to a more suitable assay where processive unlinking
could be observed. We used two different substrates: (i) multiply linked dimers that
represent fully catenated DNA sisters and (ii) precatenated DNA dimers. These sub-
strates are purified from reconstituted DNA replication reactions. The multiply linked
dimers (form II:form II dimers) are the product of replication reactions where DNA
gyrase is the only topoisomerase present (40). DNA gyrase is a poor decatenating
enzyme, so the products of the DNA replication reaction remain linked together. The
precatenated DNA is the product of replication reactions where two Ter sites are
present on the template DNA, separated by about 1 kbp, oriented to block the
replication forks when bound by Tus. In this case, the excess positive linkages formed
during replication distribute behind the forks, and the partially replicated DNA be-
comes precatenated (24, 26).

The gel shown in Fig. 3A shows the substrates and the expected products using
reactions with Topo IV as a guide. The proteins required to join Okazaki fragments are
omitted from the replication reactions used to generate these substrates; therefore, the
sister molecules are not sealed and thus not supercoiled, allowing the linkages between
the sister molecules to be visualized as steps in a ladder of bands when the substrates
are electrophoresed through agarose gels. Each step in the ladder represents a differ-
ence of either one catenane or precatenane linkage between the two sister DNAs, with
increasing electrophoretic mobility indicating species with increasing number of link-
ages between the sister molecules. Topo IV decatenates the catenated dimers proces-
sively (the final product appears while the starting material is still present), yielding the
monomeric nicked (form II) DNA as the final product. On the other hand, unlinking of
the precatenated DNA is distributive (all the DNA molecules are acted on as a group),
and the final product is a late replicative intermediate (LRI) because the two sister
molecules are still connected by 1 kbp of unreplicated DNA (Fig. 3A). Figure 3B shows
that Topo III can unlink both substrates processively and is about 1/10 as potent a
decatenase as Topo IV on the catenated substrate, but it is nearly as effective as Topo
IV in unlinking precatenated DNA. The Okazaki fragments in the DNA substrates are
separated by a mixture of nicks and small gaps; thus, Topo III can bind the DNAs to
catalyze decatenation.

FIG 2 Topo III interacts with the DnaX complex of the DNA Pol III HE. Immunoblotting was as described
in Materials and Methods. Top panel, with Topo III; bottom panel, without Topo III. *, DnaX complex was
applied to the membrane at 1/10 of the amounts indicated. **, Topo III was applied to the membrane
at 1/100 of the amounts indicated. All quantities of proteins are given for the monomer.
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The DnaX complex stimulated Topo III-catalyzed decatenation of the multiply linked
DNA dimers 2-fold (Fig. 3C and E). The DnaX complex uses ATP to load � to the
primer-template (36); however, ATP had no significant effect on Topo III either alone or
in the presence of the DnaX complex. Similarly, the DnaX complex stimulated Topo
III-catalyzed unlinking of precatenated DNA dimers (Fig. 3D and F), although the extent
of stimulation was slightly less. This difference could relate to the fact that in the
catenated DNA dimers the topological linkages can distribute over the surface of the
torus formed by the linked DNA molecules and can freely slither (41), whereas in
the precatenated DNA dimers the presence of the unreplicated region of parental DNA
constrains slithering, possibly making any unlinking more difficult in general. Note that
in Fig. 3A, Topo IV-catalyzed unlinking of the precatenated DNA becomes distributive.
Interestingly, �, not �, appeared to be the major agent of stimulating Topo III activity
(Fig. 3D and F), consistent with the results we observed by immunoblotting (Fig. 2),
where some interaction between Topo III and � alone was observed. This observation
may relate to the region of DnaX (� is a C-terminally truncated version of � produced
by ribosomal frameshifting [42]) that interacts with Topo III.

FIG 3 The DnaX complex stimulates Topo III-catalyzed unlinking of catenanes and precatenanes. Assays were
performed as described in Materials and Methods. Reaction products were analyzed by electrophoresis through 1%
agarose gels at 1.5 V/cm for 16 h at room temperature using 50 mM Tris-HCl (pH 7.8 at 23°C), 40 mM sodium acetate
(NaOAc), and 1 mM EDTA as the electrophoresis buffer. Gels were dried and autoradiographed. Reaction products
were quantified using Fuji MacBas software. (A) Topo IV-catalyzed unlinking of catenated DNA dimers (left panel)
and precatenated DNA (right panel). (B) Topo III-catalyzed unlinking of catenated DNA dimers (left panel) and
precatenated DNA (right panel). (C) The DnaX complex stimulates Topo III-catalyzed unlinking of catenated DNA
dimers. The indicated proteins were present at 40 nM. Topo III was present at 1.2 nM. (D) The DnaX complex
stimulates Topo III-catalyzed unlinking of precatenated DNA. The indicated proteins were present at 40 nM. Topo
III was present at 1.2 nM. (E) Quantification of the amount of final product (nicked, form II [FII] DNA) from panel C
(mean and standard deviation from three experiments). (F) Quantification of the amount of final product (late
replication intermediate [LRI]) from panel D (mean and standard deviation from three experiments).
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Abnormal nucleoid separation in the absence of Topo III. Ensemble measure-
ments of growth parameters show little difference between the ΔtopB strain and the
wild type (20). Under the conditions of growth examined here, the C periods of the two
strains as measured by flow cytometry was identical (see Fig. S2 in the supplemental
material). To assess the effect of a topB deletion on nucleoid separation, we therefore
examined this event directly by time-lapse imaging of wild-type (MG1655 hupA::
mCherry:frtKan [CL269]) and topB deletion (MG1655 ΔtopB hupA::mCherry:frtKan
[CL272]) strains where the nucleoid-associated protein HU had been tagged with the
mCherry fluorescent protein to allow direct visualization of the nucleoids.

Cells growing logarithmically in a defined rich medium that eliminates autofluores-
cence were deposited on a grooved agarose pad and imaged at 2-min intervals (see
Movies S1 [wild type] and S2 [ΔtopB mutant] in the supplemental material). Because
these cells were growing rapidly, the newborn cells have two nucleoids present that
then divide as the movies progress. A normal division process displays a regular
progression of the center of the nucleoids away from each other, with the nucleoids
roughly doubling in size just before division. Abnormal division can result in an increase
in the time required for division and/or an elongation of the nucleoid mass during the
course of division, as well as, in extreme cases, disruption of the nucleoid mass because
of breakage, a complete failure of nucleoid division resulting in a par phenotype and
cell filamentation, or cell division events resulting in cells with odd numbers of
nucleoids.

Examination of kymographs from single cells indicated that there were clear differ-
ences between the wild-type and ΔtopB cells (Fig. 4A and C, respectively). Complete
nucleoid separation in the ΔtopB cells appeared to take longer and was more irregular
than that in the wild type. To ensure that our observational impressions were correct,
we wrote a MATLAB program to combine multiple kymographs and display the
averaged information as a single image (Fig. 4B and D). The numbers of frames from
movies of individual cells combined for each time point are given in Fig. S3A and B in
the supplemental material. The averaged kymograph for the wild type (Fig. 4B)
displayed a regular progression of one sister nucleoid away from the other, whereas
that of the ΔtopB strain (Fig. 4D) displayed irregular and delayed separation, although
the nucleoids did separate completely. This can be seen as increased intensity between
the pairs of separating nucleoids in the ΔtopB strain compared to the wild type,
particularly between the 16- and 26-min lines of the averaged kymographs (compare
Fig. 4B and D). Pixel intensities from the same individual lines in the averaged
kymographs are shown in Fig. S4 in the supplemental material, and here it can be
clearly seen that with the wild type, two peaks that are separated emerge with time for
each of the starting nucleoids. In contrast, separation is ill-defined and the nucleoid
masses are more diffuse for the ΔtopB strain. We conclude that under wild-type
conditions, Topo III is required to maximize the order and efficiency of the process of
topological separation of the sister chromosomes.

DISCUSSION

The only two known phenotypes of topB mutations in an otherwise wild-type
background are a slight defect in spontaneous deletion formation between short direct
repeats, the mutR phenotype (43), and a hypersensitivity to the type II topoisomerase
inhibitor novobiocin when ΔtopB strains are grown on rich medium (20). The latter
phenotype, coupled with the observed synthetic lethality at permissive temperatures of
ΔtopB with temperature-sensitive mutations in parE and parC, the genes encoding the
subunits of Topo IV, formed the basis of our proposal that Topo III functioned under
unstressed circumstances to assist Topo IV in unlinking the sister chromosomes during
DNA replication, probably by the removal of precatenanes (20).

Consistent with our proposal, we found that Topo III-GFP was positioned at the
replication fork, as marked by the location of mCherry-�. Localization of Topo III did not
depend on its catalytic activity. Topo III is known to have a strong interaction with SSB
that is partially mediated by the penultimate C-terminal Pro176 (16, 32). During DNA
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replication, there is almost always a gap in the nascent lagging strand as Okazaki
fragment synthesis is ongoing. The ssDNA template in this gap will be coated with SSB.
Similarly, recent observations indicate that gaps can form in the nascent leading strand
as well because of polymerase pausing and continued unwinding by DnaB (44).
Localization of Topo III to the replication fork could therefore be a result of its
interaction with SSB. Whereas we did observe a statistically significant reduction in
colocalization between Topo III-GFP and mCherry-� in replicating cells in the ssb-113
mutant background, significant colocalization persisted. Thus, although the Topo III-
SSB interaction likely plays some role in localizing Topo III to the replisome, this
interaction is clearly not the major determinant.

Not surprisingly, therefore, we also found an interaction between Topo III and
subunits of the Pol III HE that could, of course, also account for the localization of Topo
III with the replication fork. The DnaX complex interacted with Topo III in a concen-
tration range similar to that of SSB. The individual protomers of the DnaX complex
displayed weak to negligible interactions. The improved interaction of the DnaX
complex compared to the individual subunits could be a result of how Topo III interacts
with the seven-subunit clamp loader (45). Furthermore, we found that the DnaX
complex stimulated the ability of Topo III to unlink catenated and precatenated DNA
rings, the latter of which we presume to be the actual substrate in vivo. This 2-fold
stimulation puts Topo III unlinking activity of precatenanes on par with that of Topo IV.

As we suggested some time ago, the only potential site of action for a type I
topoisomerase to decatenate the replicating sisters was at a single-strand gap at the

FIG 4 Topo III is required for orderly and efficient nucleoid separation. Time-lapse images of CL269
(MG1655 hupA::mCherry:frtKan) and CL272 (MG1655 ΔtopB hupA::mCherry:frtKan) growing in rich medium
at 37°C were converted to kymographs as described in Materials and Methods. (A) Example of a single
kymograph for CL269. (B) Averaged kymograph for CL269 cells. (C) Example of a single kymograph for
CL272. (D) Averaged kymograph for CL272 cells. See Fig. S4A and B in the supplemental material for the
number of individual frames of cells that were averaged for each line of the averaged kymographs shown.
The color scale is set to 1 for the maximum intensity in each image presented.
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replication fork (46). Type IA topoisomerases, unlike type IB, are not able to unlink
replicating sisters that are completely sealed. Thus, localization of Topo III to the
replication fork is consonant with its activity. Topo IV, which can act anywhere on the
DNA to unlink either catenanes or precatenanes, is seen, using fluorescently tagged
derivatives, to be associated with the condensin MukB near the replication origin and
otherwise uniformly distributed throughout the nucleoid (47). Topo I, which interacts
with RNA polymerase (48) and is required to suppress hypernegative supercoiling and
R loop formation (49–51), is found associated with the Bacillus subtilis SMC protein at
regions of high negative supercoiling, whereas DNA gyrase was found associated with
the replisome, presumably because of the high density of positive supercoils (52).

Our direct observations of nucleoid separation in wild-type and ΔtopB cells dem-
onstrate that in the absence of Topo III, this process takes longer and can be signifi-
cantly more irregular than in its presence. This observation indicates that Topo III plays
a role in the process of untangling the sister chromosomes and is required for
maximum speed and efficiency. However, even in the absence of Topo III, complete
separation of most nucleoids occurred, as expected because Topo IV can act globally
to remove linkages between the sister chromosomes.

MATERIALS AND METHODS
Bacterial strains and plasmids. Complete lists of bacterial strains and plasmids used in this study

can be found in Tables 1 and 2, respectively. Oligonucleotides used for PCR amplification are listed in
Table 3.

C600 topB-ecgfpS:frt-kan-frt and W3110 topBY328F-ecgfpS:frt-kan-frt were constructed as described
previously (28) for C-terminal fusion of Topo III and Topo III Y328F to E. coli codon-optimized and
straightened GFPuv, resulting in strains CL075 and CL084, respectively. The sequences of the fusion
protein alleles were confirmed.

For construction of W3110 topBY328F, gene replacement with pKO3-topBY328F, as described by Link
et al. (53), was used to introduce the Y328F mutation into topB in W3110, resulting in strain CL081. The
sequence of the mutated allele was confirmed.

TABLE 1 Strains

Strain Relevant characteristicsa Construction, reference, and/or source

BP093 W3110 ΔtopB::FRTkan Kmr 20
C600 F� �� tonA21 thi-1 thr-1 leuB6 lacY1 glnV44 rfbC1 fhuA1 60
CL001 W3110 parE10 parE(Ts) (parEC316Y) 20
CL002 W3110 parE10�topB::FRTkan Kmr 20
CL075 C600 topB-ecgfpS:frt-kan-frt Kmr This study
CL081 W3110 topBY328F This study
CL084 W3110 topBY328F-ecgfpS:frt-kan-frt Kmr This study
CL085 W3110 topB-ecgfpS:frt-kan-frt Kmr P1 (CL075) � W3110; this study
CL093 W3110 topB-ecgfpS Deletion of kan from CL085; this study
CL101 W3110 topBY328F-ecgfpS Deletion of kan from CL084; this study
CL103 W3110 topB-ecgfpS mCherry:frt-kan-dnaN Kmr P1 (RRL355) � CL093 this study
CL105 W3110 topBY328F-ecgfpS mCherry:frt-kan-dnaN Kmr P1 (RRL355) � CL101; this study
CL109 W3110 topB-ecgfpS mCherry-dnaN Deletion of kan from CL103; this study
CL113 W3110 topBY328F-ecgfpS mCherry-dnaN Deletion of kan from CL105; this study
CL143 W3110 ΔtopB Deletion of kan from BP093; this study
CL146 MG1655 ΔtopB:FRTkan Kmr P1 (TB28 ΔtopB::FRTkan) � MG1655; this study
CL151 MG1655 ΔtopB Deletion of kan from CL146; this study
CL257 W3110 parE10 �topB Deletion of kan from CL002; this study
CL269 MG1655 hupA::mCherry:frtKan Kmr P1 (SS6282) � MG1655; this study
CL272 MG1655 ΔtopB hupA::mCherry:frtKan Kmr P1 (SS6282) � CL151; this study
CL281 W3110 topB-ecgfpS mCherry-dnaN ssb-113 ssb-113(P176S) This study
CL287 W3110 parE10 hupA::mCherry:frtKan Kmr P1 (SS6282) � CL001; this study
CL289 W3110 parE10 �topB hupA::mCherry:frtKan Kmr P1 (SS6282) � CL257; this study
MG1655 F� �� rph-1 61
PAM33 F� sulA1 trpE65(Oc) [mal�]K-12(�S) ssb-113(P176S) 56
RRL355 AB1157 mCherry::Frt-kan-dnaN 30; gift from David Sherratt
RYH110 W3110 hupA::mCherry:frtKan P1 (SS628) � W3110; this study
SS6282 JC13509 hupA::mCherry:frtKan�(attB)::sulAp-gfp Kmr 62; gift From Steven Sandler
TB28ΔtopB::FRTkan TB28 ΔtopB::FRTkan Kmr 20
W3110 F� �� IN(rrnD-rrnE)1 rph-1 61
aKmr, kanamycin resistance.
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For construction of W3110 topB-ecgfpS mCherry-dnaN ssb-113, the ssb-113 mutation was introduced
into strain CL109 (W3110 topB-ecgfpS mCherry-dnaN ssb-113) as described for the construction of strain
CL001 (W3110 parE10) (20). Plasmid pKO3-ssb113 served as the template for gene replacement in CL109,
and plasmid pRC7-ssb expressed wild-type SSB during recombination at nonpermissive temperatures,
resulting in strain CL281. The sequence of the mutated allele was confirmed.

As noted in Table 1, several strains were constructed by bacteriophage P1 transduction followed by
selection for growth on medium containing the appropriate antibiotics. The sequences of all transferred
alleles were confirmed. Antibiotic resistance genes were removed by utilizing the plasmid pCP20 and the
FLP-FLP recombinase target (FLP-FRT) recombination system as described previously (54). Loss of the
genes was confirmed by PCR and DNA sequencing.

For construction of pKO3-topBY328F, the topB open reading frame (ORF) was amplified from plasmid
pBP47 (20) using primers that also introduced BamHI and SalI restriction enzyme sites at the 5= and 3=
ends of the topBY328F gene, respectively (primers topB-BamHI 5= and topB-SalI 3= [Table 3]). The DNA
product was cloned into the plasmid vector pKO3 (53) that had been digested with the same restriction
enzymes.

For construction of pRC7-ssb, the ssb open reading frame was amplified from genomic DNA prepared
from W3110 using primers that also introduced BamHI and HindIII restriction enzyme sites into the 5= and
3= ends, respectively (primers BamHI-ssb 5= and HindIII-ssb 3= [Table 3]). The DNA fragment was cloned
into plasmid vector pRC7 (55) that had been digested with the same restriction enzymes.

For construction of pKO3-ssb113, nucleotides 4273659 to 4275647 were amplified from genomic
DNA prepared from strain PAM33 (56) using primers that also introduced BamHI and SalI restriction
enzyme sites to the 5= and 3= ends, respectively (primers BamHI-ssb113 5= and SalI-ssb113 3= [Table 3]),
of chromosomal DNA that flanked the ssb-113 mutation by 1 kbp on each side. The DNA fragment was
cloned into pKO3 as described for pKO3-topBY328F.

Microscopy and localization of Topo III and �. Saturated cultures of strains CL109, CL113, and
CL281 were diluted to an optical density at 600 nm (OD600) of 0.01 and grown at either 37°C (when CL109
and CL113 were compared) or 30°C (when CL109 and CL281 were compared) in M9 minimal medium
supplemented with 20 �g/ml each of thiamine, thymine, and uracil and either 0.2% glucose (for the
comparison of CL109 and CL113) or 0.2% glycerol (for the comparison of CL109 and CL281) to an OD600

of 0.1. Cells were viewed on grooved 4% agarose (NuSieve GTG; Lonza) pads prepared in 1� phosphate-
buffered saline (PBS) as described previously (57). Cells were imaged in the phase, Texas Red, and GFP
channels in three consecutive 0.2-�m Z-planes using a Nikon Eclipse Ti microscope with an Plan Apo
100�/1.40-numerical-aperture objective and an Andor Neo CMOS camera enclosed in an Okolab
environmental chamber held at the indicated temperatures. Images were processed with Nikon Elements
AR software (version 4.40.00) to remove background.

Microscopy and time-lapse imaging. Strains CL269 and CL272 were grown in rich medium (MOPS
[morpholinepropanesulfonic acid] EZ Media; Teknova) supplemented with 2% glucose. Saturated cul-
tures were diluted to an OD600 of 0.005, grown at 37°C to an OD600 of 0.1, and viewed on grooved 4%
agarose pads (prepared in the same medium) as described above. Cells were imaged in the phase and
Texas Red channels every 2 min. The movies were cropped to the first �60 min of growth, and the phase
and Texas Red signals were adjusted so that they were within the same dynamic range. The images were
exported as stacked tif files and examined with Fiji software (ImageJ 2.0.0-rc-65/1.51w, Java 1.80 to 66)

TABLE 2 Plasmids

Plasmid Relevant characteristicsa Reference(s) or source

pBP47 pLEX5BA-topBY328F 20
pCP20 Temperature-sensitive plasmid carrying heat-inducible FLP recombinase used to

remove FRT-flanked antibiotic resistance genes
54

pKO3-topBY328F pKO3 carrying the ORF for topBY328F; Cmr This study
pKO3-ssb113 pKO3 carrying nucleotides 4273659 to 4275647 from strain PAM33; Cmr This study
pRC7-ssb pRC7 carrying the ORF of ssb; Apr This study
pRC7 Low-copy-number, IPTG-inducible expression vector that expresses the target

ORF as a LacZ fusion protein; Apr

63

pKO3 Temperature-sensitive origin of replication; Cmr 53
pGBM2-ecgfps pGBM2 carrying codon-optimized, straightened GFPuv; Kmr 28, 64
aKmr, kanamycin resistance; Cmr, chloramphenicol resistance; Apr, ampicillin resistance; FRT, FLP recombinase target.

TABLE 3 Oligonucleotides

Name Sequence (5= ¡ 3=)
BamHI-ssb 5= CATATTATATTGGATCCATGGCCAGCAGAGGCGTAAAC
HindIII-ssb 3= GATGGGGAGTAAGCTTTCAGAACGGAATGTCATCATC
BamHI-ssb113 5= GATTAGTATCGGATCCCGGCTTTTCCATCAGTGACAG
SalI-ssb113 3= CAATTAAATGTCGACCTGGCGAATGACCAGCTCGG
topB-BamHI 5= CTATGACCGGATCCATGCGGTTGTTTATTG
topB-SalI 3= CTATTCAAGGTCGACTTACGCTATCGCC
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(58) to mark the frames where the cell cycle started and ended for the cells of interest. Kymographs of
the stacked images were generated using a custom MATLAB R2014a (8.30.532)-based script called
“analysis_kymographs” that allows the user to mark the cells’ boundaries on the x axis (cell length), find
the midpoint of each cell (frames were aligned based on the midpoint of the cell boundaries), and
measure the intensity of the fluorescent signal, as well as the location of any particular pixel relative to
the boundaries of the cell. About 50 individual kymographs of individual cells for each strain were
averaged together (see Fig. S3A and B in the supplemental material) using another custom MATLAB-
based script called the “average_kymographs” script. The programs have the ability to select means or
maximums of pixel intensity in individual kymographs and in the merged, averaged kymograph, as well
as to rescale the information if desired for presentation. The images shown in Fig. 4 represent the mean
pixel value in any particular line of an individual kymograph and the mean of the means in the averaged
kymograph. The images were not rescaled (“kmean/mean/norescale”). The scale and color map were set
in MATLAB. The custom MATLAB scripts used here are available on request.

Immunoblotting. A nitrocellulose membrane (GE Healthcare) equilibrated in 20 mM Tris-HCl (pH
7.5)–500 mM NaCl was assembled on a Bio-Dot apparatus (Bio-Rad) and prepared for samples as per the
manufacturer’s directions. Pol III core, �, Topo III, and SSB (lab stocks), �, �, �, �=, �/�, and the DnaX
complex (gifts of Charles McHenry, University of Colorado), and bovine serum albumin (BSA) (NEB) were
serially diluted in 1� PBS such that 1.56 to 100 pmol of protein (as monomer) was applied to the
membrane. The DnaX complex and Topo III were applied at 1/10 and 1/100, respectively, of these
amounts for the other proteins. The proteins were allowed to flow through the membrane without a
vacuum, and each well was washed twice with 1� PBS under gentle vacuum. The membrane was air
dried for 10 min, blocked in 1� PBS–5% powdered milk for 1 h at 25°C, and then incubated in 40 mM
HEPES-KOH (pH 7.5), 12 mM magnesium acetate [Mg(OAc)2], 5 mM dithiothreitol (DTT), 0.1 mg/ml BSA,
and 4% sucrose with or without 2 �g/ml of Topo III at 25°C with slow rocking for 15 min. Glutaraldehyde
(Sigma) was then added to a final concentration of 0.1%, and the membranes were incubated for an
additional 45 min. The membranes were then washed in 25 mM Tris-HCl (pH 7.5)–137 mM NaCl–2.7 mM
KCl for 15 min at 25°C, followed by four 15-min washes in 1� PBS–2% powdered milk. The membranes
were then incubated with the primary anti-Topo III antiserum at a 1:5,000 dilution in 1� PBS for 24 h at
4°C, followed by four 15-min washes with 1� PBS–2% powdered milk. The membranes were then
incubated with the secondary goat anti-rabbit antibody– horseradish peroxidase (HRP) conjugate (Bio-
Rad) at a 1:10,000 dilution in 1� PBS–2% powdered milk for 1 h at 25°C and then washed with the
primary antibody. Membranes were incubated with ECL reagents (GE Healthcare) prior to exposure to
film.

Unlinking of catenated and precatenated DNA. Preparation of precatenated DNA dimers was as
described previously (24) except that pBROTB 535-I plasmid DNA (59) was used as the template and the
dimers were isolated by sucrose gradient centrifugation. Catenated DNA dimers were prepared in the
same manner except that Tus was omitted from the DNA replication reaction mixtures. Assay conditions
were as described previously (24) except that incubation time was 10 min.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00563-18.
SUPPLEMENTAL FILE 1, PDF file, 4 MB.
SUPPLEMENTAL FILE 2, MOV file, 1.1 MB.
SUPPLEMENTAL FILE 3, MOV file, 0.9 MB.
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