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ABSTRACT

DNA topology plays a crucial role in all living cells. In
prokaryotes, negative supercoiling is required to
initiate replication and either negative or positive
supercoiling assists decatenation. The role of DNA
knots, however, remains a mystery. Knots are very
harmful for cells if not removed efficiently, but DNA
molecules become knotted in vivo. If knots are dele-
terious, why then does DNA become knotted? Here,
we used classical genetics, high-resolution 2D
agarose gel electrophoresis and atomic force
microscopy to show that topoisomerase IV (Topo
IV), one of the two type-ll DNA topoisomerases in
bacteria, is responsible for the knotting and
unknotting of sister duplexes during DNA replica-
tion. We propose that when progression of the rep-
lication forks is impaired, sister duplexes become
loosely intertwined. Under these conditions, Topo
IV inadvertently makes the strand passages that
lead to the formation of knots and removes them
later on to allow their correct segregation.

INTRODUCTION

Among the three classical DNA topological forms: super-
coils, catenanes and knots, the former two are a direct
consequence of fundamental DNA metabolic processes:
transcription and replication (1). They were early
recognized as soon as the model for the DNA double
helix was originally proposed (2). DNA knots, on the
other hand, although recognized even before (3), arise
mainly as a by-product of topoisomerase II-mediated
double-stranded passages (4). Knots in DNA have poten-
tially devastating effects for cells (5,6) and therefore need
to be quickly removed.

DNA knots, however, form in vivo in non-replicating-
cells (7-9) and also during replication (10-14). It is

important to distinguish, though, between unreplicated
circular molecules with intramolecular knots and partially
replicated molecules with intra- or interchromatid knots
(Figure 1A and B). Although type-I DNA topoisomerases
and DNA gyrase can knot and unknot DNA duplexes
in vitro (15), it is firmly established that in vivo, Topo IV
is the only topoisomerase significantly involved in
decatenation and unknotting of DNA molecules (16-20).
But how and why DNA becomes knotted in the first place
is not entirely understood. Here, we show that Topo IV is
also the topoisomerase that makes knots during DNA
replication. This observation implies an unforeseen
paradox, as the same enzyme that knots DNA is respon-
sible for their removal later on, consuming ATP in both
processes.

MATERIAL AND METHODS
Bacterial strains, plasmids and culture medium

The E. coli strains used in this study and their relevant
genotype are detailed in Supplementary Table S1. Com-
petent cells were transformed with ~monomeric
forms of pBR-TerE@Styl, pBR-TerE@Aatll, or pBR-
TerE@Dral, all derivatives of pBR322 with the polar
replication terminator TerE (21,22) cloned at variable dis-
tances from the unidirectional ColEl origin. All the
strains were grown in LB medium at 37°C with the excep-
tion of parE10 cells, which were grown at the permissive
(30°C) or restrictive (43°C) temperature. Isolation of
plasmid DNA was performed as described elsewhere
(12,23).

DNA treatments

To induce single-stranded breaks, DNA was digested with
Nb.Bsml, Nb.BtsI, Nt.BbvCI (New England Biolabs) or
Nt.BpulOI (Fermentas) for 30min at 37°C. Reactions
were blocked with 100 ugml™' proteinase K (Roche) for
30min at 37°C. Digestions with AIWNI (New England
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Figure 1. Cartoons illustrating the topology of different DNA molecules. (A) Unreplicated circular nicked molecule displaying an intramolecular
trefoil knot. (B) Partially replicated RI with a nick in the unreplicated portion containing an interchromatid trefoil knot. (C) Partially replicated
CCRI displaying supercoiling in the unreplicated portion, catenanes and an interchromatid trefoil knot in the replicated portion. (D) Nicking in the
unreplicated portion eliminates supercoiling and catenation revealing the interchromatid knot alone. Parental duplexes are indicated in blue and

green and nascent strands are depicted in red.

Biolabs) and Topo IV (Inspiralis) were performed follow-
ing manufacturer’s instructions.

Two-dimensional agarose gel electrophoresis and Southern
transfer

The first dimension was in a 0.4% agarose gel in TBE
buffer at 0.9Vem™' at room temperature for 25h.
The second dimension was in a 1% agarose gel in TBE
buffer without ethidium bromide (EthBr) if the samples
were analysed intact or containing 0.3 pgml~' EthBr if the
samples were digested with AlwNI. This second dimen-
sion was run perpendicular to the first dimension.
The dissolved agarose was poured around the excised
agarose lane from the first dimension and electrophoresis
was at 5Vem ™! in a 4°C cold chamber for 10-13h (8 h for
those samples digested with AIlwNI). Southern transfer
was performed as described elsewhere (12,23).

Non-radioactive hybridization

Probes were labelled with digoxigenin using the DIG-High
Prime kit (Roche). Membranes were prehybridized in a
20ml prehybridization solution (2x SSPE, 0.5% Blotto,
1% SDS, 10% dextran sulphate and 0.5 mgml~' sonicated
and denatured salmon sperm DNA) at 65°C for 4-6h.
Labelled DNA was added and hybridization lasted for
12-16h. Then hybridized membranes were sequentially
washed with 2x SSC and 0.1% SDS, 0.5x SSC and
0.1% SDS, 0.1x SSC and 0.1% SDS for 15min each at
room temperature except for the last wash, which took
place at 65°C. Detection was performed with an
antidigoxigenin-AP conjugate antibody (Roche) and
CDP-Star (Perkin Elmer) according to the instructions
provided by the manufacturer.

Densitometry

Autoradiograms were scanned and the region where
unknotted and knotted RIs migrated was analysed by

densitometry using NIH Image J64 to determine the
ratio of knotted to unknotted molecules.

Preparation of DNA samples enriched for specific RIs

Plasmid DNA isolated from exponentially growing cells
was nicked and analysed in a 1D low melt agarose gel
(BioRad) run for 36 h under the conditions used for the
first dimension of a regular 2D gel. An aliquot of the same
sample was run in a separate lane and used as a control.
After the first dimension, this control lane was cut out,
stained with EthBr and examined under UV light. In this
way, we estimated the distance migrated by the molecules
of interest. According to this estimation, the portion of the
gel containing these molecules was excised; the agarose
melted at 65°C and digested with B-Agarase 1 (New
England Biolabs). The remaining insoluble products
were eliminated by centrifugation and the DNA sample
was phenol extracted, ethanol precipitated and resus-
pended in distilled water.

Sample preparation and atomic force microscopy imaging

Sample DNAs were coated with RecA by mixing a ratio of
lul DNA, 6ul ATPyS at a final concentration of
Imgml~' (Sigma), and 8pul of RecA (New England
Biolabs) at a final concentration of 0.2mgml~' (24).
After incubation at 37°C for 1h, 1-2pl of the reaction
mixture was deposited onto AP-mica—mica previously
modified with 3-aminopropyltriethoxy silane (APTES)—
as follows: freshly cleaved mica (Ted Pella, CA, USA) was
treated with a 0.025% water solution of APTES (Sigma)
for 1min, rinsed thoroughly with ultrapure water
(Millipore, MA, USA) and dried with a stream of com-
pressed nitrogen. Then, an aliquot of the DNA sample
coated with RecA was deposited onto AP-mica, incubated
for about 1min at room temperature, rinsed with
ultrapure water and dried with a stream of compressed
nitrogen. Images were collected using a Nanoscope Illa



(Veeco, Woodbury, NY, USA) operated in tapping mode
in air. The cantilevers (MPP-12120-10 Bruker Corpo-
ration, CA, USA) had a nominal tip radius smaller than
10nm and exhibited resonant frequencies in the range of
100-200 kHz. During imaging, the surface was scanned at
a rate of one line per second. The images were flattened to
remove the eventual slope of the substrate using the
Nanoscope software, and analysed with no further treat-
ment. DNA molecules were analysed using Ellipse
program version 2.08 (Institute of Experimental Physics,
Kosice, Slovakia) to trace each molecule and to accurately
measure the contour length.

RESULTS

As pointed out in the Introduction, our main tasks were to
characterize the knots that form during DNA replication,
to identify the topoisomerase responsible for knotting
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sister duplexes during DNA replication and to determine
why they form in the first place. To study interchromatid
knots in bacteria, we constructed three plasmids, all de-
rivatives of pBR322, containing the E. coli replication ter-
minator DNA sequence TerE (21,22) in its active
orientation at three different sites: Styl, Aatll and Dral.
The resulting plasmids were named pBR-TerE@Styl,
pBR-TerE@Aatll and pBR-TerE@Dral, respectively.
Blockage of the unidirectional replication fork at TerE,
led to the accumulation of replication intermediates
(RIs) with a mass 1.26x, 1.60x and 1.80x the mass of
unreplicated molecules, respectively (see left side of
Figure 2). As Topo IV is the topoisomerase that
unknots DNA molecules in vivo (16-20), parE10 E. coli
cells carrying a mutation in the parE gene that makes
Topo IV temperature sensitive, were transformed with
the three plasmids at the permissive temperature (30°C).
When the cultures achieved logarithmic growth an aliquot
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Figure 2. Identification of partially replicated molecules at different stages of replication containing interchromatid knots. The name, mass and
genetic maps of the plasmids used are indicated on the left side. Inside, each map shows the relative position of its most relevant features: the ColEl
unidirectional origin (ColE1 Ori), the E. coli terminator sequence (TerE) and the ampicillin- and tetracycline-resistance genes (ampR and tetR).
Outside, the relative positions of sites recognized by specific restriction endonucleases are indicated. Autoradiograms of plasmid DNAs isolated from
parE10 cells grown at the permissive and restrictive temperatures after digestion with AIWNI and analysed in 2D gels with their corresponding
interpretation diagrams are shown on the right side. For comparison autoradiograms were aligned according to the electrophoretic mobility of
unknotted replication intermediates (UnknRIs) and linearized molecules (Lms). Note that no significant difference was observed between the samples

taken from cells grown at the permissive or restrictive temperatures.
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was taken and the cultures were shifted to the restrictive
temperature (43°C) for another 60min. To identify
knotted RIs, the three plasmids were digested with
AIwNI, a restriction endonuclease that cuts each plasmid
only once in the unreplicated portion and analysed by 2D
agarose gel electrophoresis as indicated elsewhere (25).
The results obtained are shown on the right side of
Figure 2. The resulting linearized plasmids contained an
internal bubble, the size of which varied in each case
(11,12,23). Note that in all cases no significant difference
was observed between the samples taken from cells grown
at the permissive temperature and those extracted from
cells that were exposed to the restrictive temperature for
60 min. Comparison of the autoradiograms correspond-
ing to the three plasmids indicated that the electrophoret-
ic mobility of unreplicated forms was the same in all cases,
which was expected for molecules of fairly similar

pBR-TerE@Aatll; and 4433bp for pBR-TerE@Dral).
The electrophoretic mobility of unknotted and knotted
RIs, on the other hand, varied significantly according to
the size of the bubble (11). To confirm that Topo IV was
inhibited at the restrictive temperature, cells transformed
with pBR-TerE@Dral were visualized at a phase contrast
microscope and undigested plasmid DNA was analysed by
2D agarose gel electrophoresis (Figure 3). The change in
the shape of the cells (26,27) and the accumulation of cat-
enated forms (28) confirmed that exposure of mutant cells
to the restrictive temperature inhibited Topo IV in a sig-
nificant manner.

To confirm the nature of the molecules identified as
knotted RIs, two series of experiments were performed.
In the first case, plasmids isolated from wild-type cells
were analysed in 2D gels untreated and after digestion
with a restriction enzyme that introduces a single-stranded
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A Wild-type parE10 43°C
’ L. ‘CatAs
«ee, CCRIs "".‘&0'.-
= " i CatBs Yo CCRIs
g \ CatCsﬁ;h
53| . PR . ‘@------ e |.. OCs
2 :
e ;
Q .
(= . : :
J - ° J - " e | cccs
C

Figure 3. Exposure of parE10 E. coli cells to the restrictive temperature (43°C) leads to the specific inhibition of Topo IV, which in turns causes an
accumulation of catenated molecules and progressive elongation of the cells. Autoradiograms of 2D gels corresponding to intact forms of
pBR-TerE@Dral isolated from wild-type cells (A) and parE10 cells after a 60 minutes exposure to the restrictive temperature (B). Interpretative
diagrams are shown to the right. Note the accumulation of CatAs (depicted in light blue), CatBs (depicted in dark blue) and CatCs (depicted in
green) in the corresponding diagram. For comparison the autoradiograms were aligned so that the electrophoretic mobility of unreplicated open
circles (OCs) and covalently closed circles (CCCs) coincided. Covalently closed replication intermediates (CCRIs) are depicted in red. The
phase-contrast micrographs correspond to wild-type cells (C) and parE10 cells after a 60 min exposure to the restrictive temperature (D). Note

the elongated shape of the cells in D. The bar is 10-pm long.



portion of the accumulated RIs. Each plasmid contained a
single site for the nicking restriction endonuclease
employed and their locations are indicated in the maps
shown on the left side of Figure 2. In the second series
of experiments, DNA samples enriched for specific DNA
molecules (29-31) were prepared and analysed by atomic
force microscopy (AFM).

The results obtained with intact plasmids and after
nicking are shown in Figure 4. As in the autoradiograms
shown in Figure 2, the signals corresponding to non-
replicating forms showed the same electrophoretic
mobility for the three plasmids. Here these signals corres-
ponded to covalently closed circles (CCCs) and open
circles (OCs), respectively. Similarly, the electrophoretic
mobility of molecules with the fork blocked at TerE also
varied according to the size of the bubble. Contrary to the
autoradiograms shown in Figure 2, however, in this case

Nucleic Acids Research, 2012, Vol. 40, No.8 3567

the accumulated RIs consisted in a family of molecules
with increasing mobility that formed a characteristic arc
(coloured red in the corresponding diagrams in Figure 4).
The different elements of these families have the same
mass but differ in their linking number (Lk). As in all
partially replicated molecules the forks rotate freely
in vitro, the corresponding linkage is distributed between
the unreplicated and replicated portions according to their
relative sizes (Figure 2). Supercoils in the unreplicated
portion and precatenanes in the replicated one determine
Lk (32). Digestion of the samples with a nicking enzyme at
either the replicated or unreplicated portions has one
common consequence: for all the plasmids the signal cor-
responding to unreplicated CCCs disappeared (broken
circles mark their position at the bottom right corner of
the autoradiograms in Figure 4). This observation: (i) con-
firmed that the signals identified as CCCs corresponded
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Figure 4. Nicking of intact circular RIs with single-stranded restriction endonucleases revealed knotted RIs only when the nicking occurred in the
unreplicated portion. Plasmid DNAs isolated from parE10 cells grown at the restrictive temperature untreated and after digestion with restriction
endonucleases that introduced a single-stranded break either in the replicated or unreplicated portions were analysed in 2D gels. The autoradiograms
with their corresponding interpretation diagrams are shown. For comparison all autoradiograms were aligned according to the electrophoretic
mobility of unknotted replication intermediates (UnknRIs), open circles (OCs) and covalently closed circles (CCCs). The signal corresponding to
covalently closed replication intermediates (CCRIs) are indicated in red; knotted monomers corresponding to unreplicated forms are indicated in
green and knotted replication intermediates (Knotted RlIs) are indicated in dark and light blue. The dotted circle at the bottom right corner of each
autoradiogram marks the electrophoretic mobility expected for unreplicated CCCs.
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indeed to unreplicated monomeric CCCs; and (ii) served
as an internal control indicating that digestions with the
nicking enzymes were complete. The signals identified as
OCs, on the other hand, persisted. Nicking revealed a new
family of stereoisomers that corresponded to monomeric
forms. Based on their electrophoretic mobility during the
first and second dimensions they were identified as nicked
knotted monomers (33) and are coloured green in the
diagrams in Figure 4. Note that the signals called
CCRIs remained unchanged after nicking at the replicated
portion but disappeared when this nicking occurred at the
unreplicated portion. This is precisely what is expected as
in the replicated portion the nascent strands of the sister
duplexes already contain interruptions due to the discon-
tinuous nature of DNA synthesis of the lagging strands.
For this reason, the introduction of a new nick at the
replicated portion had no topological consequence.
Nicking at the unreplicated portion, however, completely
eliminated the signal corresponding to CCRIs. The intro-
duction of a nick eliminates supercoiling because the tor-
sional tension self-contained in CCRIs dissipates when the
ends of the broken strands are allowed to swivel around
the unbroken one. This automatically causes the forks to
rotate to redistribute the Lk between the unreplicated and
replicated portions. In this way precatenanes diffuse back
to the unreplicated portion and the corresponding Lk is
eliminated (Figure 1C and D). But inter- and
intrachromatid knots cannot diffuse to the unreplicated
portion and are distinctly revealed (Figure 4). In the cor-
responding diagrams dark and light blue arcs point to Rls
containing simple and double knots, respectively (11).
To further confirm the nature of the so-called knotted
RIs, DNA samples enriched for these molecular species
were prepared (12,13,29-31), nicked at the unreplicated
portion, coated with RecA (24) and examined by AFM.
This technique allows a precise examination of individual

molecules extended onto a flat surface. Moreover, as the
molecules were nicked they contained no precatenanes
and using enhanced contrast, the branches that pass
above and below at each individual cross can be unam-
biguously identified (Figure 5). In this way, after
measuring the length of the three arms, knotted and unk-
notted molecules were distinguished and classified.
RIs corresponding to pBR-TerE@Aatll are shown on
the left of Figure 6. An unknotted RI is shown in
Figure 6A. The molecule in Figure 6B although contains
four nodes corresponds to an interchromatid trefoil knot
where all the nodes have positive signs. The unmarked
node corresponds to an accidental crossing that dis-
appears after rotation of the fork. Finally, the molecule
in Figure 6C corresponds to an RI with an intra-
chromatid knot. Examples of partially replicated mol-
ecules corresponding to pBR-TerE@Dral are shown on
the right of Figure 6. An unknotted RI with no nodes is
shown in Figure 6D. The molecules shown in Figure 6E
and F display several nodes in 2D but their interpretative
diagrams after 3D reconstruction indicated they corres-
ponded indeed to unkotted Rls.

The observation for no apparent difference between the
patterns generated by DNA extracted from cells grown at
the permissive and restrictive temperatures shown in
Figure 2, prompted us to investigate this problem in
depth. To this aim, parE10 E. coli cells transformed with
pBR-TerE@Dral were grown at the permissive tempera-
ture (30°C) until the cultures achieved logarithmic growth.
A sample was taken and the cultures shifted to the restrict-
ive temperature (43°C). More samples were taken 60 and
120 min after the temperature shift. Plasmid DNA was
isolated, digested with AIwNI and analysed in 2D gels.
Finally, the region of the autoradiogram where unknotted
and knotted RIs migrated was scanned and analysed by
densitometry to determine the ratio of knotted to

Figure 5. Atomic force microscopy (AFM) allows the unambiguous identification of the shape of individual molecules extended on a flat surface.
Visualization of height-data and phase-data (left and middle photographs, respectively) distinguishes which branch is above and which below at each
individual node (see blue arrows in the middle photograph). This is essential to determine whether the molecule is knotted or not. The interpretative
diagram shown to the right confirmed that this molecule corresponding to pBR-TerE@Dral was unknotted. In the diagram the parental duplex is
drawn in blue and green whereas the nascent strands are drawn in red. Numbers indicate the relative size of each arm. Black arrows mark
directionality of the sister duplexes and green and blue arrows indicate handedness. The scale on the left of the photographs represents height

and phase and the black bar is 250-nm long.
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Figure 6. Partially replicated unknotted and knotted molecules corresponding to pBR-TerE@AatlI (on the left) and pBR-TerE@Dral (on the right)
as visualized by atomic force microscopy (AFM). DNA samples enriched for plasmid DNAs isolated from parE10 cells grown at the restrictive
temperature were digested with restriction endonucleases that introduced a single-stranded break at the unreplicated portion, coated with RecA and
analysed by AFM. In the interpretative diagrams (shown to the right of each photograph) the parental duplex is drawn in blue and green and the
nascent strands are drawn in red. Numbers in the interpretation diagrams indicate the relative size of each arm. Black arrows mark directionality of
the sister duplexes. Green and blue arrows indicate handedness and the signs specify whether the node is negative or positive. (A) and (D) Unknotted
RIs; (B) Partially replicated molecule with an interchromatid trefoil knot where all the nodes have a positive sign; (C) Partially replicated molecule
with an intrachromatid knot; (E) and (F) Partially replicated molecules displaying several nodes in 2D. The interpretation diagrams, though,
indicated they indeed corresponded to unknotted RlIs. The scale on the left of (A) represents height and the black bar in (D) is 250-nm long.

unknotted molecules. The results obtained are shown in
Figure 7. The ratio remained almost unchanged (0.50, 0.50
and 0.49, respectively) with time. Although type I topo-
isomerases can knot nicked or gapped templates (15), it is
generally accepted that knotting in vivo is mainly caused
by a type II DNA topoisomerase (4) and in bacteria, there
are only two potential candidates: DNA gyrase and Topo
IV. If the topoisomerase responsible for making these rep-
lication knots would be DNA gyrase, as Topo IV, which is
the topoisomerase responsible for unknotting (16-20), was
inhibited in these cells (Figure 3), the ratio of knotted to

unknotted RIs should had gone up with time. This was
not the case. Knotted RIs could also form as a by-product
of interchromatid recombination catalyzed by XerC and
XerD (34). To test if the latter recombination system was
involved in the formation of interchromatid knots, xerC
and xerD mutant E. coli cells were transformed with the
same plasmid and the experiment repeated. If XerC and/
or Xer D were somehow involved in the formation of
interchromatid knots, no knotting would take place in
the mutant cells and the ratio of knotted to unknotted
RIs should go down. On the contrary, the results shown
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Figure 7. The frequency of knotted RIs remains unchanged after inhibition of Topo IV as well as in xerC/xerD mutants. Autoradiograms of 2D gels
corresponding to pBR-TerE@Dral isolated from parE10 E. coli cells grown at the permissive temperature (30°C), and 60 and 120 min after shifting
the culture to the restrictive temperature (43°C). DNA was digested with AIwNI and the portion of each autoradiogram where unknotted and
knotted RIs migrated was scanned and analysed by densitometry. The corresponding densitometric profiles are shown to the right. The numbers at
the top right corner of each profile indicate the ratio of knotted/unknotted molecules in each case. Note that this ratio did not change significantly
with time at the restrictive temperature or when plasmid DNA was isolated from xerC or xerD mutant cells. On the contrary, exposure of plasmid
DNA to Topo IV in vitro resulted in the elimination of almost all knotted to unknotted forms (shown at the bottom).
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in Figure 7 indicated that this ratio remained unchanged.
Therefore one must conclude that XerC and XerD are not
involved in the formation of these interchromatid knots.
To confirm that Topo IV was indeed capable to remove
the knots, a DNA sample identical to the one labelled
120 min in this figure was exposed to Topo IV in vitro
after its digestion with AIwWNI. The result obtained is
shown at the bottom of Figure 7. Almost all knotted
forms disappeared and the only molecular species remain-
ing corresponded to unknotted RIs. There is only one way
to explain all the results obtained so far. Topo IV is
responsible for knotting as well as for unknotting RlIs.
When Topo IV is inhibited, both the formation as well
as the removal of these knots decline and the ratio of
knotted to unknotted RIs remains unchanged.

DISCUSSION

Why and how does Topo IV cause the formation of
replication knots? Mechanistically, one possibility is
diagrammed in Figure 8. For a half replicated molecule
(A), the unreplicated portion is negatively supercoiled and
the parental duplex winds around itself in a right-handed
manner. In the replicated portion on the other hand, the
sister duplexes wind in a left-handed manner (1). It was
recently suggested that Topo IV 1is processive on
right-handed crosses and distributive on left-handed
ones (35). This would definitively affect Topo IV
function on highly intertwined precatenanes but not ne-
cessarily when sister duplexes are poorly intertwined (28).
Indeed, the formation of interchromatid knots during rep-
lication (13) and the geometry of RIs cut by poisoning
topo II with etoposide (36) are the best experimental evi-
dences supporting the existence of precatenanes in vivo
(37). A single passage of one of the duplexes that traps
two precatenane nodes (Figure 8B and C) would generate
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a trefoil interchromatid knot (Figure 8D) which becomes
simplified by linearization of the molecule with a single
double-stranded cut in the unreplicated portion. Of
course, this is the simplest way to generate an
interchromatid knot. More DNA passages would lead to
the whole spectrum of knots observed in vivo. Moreover, it
is well known that varying levels of positive and negative
supercoiling differently affect the efficiency with which
Topo IV catenanes and decatenanes DNA (38) and the
unique mode of clamping the right-handed nodes by
Topo IV establishes a different topological link with
positive and negative supercoiled DNA (39). It was
recently shown that during unconstrained replication
sister duplexes are highly intertwined (28). Here we
propose that when replication forks slow down or stall,
sister duplexes become loosely intertwined. Under these
conditions Topo IV could inadvertently make the strand
passages that lead to the formation of inter- and
intrachromatid knots that must be removed later on to
allow their correct segregation. In other words, we
suggest that during unconstrained replication the strong
intertwining of sister duplexes prevents the formation of
these potentially harmful knots. This role of strong
intertwining of sister duplexes would be similar to the
role of negative supercoiling for preventing potentially
harmful DNA-DNA intersegmental contacts and wrong
strand-passage reactions as previously suggested (40-42).

Intrachromatid knots have been described and analysed
in pBR322 catenanes before (16). Although it was found
that Topo IV inactivation had a surprisingly minor role on
the level of these intrachromatid knotted catenanes, the
authors avoided to make any comment as to their
origin. Here we demonstrated that inter- as well as
intrachromatid knots form during DNA replication.
Once replication is over, though, the fate of these two
types of knots differs. Interchromatid knots automatically
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Figure 8. A single inadvertent passage performed by Topo IV can convert precatenanes into an interchromatid trefoil knot. (A) Half-replicated
molecule showing that in the unreplicated portion the parental duplex wounds in a right-handed manner whereas sister duplexes wound in a
left-handed manner in the replicated portion. (B) Two segments of the same chromatid that are separated by two precatenane nodes approximate
to each other and become crossed (C). The inadvertent passage performed by Topo IV (C to D transition) converts this precatenated RI into a
molecule with an interchromatid knot (D). The resulting trefoil knot is fully revealed if the molecule is digested with a restriction enzyme that
linearize the RI at the unreplicated portion, leading to the elimination of supercoiling in the unreplicated portion and all remaining precatenane
nodes (E). Parental duplexes are drawn in blue and green whereas nascent strands are depicted in red. The arrows and black and white segments in
C and D point to the single inadvertent passage performed by Topo IV.
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give rise to catenanes undistinguishable from those
derived from precatenanes. Intrachromatid knots, on the
other hand, could persist and generate the knotted caten-
anes described by Adams e al. (16). It is interesting to
note that our proposal that knotting increases in RIs
with loosely intertwined sister duplexes, could also
explain the observation that DNA gyrase inhibitors
increase the content of knots in non-replicating bacterial
plasmids (7-9). The inhibition of gyrase causes DNA re-
laxation and in poorly supercoiled plasmids, Topo IV
could also inadvertently make the strand passages that
lead to the formation of knots. Indeed, numerical simula-
tions already suggested that DNA supercoiling has a sig-
nificant role in DNA unknotting (4,41,42).

Finally, all these observations together with the finding
that cohesion also plays a significant role in decatenation
in eukaryotes (43) give rise to several new questions: Does
interchromatid knots form also in eukaryotic linear
chromosomes? Does topoisomerase II, the eukaryotic
decatenase, leads also to the formation of this type of
knots when replication forks slowdown or stall in eukary-
otes? New experiments are underway to solve these and
other related topics.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
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