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The unwinding of the parental DNA duplex during replication
causes a positive linking number difference, or superhelical
strain, to build up around the elongating replication fork. The
branching at the fork and this strain bring about different
conformations from that of (2) supercoiled DNA that is not
being replicated. The replicating DNA can form (1) precat-
enanes, in which the daughter DNAs are intertwined, and (1)
supercoils. Topoisomerases have the essential role of relieving
the superhelical strain by removing these structures. Stalled
replication forks of molecules with a (1) superhelical strain have
the additional option of regressing, forming a four-way junction
at the replication fork. This four-way junction can be acted on by
recombination enzymes to restart replication. Replication and
chromosome folding are made easier by topological domain
barriers, which sequester the substrates for topoisomerases into
defined and concentrated regions. Domain barriers also allow
replicated DNA to be (2) supercoiled. We discuss the importance
of replicating DNA conformations and the roles of topoisomer-
ases, focusing on recent work from our laboratory.

A thorough understanding of DNA replication and recom-
bination requires knowledge of the conformations and

topology of replicating DNA. These are different from those of
nonreplicating DNA. The action of DNA helicases, interruptions
in replicated strands, and, most importantly, the uniquely
branched structure of the replication fork itself, all contribute to
these differences. In this review, we illustrate the major confor-
mational differences between replicating and nonreplicating
DNA and their physiological importance. We highlight the
evidence for each structure in vitro and in vivo. In addition, we
address how the links originally residing in the double helix of the
parental duplex are fully resolved in bacteria by two type-2
topoisomerases, DNA gyrase and topoisomerase (topo) IV, to
form two separate daughter molecules. Although we emphasize
the situation in bacteria, we will also make generalizations
applicable to the eukarya and archaea.

We begin by defining a few basic terms that form the language
of DNA topology (1). The topology we will focus on are the links
between the complementary Watson and Crick strands of an
intact, topologically constrained piece of DNA. The simplest
example is a closed circular DNA, as is found in plasmids and
viruses, but the results can be generalized to linear chromosomes
because of their organization into closed domains or loops. The
intertwining of the complementary strands is described by the
linking number (Lk), which is one-half of the signed number of
times one strand crosses the other in any projection. According
to the sign convention, the crossings in ordinary B-type DNA are
(1). The crossings, or nodes, of the complementary strands can
result from the local intertwining of the double helix itself, in
which case they are measured by a parameter called twist (Tw).
Alternatively, nodes result from one segment of the double helix
crossing another, as measured by writhe (Wr). Lk is the sum of
Tw and Wr. Notably, Lk is unaltered by any deformation short
of DNA breakage and reunion. More important is the quantity

DLk, the difference between Lk and Lk0, where Lk0 is the Lk of
a relaxed DNA molecule. The strain on the DNA from a
non-zero DLk often causes the DNA to supercoil, a form of
writhe. Supercoiling can be either plectonemic (interwound) or
solenoidal, as when DNA wraps around a protein. The most
useful measure of the topological deviation of DNA from the
relaxed state is its supercoiling density, or s. Sigma is equal to
DLkyLk0 and is therefore independent of DNA length. Repli-
cation causes an increase in DLk, because separation of the
parental strands lowers the value of Lk0. Therefore, the DLk of
replication increases by about one for every ten base pairs of
replicated DNA.

This review is divided into three parts. We begin by discussing
the conformations of (2) supercoiled DNA that is not replicat-
ing, the form that DNA adopts away from the fork. Next, we
discuss the three ways in which replicating DNA may differ from
nonreplicating DNA: precatenanes, (1) supercoiled DNA, and
the four-way junction at stalled forks. Finally, we will discuss
topological domain barriers, which can sequester replicating
DNA structures into limited regions of the chromosome where
they can be processed more readily, allowing replication and
chromosome segregation to proceed.

Conformations of Nonreplicating DNA
Several studies have shown that nonreplicating DNA with a (2)
DLk has a characteristic branched, plectonemically supercoiled
conformation both in vitro and in vivo. The initial results
obtained with purified plasmid DNA have since been shown to
apply well to plasmids in vivo and, ultimately, to the entire
bacterial chromosome.

Conformations of Purified Plasmid DNA. The (2) DLk of DNA in
bacteria causes it to supercoil. This free (2) supercoiling is due
to DNA gyrase, a type-2 topoisomerase unique in its ability to
introduce (2) supercoils into relaxed or (1) supercoiled DNA.
Although the enormous size of the Escherichia coli chromosome
has limited studies on it, we now have a detailed picture of the
conformational properties of the smaller, circular plasmid DNAs
that are coresident with it in the cell. Electron microscopy (EM)
allowed the direct visualization of the tightly intertwined,
branched structure that is characteristic of (2) supercoiled
molecules (1, 2). Beyond a visual image, EM also provided initial
quantitative measurements of (2) supercoiled DNA structure
(3). Furthermore, initial EM observations of the E. coli chro-
mosome show very similar structures to those seen with plasmid
DNA (ref. 4; C.D.H. and N.R.C., unpublished data).
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A limitation of EM, however, is the distortion introduced by
fixation on the grid and the poor control of the ionic conditions
at the time of fixation. To understand better the conformation
of (2) supercoiled DNA in solution, a study of the effect of ionic
conditions on DNA conformation was undertaken (5, 6). By
using sedimentation analysis and measures of the equilibrium
formation of catenanes (interlinked circles) between (2) super-
coiled circles and cyclizing linear DNAs, the effect of ionic
conditions on the global and local conformation of supercoiled
DNA, respectively, was measured. Importantly, the experimen-
tal results were also compared with those predicted from com-
puter simulations and were found to be in excellent agreement.

All methods indicate that (2) supercoiled DNA has a
compact, branched, plectonemic conformation over a range of
s, ionic conditions, and DNA length (7). As usu increases, a
number of parameters remain constant: the extent of branch-
ing of the superhelix, the ratio of DWr to DTw of about 3, and
the ratio of the length of the superhelix axis to DNA length of
about 0.4. In contrast, the superhelix diameter decreases
rapidly as s increases. At physiological s, around 20.06, the
superhelix is tightly wound with a diameter of only about 100
Å, a feature key to the properties of (2) supercoiled DNA in
the cell (reviewed in ref. 7). Ionic conditions strongly affect
both the conformational and thermodynamic properties of (2)
supercoiled DNA. Comparison of experimental and theoret-
ical work has allowed the refinement of computer simulations
such that we can now predict confidently the effects of mono-,
di-, and trivalent ions, s, and DNA length on supercoiled DNA
conformations.

Plasmid DNA Conformations in Vivo. Plasmids have proven invalu-
able not only for defining the structure of (2) supercoiled DNA
in vitro, but also for comparing the structure of the same DNA
outside and inside the cell. Site-specific recombination enzymes
provided an assay that could be used in both environments. A
number of these recombinases, including phage l integrase (Int),
the Gin invertase of phage Mu, and the resolvase of the Tn3 and
gd transposons, were shown to require a (2) supercoiled sub-
strate in vitro, indicating that their in vivo substrates are similarly
(2) supercoiled (8–11).

More direct evidence that plasmid DNA in the cell has the
same plectonemic structure observed in vitro was first obtained
with Int. Recombination between two Int binding sites (att)
converts a labile geometric property of the DNA, supercoils, into
a topological one, catenane or knot crossings (Fig. 1A; refs. 12
and 13). The in vitro products of Int recombination had been
characterized by EM as right-handed knots and catenanes
belonging to the torus family (ref. 14; Fig. 1B), reproducing the
right-handed, plectonemic structure of (2) supercoiled DNA
(15). When Int recombination was carried out in vivo, the
products had the electrophoretic mobility characteristic of these
torus catenanes and knots (16). Conversion of substrate plec-
tonemes into knot and catenane nodes in vitro was similarly
shown for Gin and resolvase by using a combination of EM and
electrophoretic analyses (17–19).

Int recombination also provided an estimate of the s of
plasmids in vivo. The number of crossings in the catenane
products made by Int in vitro was shown to be linearly propor-
tional to the s of the substrate (16). This relationship was used
to calibrate the effective s, defined as the s in vitro that has the
same level of plectonemic supercoiling as that observed in vivo.
The number of crossings in the catenanes made in cells in which
the decatenating topisomerases were inhibited indicated that
plasmids in vivo had about half of the number of plectonemic
crossings obtained in vitro. The remaining DLk may be taken up
by protein binding or by local changes in Tw. A similar fraction
for the effective superhelical stress in vivo was obtained by
comparing supercoiling-dependent transitions in vivo and in

vitro, including cruciform extrusion, psoralen binding, and the
transition from B to Z form DNA (20–22). Because the number
of crossings and the superhelical stress both give a similar value
for effective s in vivo, a simple, but important conclusion can be
drawn. Despite the enormous differences between the cellular
milieu and the test tube, the basic properties of supercoiled DNA
are the same in both. Thus, extrapolation from the detailed in
vitro and in silico studies of supercoiling is justified.

Supercoiling of Chromosomal DNA. Despite the 4.6-Mb size of the
E. coli chromosome, several studies have indicated that it too has
properties like those shown for plectonemically supercoiled
DNA in vitro. Worcel and Burgi (23) found that the level of (2)
supercoiling in isolated, intact chromosomes was similar to that
observed for other closed circular DNAs as judged by the binding
of the intercalating agent ethidium bromide (EtBr). As increas-
ing amounts of EtBr bound to the chromosome, the sedimen-
tation coefficient decreased because of relaxation of (2) super-
coils and then increased as (1) supercoils formed. Supercoiling
was also detected in the chromosome in vivo by measuring the
number of trimethylpsoralen adducts bound to the chromosome
upon photoactivation of the psoralen, a process with a linear
dependence on (2) superhelicity (21).

As a complement to these physical methods, supercoiling-
dependent gene expression showed functionally that the chro-
mosome was globally (2) supercoiled in vivo (24). The lacZ gene

Fig. 1. Conversion of plectonemic supercoils into knot and catenane nodes
by Int site-specific recombination. (A) A (2) supercoiled Int substrate (black
line) is shown with the att recombination sites represented by red and blue
arrows. When the att sites are in inverse (head-to-head) orientation in the
primary sequence, the recombination products are right-handed torus knots;
these knots can be drawn without crossings on the surface of a torus- or
doughnut-shaped object (Upper). When the sites are directly (head-to-tail)
repeated, the product is a right-handed torus catenane (Lower). (B) An
electronmicrograph of a 13-noded Int knot produced in vitro. The DNA was
coated with RecA protein to help visualize the crossings. (Reprinted from Cell
276, Spergler, S. J., Stasiak, A. & Cozzarelli, N. R., “The stereostructure of knots
and catenanes produced by phage lambda integrative recombination: 1985,
Implications for mechanism and DNA structure,” 325–334, 1985, with permis-
sion from Elsevier Science; ref. 15.)
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expressed from a supercoiling-sensitive promoter was inserted at
different chromosomal locations. Its expression varied only a few
fold at different insertion sites, indicating that the degree of
supercoiling was relatively constant throughout the chromo-
some. A study using site-specific recombination further demon-
strated the plectonemic structure of the bacterial chromosome.
Higgins et al. (25) inserted pairs of res sites, the sequence acted
on by the resolvase recombinase, in a nonessential quadrant of
the Salmonella chromosome. In vitro studies demonstrated that
for recombination to occur, the two res sites must be (2)
plectonemically interwound. Resolution was observed over the
entire 6- to 100-kb range of res site separation tested, although
the efficiency of recombination decreased with distance.

The Physiological Consequences of Conformations of (2) Supercoiled
DNA in Chromosome Partitioning. A critical role of (2) supercoiling
is the lowering of the free energy necessary for denaturation of
DNA. Equally essential for bacterial cell survival is the compaction
of the chromosome by supercoiling in promoting partitioning to
daughter cells. The first indication of this role for plectonemic
supercoiling came from a combination of computer simulations and
in vitro experiments (26). These studies demonstrated that the
probability that two supercoiled plasmids will be catenated at
thermodynamic equilibrium decreases exponentially with increas-
ing usu. For 3.5-kb plasmids, physiological levels of supercoiling
promoted decatenation by three orders of magnitude. Supercoiling
promotes disentanglement because it is much harder to thread
DNAs through each other when they are tightly plectonemically
supercoiled than when they are relaxed (Fig. 2).

The promotion of decatenation and disentanglement by su-
percoiling is not an in vitro curiosity. It plays an essential role in
partitioning in vivo of both plasmids and the chromosome. Topo
IV, and not gyrase, carries out decatenation in vivo (27, 28). Yet
mutants in DNA gyrase have a classic chromosome partition
defect (29). The interpretation is that (2) supercoiling by gyrase
is necessary for the compaction needed for efficient decatena-
tion. Direct evidence for this is that the rate of decatenation by
topo IV in vivo is sharply reduced when supercoiling is reduced
(30). Indeed, compaction by gyrase is more important than its
promotion of fork movement by removing a (1) DLk because
only gyrase can supercoil DNA, whereas topo IV can also
support replication elongation (31). Finally, there is recent
evidence regarding MukB, a protein involved in chromosome
condensation and partitioning, concerning the relationship be-
tween supercoiling and partitioning. Sawitzke and Austin (32)
showed that the severe partitioning defects of a mukB mutant are
suppressed by a topA mutation, which decreases the activity of
topo I and results thereby in increased (2) supercoiling. One
model for what might be happening is that MukB condenses and
organizes the DNA, making it clearer to decatenating enzymes
which crossings should be removed for chromosome segregation

to occur. This role of MukB apparently can be replaced by the
role of (2) supercoiling, which is known to shift the equilibrium
position in favor of decatenation. It appears that a major role of
MukB and supercoiling is in condensing the chromosome and
promoting decatenation (33).

Conformations of Replicating DNA
Whereas the DNA in the bulk of the bacterial chromosome is
(2) supercoiled, the conformation around the replication fork is
much more complicated. The parental strands of DNA can be
topologically constrained, whereas the daughter strands cannot
(Fig. 3A), because the free ends of the latter allow swiveling of
the DNA at the branch point. Even if these ends were somehow
constrained by the replication apparatus to form a topological
domain barrier at the junction, the single-stranded regions
between Okazaki fragments would prevent the lagging strand of
the DNA behind the replication fork from being stably
supercoiled.

Replication generates a large (1) DLk from rapid fork move-
ment coupled with denaturation of the parental strands. There-
fore, the DNA in the vicinity of the fork is expected to have a
(1) DLk rather than a (2) DLk. The mechanical strain imposed
by this DLk can be relieved not only by (1) supercoiling of the
unreplicated DNA, but also by intertwinings of the daughter
duplexes behind the fork called precatenanes (Fig. 3 A and B).
There is even a third possible conformation uniquely available
to replicating DNA with a (1) DLk. In this structure, a regression
of the fork and intertwining of the newly synthesized strands
form a four-way junction that we call the chickenfoot (Fig. 3 A
and C). We will next describe the conformations resulting from
a DLk in replicating DNA and discuss how they may be processed
inside the cell.

Often the terms DLk and supercoiling are used interchange-
ably, because a DLk in unreplicated DNA results in supercoiling.
Because a DLk can result in two additional conformations of
replicating DNA besides supercoiling, we will restrict the term
‘‘supercoiling’’ to the standard plectonemic conformations that
we have just described in regions of DNA not containing a
junction. Supercoiling will be present in the unreplicated arm of
the junction and when DNA with a non-zero DLk is enclosed by
topological constraints.

Precatenanes. The relief of superhelical strain by topoisomerases
becomes problematic as the replication fork nears the end of a
domain. As the length of the unreplicated DNA becomes
shorter, there is less room to contain the (1) supercoils resulting
from fork movement, and less room for the topoisomerases to act
to remove them. Furthermore, as the replicated region of DNA
becomes larger, it titrates away the pool of active topoisomer-
ases. The cell seems to have painted itself into a corner.

Champoux and Been (34) suggested a way out. They argued
that mechanical stress caused by a (1) DLk need not be confined
to the region in front of the fork. If the replication fork is free
to rotate, the (1) superhelical stress in front of the fork can
diffuse to create an interwinding of the daughter duplexes
behind the fork (Fig. 3 A and B). The interwindings of the
daughter duplexes were further defined and later termed ‘‘prec-
atenanes’’ (35), because they will become catenane links if they
are not removed by topoisomerases before the completion of
replication. Precatenanes allow a solution to the topological
problems of replicating DNA to the end of a domain by allowing
links created by the movement of the replication fork to be
removed behind it. Even though precatenanes and supercoils are
alternative consequences of a DLk, there are striking differences
between them. First, a free precatenated region will not be
strained and thus precatenation, unlike supercoiling, will not
affect helix unwinding. Second, although (1) supercoils can be
removed by DNA gyrase in bacteria and by type-1B topoisom-

Fig. 2. Monte Carlo simulations of catenanes between relaxed and super-
coiled DNA molecules. Simulation of a singly linked catenane between two
relaxed plasmids (A) or between a relaxed and supercoiled plasmid (B). The
yellow chain represents a 3.5-kb DNA, and the red chain a 7-kb DNA. Simula-
tions courtesy of Alexander Vologodskii.
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erases in eukaryotes, as well as by the typical type-2 topoisom-
erases throughout nature, only the latter can remove (1) prec-
atenanes efficiently. Third, whereas supercoiling folds a DNA
back on itself and provides a compaction that promotes parti-
tioning (29), precatenation winds the daughter chromosomes
around each other and thereby opposes partitioning. After
discussing the convincing evidence that precatenanes are formed
in purified replication intermediates, we will discuss the less
direct, but largely persuasive evidence for their existence in vivo.

The initial tests of the Champoux and Been proposal were very
discouraging. Visualization of replicating DNA by EM showed
supercoils in front of the replication forks, but no precatenanes
(e.g., refs. 36 and 37). As a result, textbook descriptions of
replication intermediates (38) left out any role for precatenanes
in DNA replication.

The first indication that precatenanes might be important
substrates for topoisomerase-mediated unlinking came from the
work of Hiasa and Marians (39, 40). Using an in vitro system
consisting entirely of purified components, they reconstituted
the complete replication of plasmids from oriC, the chromo-
somal origin of replication in E. coli. Two experiments suggested
that unlinking took place both in front of and behind the
replication fork. First, they found that topo III was sufficient to
support complete replication and segregation of oriC plasmids

(39). Topo III cannot relax (1) supercoils because it is a type-1A
topoisomerase (41). This result suggested that topo III acts
behind the fork by removing (1) precatenanes at nicks or gaps
caused by incomplete synthesis or ligation of Okazaki fragments.

The second experiment examined the activities of gyrase and
topo IV. Gyrase efficiently removes (1) supercoils by converting
them to (2) supercoils (42), but is a very poor decatenase. Topo
IV was known then only to excel at decatenation, whereas it
relaxed (2) supercoils poorly (43, 44). From the different salt
optima of decatenation and relaxation, the authors sought to
identify which activity of the enzymes was required to relieve the
(1) DLk at different stages of plasmid replication. They con-
cluded that gyrase is sufficient to support the early stages of
replication, whereas topo IV becomes increasingly important in
the terminal stages of replication, presumably by removing
precatenanes (40).

Later work showed additional activities of topo III and topo
IV (45, 46), which complicated the interpretation of these
experiments, and the physiological relevance of these purified
enzyme reactions was unclear. A direct proof of precatenanes
was needed. It was provided by an investigation of the confor-
mations of replication intermediates stalled at a unique position
by the presence of a Tus protein on a ter site (47). These
intermediates provided a uniform population of molecules that

Fig. 3. Conformations of replicating DNA. (A) A replication fork is depicted at Left with the parental strands in black and the daughter strands in red. Red arrows
denote 39 ends. During replication, the denaturation of the parental duplex causes a (1) DLk in the replicating molecule (Center). This (1) DLk can be expressed
either as (1) supercoiling of the parental duplex in front of the replication fork or (1) precatenanes between the replicated duplexes behind the fork. We have
shown the (1) DLk in the usual fashion, which assumes that it is initially ahead of the fork and must diffuse past the replisome to generate precatenanes. It is,
however, possible that the converse is true and that (1) precatenanes are the primary consequence of the (1) DLk from replication. Upon replisome dissociation
(Right), the ends of the nascent strands will be free to base pair with each other, forming a four-way junction at the replication fork, the chickenfoot, that allows
the replication fork to regress until the molecule is relaxed. (B) Electron micrograph of an in vitro replication intermediate with replication stalled by the Tusyter
complex. The molecule displays both supercoils in the unreplicated region (thick line) and precatenanes in the replicated region (thin line). (Reprinted from ref.
47, with permission from Elsevier Science.) (C) Scanning force microscopy of an in vivo replication intermediate incubated in ethidium bromide. This molecule
displays the linear duplexes of the middle toe of the chickenfoot (white arrows) emerging from both the unidirectional origin of replication and the terminus.
(Reprinted from ref. 60, with permission from the American Society for Biochemistry and Molecular Biology.) (For B and C, the scale bar is 100 nm.)
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were readily analyzed. EM of plasmids partially replicated in vivo
and in vitro revealed both precatenanes behind the fork and
supercoils in front of it (Fig. 3B). Every molecule showed
precatenane and supercoil crossings in a ratio that was in good
agreement with energetic predictions. Moreover, the electro-
phoretic mobility of late replication intermediates had the
steps-of-two spacing expected for precatenanes. The failure of
previous EM studies to find precatenanes was demonstrated to
be due to an artifact of the earlier spreading method used.

Sogo et al. were the first to demonstrate precatenanes in vivo
(48). They used plasmids containing two opposed ColE1 origins
that caused replication to stall. Random strand passages by
topoisomerases in the replicated region of these partially repli-
cated molecules created a series of knots whose topology indi-
cated that the stalled plasmids had a precatenane region in vivo.

A caveat concerning these studies is that the precatenanes
identified were (2) and not (1), the true substrates for unlinking
during replication. This is because the systems used to produce
the stalled replication intermediates contained sufficient DNA
gyrase to (2) supercoil the intermediates before or after stalling.
A related limitation is that the stalling of these forks may have
disassembled the replication complex in preparation for restart,
and this disassembly could be a prerequisite for the formation of
the precatenanes.

Although they have never been directly visualized, the exis-
tence of (1) precatenanes in actively replicating DNAs is
supported by the fact that (1) catenanes are produced as an
intermediate in plasmid DNA replication in vivo when topo IV
is inhibited (27), and these replication catenanes can have more
than 30 crossings (49, 50). The most likely model is that
replication catenanes arise from precatenanes in replication
intermediates, and thus precatenanes can be a substrate for
unlinking during replication. The alternative possibility is that
catenane links arise from the denaturation of the terminal region
before its replication. However, the denaturation of such a large
region has not been observed, and it seems very unlikely that it
would be a prerequisite for replication termination.

Positive Supercoils. Early work on supercoiled DNA found that it
was exclusively (2) in all organisms examined, even when the
supercoiling was caused by winding around proteins, as in
nucleosomes (51). There is, however, a growing appreciation for
the importance of (1) supercoiling. Key sources of (1) super-
coiling are tracking processes in which DNA is not free to rotate
about its axis. This will generate ‘‘twin domains’’ of (2) and (1)
supercoils (52). As a result, an important function of topoisom-
erases is to relax (1) as well as (2) supercoils.

Positive supercoils were known a priori to be important in
DNA replication, and, in retrospect, it is odd that they have
been underappreciated. Replication generates a (1) DLk. In
eukarya and archaea the major role of topoisomerases must be
to remove (1) supercoils produced by replication as these
organisms have no DNA gyrase to reduce a (1) DLk by (2)
supercoiling. Moreover, supercoils must contribute to the
expression of a (1) DLk in eukaryotes, because type-1B
topoisomerases, which readily relax (1) supercoils but not
precatenanes, play an important role in replication fork elon-
gation in these organisms (53).

In bacteria, the presence of DNA gyrase introduces another
possibility. Gyrase could act so fast that even the DNA around
the fork remains (2) supercoiled. Indeed, until recently, it was
believed that DNA gyrase was the only enzyme that removed the
(1) DLk generated during replication. We favor the view,
however, that DNA gyrase is not able to act so quickly. Were this
to be the case, topo IV could not promote replication elongation,
and its sole contribution would be in decatenating daughter
chromosomes before partitioning. However, if no (1) DLk built
up because gyrase worked so quickly, then the catenanes that

accumulate in the absence of topo IV would be (2). Instead,
these catenanes are exclusively (1) (27). In addition, recent
results from our laboratory provided direct evidence that topo
IV can promote replication fork progression in addition to its
role in decatenation (31). Topo IV can only contribute to fork
progression if the DLk around the fork is (1). Removal of a (2)
DLk by topo IV would, in fact, oppose replication fork progres-
sion by increasing Lk.

The first evidence for a role of topo IV during replication
elongation in vivo came from the finding that mutational
inactivation of DNA gyrase caused DNA replication to stop
only slowly (31, 54–57). If DNA gyrase was solely responsible
for chain growth, a fast stop is expected. This was just the result
when topo IV was inhibited in addition, indicating that topo IV
can support replication elongation in the absence of gyrase
(50). A direct measure of fork movement by using DNA
microarrays showed that topo IV supports replication elon-
gation in vivo at one-third the normal rate in the absence of
gyrase (31). These results are consistent with the fact that topo
IV can support complete plasmid replication in vitro in the
absence of gyrase (58).

Because topo IV can replace gyrase, it too must be able to
remove the (1) DLk generated by replication in vivo. The (1)
DLk can take the form of (1) supercoils or (1) precatenanes.
The role of topo IV in decatenation in vivo and in vitro has been
well documented (27, 28, 40, 43, 44). Therefore, it would be able
to remove (1) precatenanes. It has recently been shown that
topo IV can also efficiently remove (1) supercoils and thereby
act in front of the replication fork.

The proof of the ability of topo IV to efficiently remove (1)
supercoils in vivo used the twin domain effect, in which transcrip-
tion generates (1) and (2) supercoiled regions (52, 59). It had
originally been thought that inhibition of gyrase was sufficient to
cause a rapidly transcribed plasmid to become (1) supercoiled.
Khodursky et al. showed that, instead, topo IV relaxed (1) super-
coils so well in vivo that the transcribed plasmid became relaxed in
the absence of gyrase (31). For the plasmid to become (1)
supercoiled, it was necessary and sufficient also to inhibit topo IV.

These studies in vivo initially seemed at odds with early
biochemical results that had shown that topo IV is very poor at
relaxing (2) supercoils (43). The assumption was that (1) and
(2) supercoil removal would be roughly equivalent. Instead,
recent experiments showed that topo IV preferentially relaxes
(1) supercoils (45), and, thus, the conflict is resolved. The
decisive experiments analyzed the ability of topo IV to relax
single DNA molecules. By rotating a magnetic bead attached to
one end of a constrained piece of DNA, (2) and (1) supercoils
could alternately be introduced into the same molecule. Positive
supercoils were relaxed by topo IV at a 20-fold higher rate than
(2) supercoils. In addition, topo IV was highly processive in
relaxing (1) supercoils, but almost completely distributive with
(2) supercoiled DNA.

The rate of (1) supercoil relaxation by topo IV measured in
these experiments resolved a paradox concerning the action of
topoisomerases in DNA replication. The rate of the replication
fork in vivo requires the removal of 100 linksysec, or 3,000 strand
passagesymin, by topoisomerases at each fork. Because topo IV
can support elongation at one-third the normal rate in the
absence of gyrase, 1,000 strand passagesymin would be needed
at each fork (31). Yet, the much lower bulk rate of (2) supercoil
relaxation by topo IV (43) implied that thousands of topoisom-
erase molecules would be needed to support replication elon-
gation. Our single-molecule experiments indicated that a single
topo IV could carry out 360 strand passagesymin at 37°C to relax
a (1) DLk. Therefore, only a few topo IV molecules would be
sufficient at each fork. The single-molecule experiments may
more accurately reflect the in vivo situation because they mea-
sure only the rate of active enzyme, whereas the rates from
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conventional methods are averages of active, inactive, unbound,
and paused molecules. The preferential activity of topo IV on
(1) supercoils has a very nice physiological consequence. Topo
IV is efficient at removing (1) supercoils at replication forks, but
will leave alone the important (2) supercoils elsewhere. Thus,
the cell can have its cake and eat it too.

The Chickenfoot. As noted, all of the stalled fork molecules
studied had a (2) DLk and, therefore, (2) supercoils and
precatenanes (47, 48). The true intermediate of replication has
to have a (1) DLk. It was important to determine the structure
of these (1) DLk molecules. We found that they have neither
precatenanes nor supercoils, but a four-way junction, a finding
with important physiological implications.

We introduced a (1) DLk into purified, protein-free replica-
tion intermediates by adding an intercalator. The (1) DLk
results from a change in Tw imposed by the intercalator, which
reduces Lk0. When a plasmid with a (2) DLk but no replication
fork is exposed to the intercalator chloroquine, it becomes (1)
supercoiled. Purified plasmids replicated in vivo in E. coli cells
with replication forks stalled by the Tusyter complex reacted
quite differently to intercalators. They did not become (1)
supercoiled or (1) precatenated. Instead, they comigrated upon
electrophoresis with relaxed replication intermediates (60). The
reason for the relaxation is that the replication fork regresses
(Fig. 3A Right). The re-base pairing of the parental strands allows
the complementary daughter strands to base pair. This process
results in a four-way junction at the replication fork, referred to
as a chickenfoot or a reversed fork (61, 62). The re-pairing of the
parental strands replaces the (1) Wr of potential precatenanes
or supercoils with increased Tw applied by the newly formed
parental duplex. The resultant molecule has the same Lk,
because no strands have been broken, but is completely relaxed.

The existence of this structure has been demonstrated by restric-
tion enzyme amputation of the ‘‘middle toe’’ daughter–daughter
duplex (60). The middle toe was cleaved off at unique restriction
sites near both the replication terminus and the unidirectional
origin of replication. Thus, chickenfeet can form at either junction,
despite the differences in their properties. Whereas the replication
fork is likely to have an incomplete Okazaki fragment, the junction
at the origin will likely contain an RNA primer. The chickenfoot
was directly imaged by scanning force microscopy, which showed
chickenfeet at either one or both of the three-way junctions
bounding the replicated region (Fig. 3C).

The chickenfoot forms readily in (1) DLk replication inter-
mediates because it is energetically favorable as compared with
both (1) supercoils and precatenanes. It has no torsional strain.
All base pairs that are removed by fork reversal are reformed in
the daughter–daughter duplex. The only thermodynamic penalty
is from the formation of the fourth arm of the junction. However,
this should not be energetically so different from a three-way
junction and provides some enhanced entropic stabilization. The
thermodynamic penalty for chickenfoot formation is so low that
the structure prevails over supercoils and precatenanes in a
replication intermediate with a DLk as low as (1) 1. Chickenfeet
have even been observed with relaxed replication forks (60, 61),
but a (2) DLk prevents chickenfoot formation (B.J.P. and
N.R.C., unpublished data).

The chickenfoot has significance in living cells. There is a
growing body of evidence suggesting that a four-way junction is
a natural consequence of a stalled replication fork in vivo
(63–65). The chickenfoot may be an intermediate in recombi-
nation-mediated replication restart (ref. 64; Fig. 4A), whose
importance has been fully recognized only recently (66). In this
model, Holliday junction resolving enzymes cleave the four-way
junction, severing one of the replicated arms (Fig. 4A, [1]). This
severed arm can then invade its sister duplex with the help of
recombination enzymes (Fig. 4A, [2] and [3]), allowing a reas-

sembly of the replication fork (Fig. 4A, [4]). The four-way
junction may be further involved in allowing bypass of a lesion
on the leading strand template (refs. 65 and 67; Fig. 4B). If the
parental strand is an inappropriate template (Fig. 4B, [1]), the
sister nascent strand can take its place, allowing replication on
the leading strand to continue past the lesion (Fig. 4B, [2] and
[3]). Reabsorption of the middle toe will allow the re-formation
of the replication fork (Fig. 4B, [4]).

Although the chickenfoot structure is thermodynamically
favorable in a (1) DLk replication intermediate, there are
potential kinetic impediments to its formation. Lagging stand
replication may continue for over 500 nucleotides past a lesion
on the leading strand template that stops replication (68). Were
a chickenfoot to form, a long stretch of double-stranded DNA
involving the lagging strand would need to be denatured before
the two nascent strands could base pair (see Fig. 4A, [1]).
Although this should not affect the thermodynamics of chick-
enfoot formation, it would create a large kinetic obstacle. Under
these conditions in vivo, therefore, additional factors may be
needed to promote chickenfoot formation. Recent evidence has
suggested that both RecG (65) and RecA (63) catalyze chick-
enfoot formation in vivo. The roles of these proteins may be to
aid in denaturation or strand exchange during the formation of
the chickenfoot. Once the chickenfoot is formed, branch migra-
tion promoting enzymes, such as RuvAB, may aid in further
extrusion of the middle toe (64).

Fig. 4. Physiological implications of the chickenfoot. Replication forks are
shown with parental strands in black and daughter strands in red, and with the
39 end tipped with an arrowhead. (A) Recombination-mediated replication
restart. The four-way junction of the chickenfoot can be cleaved by Holliday
junction resolving enzymes such as RuvC (white arrowheads) [1]. Cleavage will
sever one of the replicated arms, which can then be processed by the RecBCD
complex (Pac-man) [2], allowing it to become a substrate for homologous
recombination [3]. Recombination with the sister replicated arm re-forms the
replication fork, allowing replication restart [4]. (B) Bypass of a lesion. An
unpaired lesion (black rectangle) on the parental strand blocks leading strand
replication, but lagging strand replication can continue for more than 500 nt
[1]. Upon replisome dissociation, the two nascent strands can base pair,
requiring the denaturation of more than 500 bp at the lagging strand [2].
Once a chickenfoot is formed, the lagging strand becomes a template for the
leading strand, allowing leading strand replication to continue past the lesion
[3]. Reabsorption of the chickenfoot re-forms the replication fork, allowing
replication to continue and a second opportunity to repair the lesion [4].
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The chickenfoot, however, must not form at actively replicat-
ing forks. Such an event would place the nascent strands in the
wrong place for replication to continue. The fact that chickenfeet
do not occur during replication suggests that the replisome must
provide a large kinetic barrier to their formation. Likely, it does
this by holding the nascent strand ends against their parental
templates to prevent them from base-pairing with each other.

An actively replicating domain should have a (1) DLk. When
a replication fork stalls, the replisome may dissociate (69). If the
nascent strands can be freed before topoisomerases can relieve
the (1) superhelical strain, then the strong thermodynamic drive
toward the chickenfoot would probably ensure its formation.

Domains
The bacterial chromosome is constantly replicating during rapid
exponential growth. There will always be at least one pair of
replication forks working its way through the chromosome. If a
DLk could travel freely throughout the chromosome, these forks
would have serious consequences for the cell. Because the
daughter strands are not topologically constrained, they could
not be supercoiled (see Fig. 3A). The bacterial s, however, is
controlled in a very narrow range, and deviations in either
direction are lethal (70). In addition, bacterial origins of repli-
cation require (2) supercoiling to fire (38). Relaxation of the
entire replicated region would prevent refiring before the first
round of replication had been completed, which is not the case
at maximum growth rates. Free migration of topology through-
out the chromosome would create additional problems for
replication itself. Precatenane links distributed throughout a
large region of the chromosome would be very difficult to find
by the decatenating enzymes. Sequestered, supercoiled precat-
enane links would be much easier to remove, as described above.
In addition, any (2) links ahead of the replication fork could
travel behind, creating (2) precatenane links. Removal of these
links would increase the (1) DLk of replication intermediates,
and thus act as an antiswivel, impeding progress of the replica-
tion fork. Finally, even in the absence of a replication fork, a
single nick or double-strand break on the chromosome should
wreak havoc on the carefully balanced topology of the DNA.

Fortunately, none of these dire consequences appears to be
the case. There is evidence that the actively replicating part of
the chromosome and any other insult to the DNA backbone are
confined into topologically isolated domains, protecting the bulk
of the chromosome from the hazards of relaxation and
precatenation.

Topological domains are defined as regions of DNA that are
topologically constrained at their ends, and therefore behave
independently of the rest of the chromosome. They allow the
unreplicated DNA to remain (2) supercoiled in the presence of
(1) precatenanes and (1) supercoils in the replicating region
and vice versa. Also, domains would prevent the relaxation
resulting from DNA nicks from spreading through the entire
bacterial chromosome. The evidence supporting the existence of
domains and how they relate to the structure of the bacterial
nucleoid has been discussed (71, 72). However, the exact nature
of domain barriers, and the relationship between domains and
higher order chromosome structure and replication forks, re-
main elusive. Domain barriers may result from protein, RNA, or

attachment of the chromosome to the plasma membrane due to
cotranscriptional translation of membrane proteins. Stable do-
main barriers would present a further problem during replication
and must be displaced for the replication apparatus to pass
through. Alternatively, barriers may be mobile and dissociate
from a site before the fork reaches it. Whatever the relationship
between domain barriers and the moving fork, domains prevent
the relaxation and (1) supercoiling of replication from hindering
most cell functions. Experiments suggest that the E. coli chro-
mosome is composed of roughly 50–150 topologically closed
loops (4, 25, 73, 74). Assuming that these are evenly spaced
throughout the chromosome, each loop would contain about
50–100 kb of DNA. If a replication fork moves at about 1 kbys
in E. coli (75), the replicating domain should be relaxed or (1)
supercoiled for about 1–2 min in vivo. That is probably not
enough time to cause too many transcriptional or other prob-
lems. In addition, domains may provide structure for chromo-
somal DNA, allowing very long DNA molecules to be organized
and replicated in the cell.

Eukaryotic cells have also been shown to possess topological
domains (76–78), but the nature of the boundaries is as elusive
as in bacteria. Nonetheless, it seems clear that the control of
topology by domains evolved very early.

A model for how domain barriers organize the (1) DLk from
replication is illustrated in Fig. 5. The boundaries may seal off
manageable units of DNA and concentrate the type-2 topoisom-
erases at and behind the fork. This simplifies the enzymatic
reactions that promote DNA replication and chromosome un-
linking, and allows the cell to manage the topological problems
posed by replicating DNA.
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