
DNA supercoiling helps to unlink sister duplexes after replication

Alexander Vologodskii
New York University, New York, NY 10003, USA

Abstract
DNA supercoiling is one of the mechanisms that can help the unlinking of newly replicated DNA
molecules. Although DNA topoisomerases, which catalyze the strand-passing of DNA segments
through one another, make the unlinking problem solvable in principle, it remains difficult to
complete the process that makes the separation of the sister duplexes possible. A few different
mechanisms were developed by nature to solve the problem. Some of the mechanisms are very
intuitive while the others, like topology simplification by type II DNA topoisomerases and DNA
supercoiling, are not so evident. A computer simulation and analysis of linked sister plasmids formed
in Escherichia coli cells with suppressed topo IV topoisomerase suggest an insight into the latter
mechanism.
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Introduction
The double-stranded nature of DNA imposes a problem related to its replication: the parental
DNA strands must be unlinked to make the separation of daughter chromosomes possible.
Clearly, the separation is impossible for linked circular DNA molecules without passing one
segment of the double helix through other segments. Although there is no such topological
problem for linear DNA due to the free ends of the molecules, their very large length makes
the problem nearly equally as tough. Clearly, the helical structure of DNA makes unlinking
especially difficult. This very difficult problem was recognized immediately after the discovery
of DNA structure and even led some theorists to solutions involving a paranemic (side-by-
side) model for DNA (as opposed to the plectonemic Watson and Crick structure).1–3

A quantitative measure of the type of linking occurring between complementary strands of the
double helix is the linking number, Lk, which may be defined in the following way. One of the
strands defines the edge of an imaginary surface (any such surface gives the same result). The
Lk is the algebraic (i.e., sign-dependent) number of intersections between the other strand and
this spanning surface. The value of Lk depends only on the topological state of the strands and
hence is maintained through all conformational changes that occur in the absence of strand
breakage. By convention, the Lk of a closed circular DNA formed by a right-handed double
helix is positive. The Lk between complementary strands of circular DNA is close to the number
of base pairs divided by the DNA helical repeat, which equals 10.5 base pairs per turn. Thus,
the value of Lk for the Escherichia coli chromosome is about 400,000. If each of the
complementary strands is replicated without any unlinking, the above number would be the
linking number for the sister DNA molecules, Ca (although Ca stands for the same
mathematical term as Lk — in biological literature the former refers to the linking number
between two double-stranded DNAs, while the latter specifies the linkage between the
complementary strands of a single circular DNA). Failure to reduce this huge number to exactly
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zero will result in the failure to partition the daughter chromosomes. Thus, the unlinking
mechanism must be rapid and accurate.

Unlinking would not be possible without DNA topoisomerases, even for linear chromosomes.
By creating breaks in DNA through which they pass other DNA segments, topoisomerases are
able to reduce Lk of the complementary strands during the replication and Ca of new daughter
DNA molecules after completion.4–8 However, unlinking is a stochastic process, and
topoisomerases can not only unlink but also can introduce links between DNA molecules.
Special mechanisms are needed to provide complete unlinking, and a few such mechanisms
were developed by nature.

In many cases the directionality of strand-passing events catalyzed by the enzymes is directed
by a mechanical stress. Torsional stress in the double helix created by the moving replication
complex promotes very efficient unlinking of the parental DNA strands, so the great majority
of interlinks are removed before the end of replication.6,8 Mechanical forces which stretch
linked daughter chromosomes during mitosis and meiosis create a different kind of stress that
also strongly promotes unlinking.9,10

The problem of complete unlinking is such a difficult one because DNA molecules are so long
and thin. Thus, their compaction into thick and relatively short eukaryotic chromosomes
dramatically simplifies the problem. It is exactly the same trick, spooling, that is used to keep
very long and thin threads in order. There is no comparable DNA compaction in prokaryotic
cells, however, and the mechanism is much less important there.

Topological Equilibrium and DNA Supercoiling
There are two more not-so-intuitive mechanisms that contribute to complete unlinking. These
mechanisms are related to the thermodynamic concept of topological equilibrium. Let us
assume that we have a solution of circular DNA molecules. Let us imagine that their backbones
are phantoms, so the molecule segments can easily pass through one another. In such case
thermal motion would permanently change the topology of the molecules. However, after some
time the fractions of all topological states approach their equilibrium values. Of course, these
fractions and the fraction of linked DNA molecules in particular depend on DNA length,
concentration and other parameters. One can imagine that given a very high concentration of
DNA in contemporary organisms (around 20 mg/ml in bacterial nucleoids), the equilibrium
fraction of linked circular DNAs would not be small. Type II topoisomerases catalyze strand
passing and therefore make DNA segments, to some extent, phantoms.11 If the enzymes drive
circular DNA molecules to topological equilibrium, they would hardly solve the unlinking
problem. It turned out, however, that type IIA topoisomerases, the major unlinking enzymes,
do a better job, reducing the fraction of linked circular DNAs to a level that is many times
lower than that at the equilibrium.12 It is a puzzling story how the enzymes manage to do this
but it is beyond the scale of these short comments (see ref. (13) for review).

The second of the latter mechanisms is based on shifting the topological equilibrium to a smaller
fraction of linked molecules. This is achieved via DNA supercoiling. Prokaryotic circular DNA
molecules are always negatively supercoiled inside the cells — the Lk of the complementary
strands, is smaller, by 5–7%, than the value which corresponds to the torsionally unstressed
molecules, Lk0.14 This deficit in the Lk, or the linking number difference, ΔLk= Lk − Lk0, causes
the torsional deformation of the double helix and also results in the interwinding of DNA
segments (see refs. (14–17) for details). Although the overall sizes of supercoiled and torsionally
relaxed DNA molecules are not so different, interwound conformations of supercoiled DNA
are much tighter than the conformations of relaxed molecules (Fig. 1). It is much less probable
that a random line will pass inside the interwound superhelix than inside a loose random coil
formed by a relaxed circular DNA. Thus, supercoiling greatly reduces the probability that two
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DNA molecules will be linked with one another at equilibrium. The reduction of the
equilibrium linking probability due to supercoiling has been shown both experimentally and
theoretically.18 It was also shown that type II topoisomerases, which catalyze the strand passage
of one double-stranded DNA segment through another, very efficiently unlink pairs of DNA
molecules when at least one of them is supercoiled.19,20

Supercoiling of Topologically Linked Sister Plasmids
Recently Martinez-Robles et al. addressed the relationship between supercoiling and catenation
from another angle.21 If it is less probable to have two supercoiled molecules linked with one
another at equilibrium, that means it should be more difficult to introduce supercoiling into
linked DNAs than into unlinked ones. The authors of the study wanted to show this directly
for plasmids replicated in Escherichia coli cells. Supercoiling in bacterial cells is introduced
by DNA gyrase, and the authors guessed that the enzyme adds more and more negative
supercoiling into newly synthesized daughter plasmids when their linking number, Ca, is
reduced by topoisomerases. This very reasonable suggestion was supported by a computer
simulation. In this computationa DNA molecule was modeled by a closed chain of cylinders,
so that one cylinder corresponded to 30 base pairs (the same model was used in the examples
of catenanes shown in Fig. 1). It has been shown that this model quantitatively describes all
known large-scale properties of the double helix (reviewed in ref. (22)). The bending rigidity
constant between the adjacent cylinders is chosen so that the persistence length of the model
chain is equal to DNA persistence length, which is 150 base pairs.23. The diameter of the
cylinders accounts for electrostatic repulsion between DNA segments and therefore exceeds
the geometric diameter of the double helix. For ionic conditions close to the physiological ones
it equals 5 nm.24–26 To model DNA supercoiling, we need to introduce one more parameter
into the model: the DNA bending rigidity. Its value is also known from many independent
studies (see refs. (27–31). Martinez-Robles et al. used the Monte Carlo simulation to sample
equilibrium ensembles of catenanes with a chosen value of Ca and fluctuating values of ΔLk.
In this way they generated the equilibrium distributions over ΔLk for different values of Ca,
and converted the distributions into the free energy of supercoiling. The simulations were
performed for DNA catenanes that consisted of one relaxed and one supercoiled molecule. It
was found that the free energy needed to introduce the same level of ΔLk increases for the
catenanes with larger values of Ca.

It turned out to be more difficult to prove the relationship between supercoiling and catenation
in the newly replicated plasmids experimentally. The fraction of linked plasmids is very small
in the samples extracted from the normal cells due to very fast unlinking of the daughter DNAs
after replication. Therefore, the authors used a special cell line in which unlinking could be
inhibited by selectively suppressing Topo IV, the main enzyme responsible for unlinking.32–
34 Martinez-Robles et al. wanted to show that the level of supercoiling is lower for linked
plasmids with higher values of Ca. The plasmids, grown in this cell line, were separated by
2D gel electrophoresis with different concentrations of the agarose for each direction. Since
the catenanes are separated differently depending on the agarose concentration, the researchers
managed to identify distinctive families of spots on the gel that corresponded to the catenanes
between two nicked plasmids, one nicked and one supercoiled molecule, and two supercoiled
DNAs. The diagram corresponding to the second family is shown in Fig. 2. The individual
spots correspond to the catenanes with different values of Ca. Adjacent spots in the diagram
differ by 1 in the values of Ca that can have only integer values. Some spots with low values
of Ca were further separated by electrophoresis in the second direction on up to a dozen smaller
spots. The latter spots correspond to the catenanes with different ΔLk values of the supercoiled
plasmid (although ΔLk is not an integer, its possible values form an arithmetic progression
with the difference of 1 so that they can form a discrete set of spots in the gel). If the plasmids
with different ΔLk can be separated, this opens a way to determine ΔLk for the supercoiled
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plasmids in catenanes of different complexities. It is known how to solve this problem for
isolated supercoiled molecules,35–37, but it is a much more difficult task for these complex
objects. Unfortunately, the separation of the catenanes with different ΔLk values was not
possible for highly linked catenanes, and this left no chance of determining ΔLk for supercoiled
molecules in these catenanes. Still, the authors found some indirect indications that the absolute
values of ΔLk are indeed smaller for the catenanes with larger Ca. Overall, the obtained data
supports the suggestion that increasing linking between the sister plasmids presents an obstacle
for their supercoiling, and, correspondingly, supercoiling promotes unlinking.

Perspective
Very different and sometimes very sophisticated mechanisms are used by nature to provide
complete unlinking of daughter chromosomes. Probably, all of these mechanisms are needed
since none of them guarantee that the unlinking will be complete. However, the importance of
each of these mechanisms in different organisms varies. DNA supercoiling is important for the
unlinking of bacterial chromosomes that have a level of compaction much lower than that of
eukaryotic chromosomes. Supercoiling should be even more important for bacterial plasmids
since mechanical forces do not contribute there to the unlinking of the replicated DNA
molecules. It would be important to show that the contribution of supercoiling to the unlinking
of the newly replicated sister plasmids is really critical. It can probably be done in a cell line
in which DNA gyrase, which introduces negative supercoiling, can be suppressed. If
supercoiling is critical for plasmid unlinking, the fraction of linked plasmids should grow
upward in such cells after the gyrase suppression. This result has been obtained by Cozzarelli
and co-workers for linked plasmids formed inside Escherichia coli cells by site-specific
recombination.38

DNA supercoiling affects many DNA functions in bacterial cells. It changes the level of
transcription of at least 7% of the Escherichia coli genome.39 It definitely can help in the
unlinking of the newly replicated DNA molecules. So, it may be that facilitating DNA
unlinking is one of the major functions of DNA supercoiling.
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Fig. 1.
Topological equilibrium between linked and unlinked circular DNAs. The equilibrium
distribution of topological forms could be obtained if the segments of circular molecules easily
pass through one another during thermal motion, a condition that is easy to provide in computer
simulation. Typical simulated conformations of singly linked catenanes, corresponding to
DNA molecules 4 kb in length, show why supercoiling decreases the equilibrium fraction of
catenanes. (a) Relaxed circular molecules have very loose conformations and are often linked
at equilibrium if their centers of mass are close to one another. (b) Two supercoiled molecules
can also form a link, but their tight conformations dramatically reduce the equilibrium
probability of such an event even if the molecules are very close to one another.
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Fig. 2.
Separation of DNA catenanes by 2D gel electrophoresis. The diagram reproduces the data by
Martinez-Robles et al. for a family of catenanes formed by one nicked and one supercoiled
plasmid 4383 bp in length.21 The agarose gels of 0.4 % and 1% were used for electrophoresis
in the first and second directions, respectively. The gel for the second dimension contained
chloroquine, a dye that intercalates between DNA base pairs and changes the supercoiling. The
numbers near the spots correspond to values of Ca in the catenanes. The catenanes with low
values of Ca and different values of ΔLk are also separated into sets of vertical spots. The latter
separation decreases when the value of Ca is grows, and for the linked plasmids with Ca larger
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than 7 it becomes impossible to separate molecules with different ΔLk at any concentration of
chloroquine.
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