Supercoiling in DNA

Introduction

Cellular DNA is highly compacted to fit in the limited volume of the cell. This indicates that it has very high

degree of structural organization and its folding mechanisms allow it to pack itself as well as provide access
to the information present within it.

Supercoiling means coiling of the coil. The DNA double helix is in the coiled form as both its strads coil
around the central axis. When this axis coils upon itself, we say that DNA is supercoiled§ln cantrast to'it
when there is no net bending of the DNA axis upon itself, the DNA is said to be in relaxed'state.
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Figure: Supercoiled DNA

DNA supercoiling is an intrinsic property‘ef the DNA tertiary structure. It takes place in all the cellular DNAs

and is highly regulated by gach,cell. Study of supercoiling has mainly relied on the concepts of topology, a
branch of mathematics.

Topology is defined as_study of.the properties of an object that do not change under continuous
deformations.

In case of DNA,scontinuous deformations involve conformational changes due to thermal motion or an
interaction with preteins or other molecules. Discontinuous deformations include DNA strand breakage.
Thereforg, inicase,of circular DNA molecules, a topological property is one that is unaffected by
deformations ofsthe DNA strands as long as no breaks are introduced. Thus, we can also conclude that

topologicaliproperties only change when there is breakage and rejoining of the DNA backbone of one or
both the DNA strands.
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Most of the cellular DNA is underwound:

This discussion is with respect to small circular DNAs so as to keep the discussion simple.

When small circular DNAs have no breaks in either of the strands, we call them covalently closed circular
DNA or cccDNA. If this DNA is in the relaxed form and conforms to B-DNA structure, then it will have
10.5bp per turn of the helix. If some sort of strain is introduced, then it will undergo supercoiling to
accommodate the strain.

In most of the cases, the strain is introduced due to underwinding of the DNA double helix in a closed
circle. In this case, DNA will have less helical turns than would be expected for the B-form. Consider the
figure and its explanation given below:

Effects of DNA underwinding:
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In the figure given above, 84bp segment is in relaxed state and contains 8 helical turns i.e. 10.5 bp/turn.
When one of the turns is removed then there are¥/ turns for 84 bp i.e. 12 bp/turn and it is a deviation from
the most stable form of the DNA.

This deviation introduces a thermodynamic'strain intthe molecule and most part of this strain is
accommodated by coiling the axis‘of the DNA on itself to form a supercoil. In theory, this strain can also be
accommodated by separatifig the two,DNA strands over a distance of 10bp.

But in isolated, closed circulaf DNA molecule, strain introduced by the underwinding is generally
accommodated by'supércoilingather than strand separation. This is because coiling of the axis requires
less energy than breaking the hydrogen bonds that stabilize paired bases.

However, inydvounderwinding of DNA makes it easier to separate the DNA strands so that information in
them candbe aceessed. Every cell uses enzymes to underwind the DNA and the resulting strain represents a
forim of storédenergy which is used to facilitate the compaction by supercoiling.

The underwound state can only be maintained if DNA is a closed circle or if it is bound and stabilized by
proteins So that strands are not free to rotate around each other.

If there is a break in one of the strands and solution is protein free then there will be free rotation around
the point of break and due to this underwound DNA will revert to the relaxed state. But if the DNA is
cccDNA then to change the number of helical turns we need to break at least one of the strands.



Linking number:

It is a topological property of the dsDNA because it does not vary when the DNA is bent or deformed, as
long as both the strands remain intact.

In a cccDNA which is double stranded, linking number cam be defined as the number of times the second
strand pierces the surface of the first strand. This definition is explained below.
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By convention, if strands are interwound in a right handed helix thef Lk is defined as positive (+) and if
strands are interwound in a left handed helix then tk'is'hegative (-). However, negative Lk is not
encountered in the DNA.

Let us discuss it using example of a 2100bpaclosed circular DNA.

When molecule is relaxed, Lk = Number of bp /Number of bp per turn.

So, in our case Lk = 2100/10.5 =200.

Now, let us assume underwindingyand the linking number for relaxed form be Lko.
Lko = 200 and if two turns are'kemoved from this molecule then Lk = 198.

ALk = Lk - Lko=198-200 = -2,

Now, we candind,out specific linking difference or superhelical density (o).

o = ALk/ ko= -2/200°= -0.01. Negative (-) sign indicates that DNA is underwound.

Superhelicalidensity is independent of the length of the DNA molecule and value of 6 means that 1% of the
helical turns in the B-form of the DNA have been removed. The degree of underwinding in cellular DNA is
in the range of 0 =-0.05 to -0.07 i.e. 5% to 7% of the cellular DNA is underwound.

This supercoiling which is induced by underwinding of the DNA is called as negative supercoiling. In some
conditions, the DNA helix is overwound leading to positive (+) o and the resulting supercoiling is called as
positive supercoiling.

Note: If there is a break in one of the strands in a circular DNA then Lk is undefined.

Two forms of circular DNA that differ only in a topological property such as linking number are called as
topoisomers.
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DNA Topoisomerase

These are the enzymes that can increase or decrease the DNAwnderwinding and the property of DNA they
change is the linking number.

These enzymes are of two classes:

e Type | topoisomerases: They transiently bfeak one@f'the DNA strands, pass the unbroken strand
through break and rejoin the broken ends:\They,.change linking number in increments of 1 and DO
NOT require ATP.

e Type Il topoisomerases: They transientlybreak both the DNA strands, pass the duplex through break
and then rejoin the broken epds. Theychange linking number in increments of 2 and they REQUIRE
ATP.

Topoisomerases in E. coli:

e E. coli has 4 different tepoisomerases and are labelled as I-IV.

e Topoisomerase landill are example of type | topoisomerase. They relax the DNA by removing the
negativeisupercoils/Thus, they increase the Lk too.

e TopoiSémerase,[Palso called as DNA gyrase is example of type Il topoisomerase. It depends on ATP for
its functionyand leads to introduction of negative supercoils which leads to reduction in Lk.

e The degreé of supercoiling in bacterial DNA is maintained by regulation of the net activity of
topoisomerases | and II.

Topoisomerases in eukaryotes:

e Example of type | topoisomerases are Topoisomerase | and Il

e Example of type Il topoisomerases are Topoisomerase lla and Topoisomerase IIB.

e Eukaryotic type Il topoisomerases can’'t introduce negative supercoils i.e. can’t underwind the DNA.
However, they can relax positive as well as negative supercoils.
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Figure: Working of eukaryotic type IIA topoisomerase. In
step 1, multisubunit enzyme binds to one DNA molecule.
There are gated cavities and the one above DNA is N-gate
and below DNA is called as C-gate.

In step 2, second segment of the same DNA is bound at N-
gate then trapped as shown in step 3. In step 4, both the
strands of the first DNA are cleaved and second DNA is
made to pass through the break.

In step 5, broken DNA is religated & second DNA segment
is released through the C-gate.

During this whole process, two ATP molecules are utilized.




Demonstrating the effect of Topoisomerase on the DNA:

The effects of the DNA topoisomerases on the Lk can be shown using the Agarose gel electrophoresis. If a
sample of plasmids has same Lk then they will move together as a distinct band. However, if there is
difference in the Lk even by value of 1 then they will have different mobility in the gel electrophoresis.
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