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DNA polymerase

Replication and ap

We all start life as single fertilised egg cells, which
contain a single nucleus. The nucleus houses all our
genetic information, some 3.2 x 10° base pairs of DNA,
packaged into 46 chromosomes. This cell then divides,
giving rise to two new daughter cells. Many divisions later
the average human contains between 75 and 100 trillion
(7.5 x 101%)cells, each containing a perfect copy of DNA.
But how is DNA so faithfully replicated? The answer lies
with an enzyme called DNA polymerase, which builds up

plication

our DNA one nucleotide at a time. Its accuracy duriﬁg
replication is essential to maintain the integrity of our
DNA. In order to understand how this enzyme works, we
need to consider the structure of DNA.

Figure 1 (A) The double helix structure of DNA; (B) the chemical
structure of DNA. Phosphate groups are shown in yellow; sugar groups are
shown in orange with the carbon atoms numbered 1’ to 5. Base groups
are adenine (green), thymine (purple), guanine (blue) and cytosine (pink).
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DNA structure

A DNA molecule consists of two complementary strands
coiled together to form a double helix. Each strand is made
up of smaller building blocks called nucleotides. Nucleo-
tides contain three chemical groups: a phosphate, a sugar
called deoxyribose in DNA and a base. The phosphate and
sugar of adjacent nucleotides link together to form the DNA
backbone (see Figure 1). The base can be one of four types:
thymine (T), adenine (A), guanine (G) or cytosine (C).
T is complementary to A, and G is complementary to C.
They are described as being complementary because of the
specificity of interaction. Complementary bases on opposite
strands of DNA form hydrogen bonds, which bind the two
strands together.

DNA replication

For DNA replication to take place the two strands of DNA
are uncoiled and pulled apart by an enzyme called helicase.
Small pieces of DNA or another nucleic acid called RNA
bind to complementary pieces of DNA in the newly formed
single-stranded DNA. DNA polymerase then binds to the
complex between the unwound DNA and the small piece.
Then it catalyses the addition of complementary nucleotides
to one end of the new strand using the DNA as a template
(see Figure 2).

DNA replication progresses in this manner at a rate of
50 nucleotides per second. Sounds fast, doesn’t it? The
sheer size of the human genome means that if all the DNA
in a nucleus was copied a single base at a time, it would
take about a month to complete. Instead it takes only
40 minutes. This is because DNA isn't just replicated from
a single point along each chromosome. Rather, helicase
unwinds and separates each chromosome of DNA at many
points. Eventually, fragments of newly replicated DNA
meet and these are joined together by another enzyme
called DNA ligase. Once DNA replication is complete, each
copy of DNA consists of one old (template) strand, and one
new and faithfully copied strand of DNA.

Cloning genetic fragments using the polymerase chain reaction.
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IE Helicase moves along the double helix

Figure 2 DNA replication. (A) DNA is unwound and separated by
helicase. (B) RNA primers bind to complementary pieces of DNA.
(C) DNA polymerase binds and catalyses the addition of
complementary nucleotides to the 3" ends of the growing strands.

Mistakes and proofreading

DNA polymerase is extremely accurate in its ability to replicate
DNA. However, occasionally it does make mistakes, adding
non-complementary nucleotides to the growing DNA strand.
This type of error occurs approximately once in every 10000
bases. That may not sound like much, but if we consider
that the human genome consists of 6 x 10? bases that means
600000 mistakes with each cell division. This is far too many
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BOX 1 The polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is a reaction in which specific fragments
of DNA are replicated repeatedly in a test tube. A PCR reaction is made up of
template DNA, DNA polymerase, nucleotides, primers (small chains, approxi-
mately 20 nucleotides long, that specify the DNA to be replicated) and buffer
(optimal for the DNA polymerase). During the PCR reaction the DNA undergoes
multiple cycles of melting, annealing of primers and elongation.

Target DNA
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Primers Taq polymerase Deoxyribonucleotides
Melting

The DNA is heated to around 95°C; the two strands of DNA unwind and separate
from each other.

Annealing

The temperature drops to between 35°C and 65°C; primers complementary to the
5’ ends of the DNA to be amplified bind.

Elongation

The temperature increases to 68-72°C; thermostable DNA polymerase (Taq or Pfu
etc.) binds to the DNA and catalyses the addition of complementary nucleotides
to the 3’ ends of the newly forming strands.

With each cycle the amount of DNA is doubled and newly formed DNA acts as
a template in the next cycle. The result is an exponential increase in the amount
of DNA.
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Scientist examining a DNA autoradiogram. In this
case, the autoradiogram is the visual record of a
polymerase chain reaction (PCR) analysis of DNA
samples. Each band on the autoradiogram represents
a fragment of amplified DNA.
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to maintain the integrity of our DNA. To combat this problem,
many, but not all, DNA polymerases are able to double-check
that they have added the correct nucleotide. This is known as
proofreading. If a non-complementary nucleotide has been
added, the DNA polymerase removes it and inserts the correct
one. This proofreading activity increases the accuracy of
DNA polymerase 100-fold. Other DNA repair mechanisms
improve the accuracy even further, resulting in a final error
rate in humans of about 1 per 10 nucleotides. Therefore,
on average, six mutations are introduced with each cell
division.

Errors or evolution

We tend to think about errors in DNA as being harmful.
Indeed in some cases they are. For example, if errors occur
in stretches of DNA that control cell growth and division,
cells may start growing and dividing out of control,
leading to cancer. However, errors in DNA replication and
natural selection are what drive evolution. Imagine if DNA
polymerase was 100% accurate 100% of the time. That
would mean that the first DNA molecules ever produced
would still be being faithfully replicated today, and none
of the diversity of life on the planet would have evolved.
Therefore, while errors in DNA replication may be bad for
individuals, they are an absolute requirement for evolution.

Making DNA polymerase work for us

Not only is DNA polymerase crucial for the maintenance
and development of life but understanding and manipu-
lating its function has transformed biological, forensic and
medical research. In the early 1980s a scientist named
Kary Mullis started using DNA polymerase extracted from
Escherichia coli to replicate DNA in a test tube. The problem
with this method was that with each replication of DNA
the mixture had to be heated to above 90°C in order to
separate the two strands of DNA. This had disastrous conse-
quences for the DNA polymerase. As an enzyme, DNA
polymerase relies on its shape to confer its catalytic activity.
Heating above 50°C destroys the shape of most enzymes
by breaking the hydrogen bonds holding them together.
This is known as denaturation. What was needed was a
polymerase enzyme that was thermostable and kept its
shape at high temperatures.

Thermus aquaticus is a bacterium that thrives in high
temperature conditions such as hot springs. By using the
DNA polymerase called Taq polymerase isolated from
Thermus aquaticus, Mullis was able to carry out successive
rounds of DNA replication in a test tube. This technique
became known as the polymerase chain reaction (PCR)
(see Box 1). The value of this technique and its wide-
spread adoption in laboratories all over the world led to
Taq polymerase being named the first science ‘Molecule
of the Year’ in 1989, and Kary Mullis receiving the Nobel
prize in 1993. Since then, other DNA polymerases from
thermostable bacteria have been isolated and used in the
PCR. The enzyme Pfu was isolated from the bacterium
Pyrococcus furiosus. Unlike Taq polymerase, Pfu not only
has polymerase activity but also has proofreading activity,
making it 100 times more accurate than Taq polymerase.
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Denaturation Breaking of bonds such as hydrogen bonds
that maintain the shape of proteins or DNA.

Nucleotide The building blocks of DNA. Each nucleotide
has three components — an organic base (adenine,
thymine, cytosine or guanine), the pentose sugar deoxy-
ribose and a phosphate group. So their full names are
deoxyadenosine triphosphate, deoxythymidine triphos-
phate, deoxycytosine triphosphate and deoxyguanosine
triphosphate.

PCR The polymerase chain reaction, a method of repli-
cating DNA.

Thermostahle Able to withstand high temperatures.

The trade-off for this is the speed of replication. Taq
polymerase can replicate 1000 bases in just 10 seconds,
whereas Pfu takes up to 2 minutes to do the same. Scientists
therefore choose which DNA polymerase to use based on
whether they want high speed or high accuracy.

What use is the PCR?

The application of the PCR has revolutionised biological,
forensic and biomedical research. It has made possible
genetic screening for hereditary diseases such as cystic
fibrosis, and the early detection of infectious diseases such
as HIV. It can also be used to identify individuals based
on their DNA — genetic fingerprinting. Detection of an
individual’'s DNA can be used, for example, to prove
paternity or to prove someone was at the scene of a crime.
In biological research it has enabled scientists to manipulate
DNA both in the test tube (in vitro) and in organisms (in
vivo), providing valuable information about the function of
specific DNA sequences. It also made the Human Genome
Project possible. This project determined the order of each
of our 3.2 x 10° base pairs of DNA, providing scientists with
a detailed map of our genetic material.

In conclusion, the discovery and exploitation of DNA
polymerase has enabled its widespread use to allowing
even trace amounts of DNA to be amplified and charac-
terised. The activity of DNA polymerases is harnessed in
a variety of ways, including its use in disease diagnosis as
well as forensic science. The use of DNA polymerase in this
way is an excellent example of how fundamental science
can sometimes lead to discoveries that revolutionise our
everyday lives.

Things to do

) Watch animations of DNA replication at: www.youtube.
com/watch?v=hfZ809D 1tus&feature=related

P Animations of the PCR can be seen at: www.maxanim.com/
genetics/PCR/PCR.htm

» Which other DNA polymerases are commonly used in
the PCR? Make a list of them and compare their speed and
accuracy.

Amanda Kelly is a PhD student at the University of Manchester.
She is using zebrafish mutants as a model for human diseases.
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