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A mutation

ny science fiction film worth its name has its crop
of bizarre and sinister mutants. But back in the real
world, what is a mutation or a mutant? The word
‘mutation’ can be used to mean two rather different
things:
e an event that changes a DNA sequence, for example
‘the ultraviolet light produced a mutation in the DNA'’,
or
® a DNA sequence change that may have happened a
long time ago, for example ‘she had inherited a
mutation from her father’

Figure 1 Examples of DNA damage that must be repaired
to avoid creating a mutation. (A) Oxidative damage. The
arrows show parts of the DNA molecule that are vulnerable
to attack by reactive oxygen species. (B) A thymine dimer.
Ultraviolet light can cause covalent bonding between
adjacent thymine molecules.

In other words, the word mutation can describe the
process or the product. In contrast, the word mutant is
used to describe the cell or organism whose DNA has
been changed, resulting in different characteristic(s).

All sorts of accidents and mishaps can end up altering a
DNA sequence. Sometimes a mistake occurs in a cell
when it is replicating its DNA. You can’t expect such a
complicated process to be completely error-free. A
whole range of substances can damage DNA. Some of -
these are man-made pollutants — for example, chemi-
cals present in cigarette smoke — but the biggest culprits
are so-called reactive oxygen species. These are gener-
ated in cells as byproducts of oxidative metabolism. Cells
are almost literally playing with fire when they oxidise
foodstuffs to release energy. Radiation is another
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common cause of mutations. That nice tan is your skin
trying to protect itself against DNA-damaging ultraviolet
radiation. X-rays or radioactivity can break one or both
strands of a DNA double helix (see Figure 1).

Faced with all these assaults on our DNA, it seems
surprising that we are all still here and mostly in pretty
good shape. We survive thanks to a series of defences
that must have evolved over a long period of time. A
whole group of proteins constantly patrol our DNA,
checking for altered or missing bases, or for breaks in the
sugar—-phosphate backbone. Damaged DNA is cut out
and replaced with freshly synthesised material. Usually
the repair is perfect, and you are unaware that there was
ever any problem. Sometimes a mistake persists, and the
result is a mutation.

Just how important these defences are is shown by
the plight of rare unfortunate people who have genetic
defects in one or other repair mechanism. Two examples
illustrate this:
® People with the rare disease xeroderma pigmentosum
can't repair radiation damage to their DNA. For these
people, brief exposure to sunlight produces the same
effects as severe over-exposure in a healthy person.
They have to cover themselves whenever they go out,
and even so they usually develop skin cancers (see
Figure 2).
® Other people have a defect in an enzyme that checks
newly synthesised DNA to make sure there are no
mistakes. They almost inevitably develop cancer of the
colon by early middle age. The defect runs in families
and gives rise to hereditary non-polyposis colon cancer
(see Figure 3). Colon cancer is a common disease. Often,
more than one person in a family is affected, purely
coincidentally and not because of any inherited genetic
condition. Geneticists investigate families with an
unusually large number of cases, or unusually early
ages at diagnosis, but in most cases the family history
turns out to be coincidental. Similarly, it is purely coin-
cidental that the patient’s aunt in Figure 3 had breast
cancer. Breast cancer is not part of the disease.

One important job of clinical geneticists is to check
the relevant genes in people who have a family history
of early-onset colon cancer. People who turn out to
carry a mutation are offered annual check-ups. Many
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opt to have their colon surgically removed before any
cancer develops.

Even with all our defences intact, occasional muta-
tions inevitably slip through the net.

When do mutations happen?

Mutations can affect any cell at any time. Mostly they
don’t matter. If a cell in your little finger acquires a
muscular dystrophy mutation, for example, you would
never notice. Given the number of cells in the human
body and the rate of mutation, each of us carries many
individual mutant cells. But there are two circumstances
where mutations do matter:

® when they affect many or all cells of your body. This
happens if you inherited the mutation in the sperm or
egg that made you, or if the mutation occurred when
you were an early embryo consisting of only a few cells.

O

Figure 2
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Figure 3 Ped|gfee of a family wnth herednsnrnbn polvposis colon cancer.The

patient was diagnosed with cancer of the colon at the unusually early age

of 36. On checking the family tree it tumed out that she had several relatives

who had also had colon cancer at fairly early ages (red symbols). A line through
~ the symbol indicates death, and the numbers show the age at death.
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In sickle-cell disease, substitution of a thymine nucleotide in place of
adenine causes glutamic acid to be replaced by valine at position 6 of the

B-globin protein.

Normal Val His Leu Thr Pro Glu Glu Lys Ser
GTG CAT CTG ACT CCT GAG GAG AAG TCT
Sickle GTG CAT CTG ACT CCT GTG GAG AAG TCT
VAl S Hiskesbeur S Thnw e ProseMal s Gl llys-«~Ser

This replacement of an acidic amino acid by a hydrophobic amino acid alters
the structure of the haemoglobin molecule such that deoxygenated sickle-
cell haemoglobin has an abnormally low solubility — only 4% that of normal
deoxygenated haemoglobin. Consequently the sickle-cell haemoglobin
forms a fibrous precipitate and deforms the red blood cells, giving them a
sickle shape. Sickle red cells become trapped in small blood vessels, which
impairs the circulation and leads to damage of multiple organs.

Coloured scanning electron micrograph
of red blood cells in sickle-cell anaefiia.
Normal red blood gells (rounded) contrast
with elongated sickle=shaped cells. x1000
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Mitosis faithfully copies the mutation every time a
mutant cell divides.

® when mutations in a single cell cause it to start multi-
plying uncontrollably. Cancer is caused by somatic
mutations. Even rare inherited cancers like hereditary
non-polyposis colon cancer require further somatic
mutations for tumours to develop.

Most genetic diseases are caused by inherited muta-
tions. People with inherited genetic diseases have the
mutation in every cell of their body. This is why a blood
sample can be used to test for cystic fibrosis, muscular
dystrophy or Huntington'’s disease — the mutation is
present in the DNA of white blood cells even though it
doesn’t cause these cells any problem.

Nhat do mt ons do

A mutation in a gene might prevent it from working
(loss of function), or it might produce a gain of function;
often it will have no effect at all. Loss of function muta-
tions are usually recessive, because we have two copies
of each gene, and for the most part we can get by on
one. Gain of function mutations are likely to be domi-
nant, because the gain is there even in a person who still
has one normal copy of the gene. The mutant protein
may do its normal thing but fail to respond properly to
control signals, or it may behave in some abnormal way
that harms the cell.

A mutation that substitutes one base for another in
the coding DNA can result in replacement of one amino

Box 2 The reading frame

Look at the following string of letters:
ISAWTHEBIGBADDOGEATTHECAT

We can read successive triplets of letters in three
alternative reading frames:

ISAWTH EBI GBA DDO GEATTH ECAT ... or:
| SAWTHE BIG BAD DOG EAT THE CAT ... or:
IS AWT HEB IGB ADD OGE ATT HEC AT

Similarly the string of nucleotides in a messenger RNA
molecule can be read by a ribosome in three different
reading frames, only one of which gives a sensible
message (i.e. encodes the desired protein). How then
does the ribosome know which reading frame to
choose when it is translating a messenger RNA mole-
cule into a protein? The answer is that a special triplet
of bases (AUG) defines the start of the read-out of
the protein message.

explained

Exons The separated segments into which the coding
sequence of nearly all human genes is split. Exons
are separated by introns.

Primary transcript The initial RNA molecule made
when a gene is expressed. The primary transcript
includes all the introns as well as the exons of the
gene. The mature messenger RNA is made by cutting
out the introns from the primary transcript and splicing
together the exons.

Somatic mutations Mutations affecting DNA in body
cells but not in the sperm or eggs.

acid of the protein by another. You can use a table
showing the genetic code to work out what amino acid
change would be caused by a base substitution. Many
such replacements are harmless, but others are devas-
tating, such as the base substitution of a thymine residue
for an adenine residue in the B-globin gene, which gives
rise to sickle-cell disease. In this condition the ability of
the haemoglobin molecule to carry and deliver oxygen
to the tissues is markedly altered as a consequence of a
change in the amino acid sequence of the B-globin chain
(see Box 1).

Not all changes in amino acid sequence give rise to
problems — it depends on the particular protein and the
particular amino acid. There is no sure-fire way of
predicting. This is one of the big problems in diagnostic
DNA testing. The laboratory finds a sequence change but
is it disease-causing, or just a rare, harmless variant? If
the same change can be found in healthy people, then
it is probably harmless.

In contrast, insertions or deletions of nucleotides are
especially worrisome. The ribosomes read the genetic
code of messenger RNA in triplets (see Box 2). The
reading frame is set by the initiating AUG codon. Inser-
tion or deletion of 1, 2, 4 etc. nucleotides will throw the
whole read-out of the message into chaos (a frameshift).

BIOLOGICAL SCIENCESREVIEW




[image: image4.jpg]Box 3 When two bads make a (fairly) good: the strange case of muscular dystrophy

Almost all genes in humans and other
higher organisms have their coding
sequence split into a number of segments
called exons, which are separated by
non-coding regions called introns. The
average number of exons across all human

on this scale)

Diagram of the dystrophin gene, showing the 79 exons (some are too close together to resolve
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genes is about eight. Initially the cell
makes an RNA copy of the whole gene

sequence, including the introns. In the

nucleus, this RNA molecule (the primary
transcript) is physically cut up to remove

the introns. The exons are spliced together
to make the mature messenger RNA,

which is exported to the ribosomes in the

cytoplasm. The RNA of the introns is 173 nt

6‘ Exon 43 bl Exon 44 // Exon 45 // Exon 46 6[
173 nt 148 nt 7 176 nt 7 148 nt
A magnified view of part of the gene
6‘ Exon 43 // Exon 46

Exon 45 //
176 nt 7

ﬁéL

148 nt

degraded in the nucleus. Exactly why cells
should work in such an apparently wasteful
way is not clear, but most genes in

Exon 44 deleted (148 is not a multiple of 3): message from exon 45 onwards reads out of frame

humans and other higher organisms have

Exon 46

is

Exon 43 1/
77

this exon-intron structure. 173 nt

Exon 44 //
148 nt 77

—4t

148 nt

Duchenne muscular dystrophy (DMD) isa  Exon 45 deleted (176 is not a multiple of 3): message from exon 46 onwards reads out of frame

common and severe form of muscular

dystrophy. It is caused by the absence of Exon 43 7/

%

Exon 46

an essential protein, dystrophin, from 173 nt

—t

148 nt

muscle cells. The dystrophin protein
is encoded by a large gene on the
X-chromosome. The coding sequence of
the dystrophin gene is split into 79 small
exons spread across over 2#million base-
pairs of DNA on the X-chromosome.
Because the introns of the dystrophin gene are extremely large,
and the exons are relatively small, most random DNA breaks
occur in introns. Thus random DNA deletions tend to remove
complete exons. If the number of nucleotides in a deleted exon
is not a multiple of three, deleting the exon causes a frameshift
when the ribosomes read the mRNA.

Exon 44 is 148 nucleotides long, and exon 45 is 176 nucleotides
(see Figure 4). Because neither of these numbers is a multiple of
three, deletion of either exon causes a frameshift in the genetic

Exons 44 and 45 deleted (148 + 176 is a multiple of 3): so the message remains in
the correct reading frame

Figure 4 Effect of deleting exons of the dystrophin gene.

code. This completely wrecks the protein, and either of these dele-
tions causes DMD. But what happens when somebody has both
exons 44 and 45 deleted? In this case, 324 nucleotides are missing
from the messenger RNA. This is a multiple of three, so there is no
frameshift. A form of dystrophin is made that lacks 108 of its 3685
amino acids, but remains partly functional. The result is a much
milder disease, Becker muscular dystrophy.

Thus either mutation alone causes a severe disease but having
both mutations in the same gene results in a far milder disease.

Insertion or deletion of 3, 6, 9 etc. nucleotides may have
less serious implications, again depending on the partic-
ular protein. This sometimes produces surprising results
(see Box 3).

Mutations can affect any part of our DNA sequence.
Only about 1.5% of the human genome codes for
protein. So what about mutations in the other 98.5%
of our DNA? Most changes in this non-coding DNA
seem to have no effect, but in some cases they may
cause a nearby gene to misbehave, even though there

Further reading

Interesting and relevant information on the human
genome and changes in genetic information can be
found at: www.genome.gov/12511466 (from the
National Human Genome Research Institute)

www.dnaftb.org/dnafth/27/concept/index.html (from
Cold Spring Harbor)
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is nothing wrong with the protein-coding sequence of
the gene. We are only just beginning to understand
how cells regulate how and when genes are expressed.
Even sequences far from a gene can be crucial for
controlling it. This is not as surprising as it seems.
Remember that each of your cells contains 2 metres of
DNA. It must be very intricately folded and packaged.
So sequences that look far apart when you write them
out may actually lie right next to one another in a cell,
and they may interact with each other. Many
researchers believe that regulatory mutations of this
sort are what make different people more or less
susceptible to a whole range of common diseases — but
that remains to be proven.

Andrew Read is Emeritus Professor of Human Genetics
at the University of Manchester. He works in a joint univer-
sity NHS department of medical genetics where scientists
use DNA analysis to identify disease-causing mutations in
people who have a family history of genetic problems.




