
Amino acid sequence
of  βββββ-globin chain
of haemoglobin: proline glutamic acid glutamic acid

Codons on mRNA: CCA GAA GAA

Bases on DNA: GGT CTT C T T

Amino acid sequence
of  βββββ-globin chain
of haemoglobin: proline valine glutamic acid

Codons on mRNA: CCA GUA GAA

Bases on DNA: GGT CAT C T T
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By studying this Factsheet you should gain a knowledge of:
••••• the nature and causes of gene mutation;
••••• the effects of gene mutations;
••••• gene mutation as a source of variation which may be of selective

value.

This Factsheet assumes that the student has a basic knowledge of the nature
of DNA, RNA, replication, the genetic code and protein synthesis. These
were covered in Factsheet 22, Protein synthesis I – nucleic acids  and Factsheet
49, Protein synthesis II – mechanisms.

Remember : – DNA and RNA are polymers of nucleotides, designated by
the letters of their nitrogenous bases, A (adenine), T (thymine), U (uracil),
C (cytosine) and G (guanine).  The bases are arranged into threes
making up the codons which are the units of the genetic code. Particular
codons cause the insertion of specific amino acids into the polypeptides
so that if the codons are altered, the wrong amino acid may be inserted.
Also remember that A is complementary to T in DNA and to U in RNA.
G is complementary to C in both RNA and DNA. Complementary means
that they will combine together by hydrogen bonding.

Altering the base sequences in the codons of the gene may alter the
sequence in which amino acids are assembled into the polypeptide made
by that gene. The altered polypeptide may then have an altered effect or
function which in turn may alter one or more characteristics of the
organism. The resulting mutation is harmful, e.g. sickle cell anaemia,
or it may confer evolutionary or survival benefit e.g. in industrial
melanism which occurs in many butterflies and moths. If the mutated
allele is situated on a sex chromosome then the mutated condition will be
sex-linked, as in haemophilia and red-green colour blindness. In these
conditions the mutated allele is on the X-chromosome.

Original DNA

Corresponding mRNA

Insertion of A as fourth nucleotide
New DNA

Altered mRNA codons

Deletion of the third nucleotide, T
New DNA

Altered mRNA codons

Substitution of fourth nucleotide with T.
New DNA

Altered mRNA codons

Inversion of second and third nucleotides
New DNA

Altered mRNA codons

Fig 1. Types of point mutation.

AGT CCC AAA CCA

UCA GGG UUU GGU

AGT ACC CAA ACC A

UCA UGG GUU UGG U

AGC CCA AAC CA

UCG GGU UUG GU

AGT TCC AAA CCA

UCA AGG UUU GGU

AGC TCC AAA CCA

UCG AGG UUU GGU

In sickle cell anaemia the mutation affects the amino acid sequence of part
of the β-globin protein chain of the haemoglobin (Fig 2). This results in the
formation of abnormal haemoglobin-S which in conditions of low oxygen
tension causes the red blood cells to collapse into sickle shapes.

The nature of gene mutation
A mutation is a sudden inheritable change in the genetic material. Gene
mutation is sometimes called point mutation because the mutation may
only involve change of one nucleotide (base) in the codon sequence of the
gene. The replication of DNA and transcription of messenger RNA
(mRNA) is not 100% efficient with the result that occasional errors
occur. These errors may cause mutations. The mutation may be due to
the insertion (addition) or deletion of a nucleotide, the substitution of one
nucleotide for another or inversion of two nucleotides (Fig 1).

In sickle cell anaemia, the base T marked (in the normal diagram) with an
arrow is substituted with a base A. This means that the resultant codon on
the mRNA is GUA instead of GAA and so the amino acid valine is inserted
into the protein in place of glutamic acid. This results in the formation of
haemoglobin-S. This type of gene mutation is called a ‘missense’ mutation
and only changes one amino acid in the polypeptide chain.

Sometimes a base alteration in a codon does not alter the amino acid sequence
of the polypeptide made by the gene. This is called a ‘samesense’ mutation.
It occurs because the genetic code is degenerate. Degenerate means that
some amino acids can be coded for by several mRNA codons which vary in
their third base. For instance, serine is coded for by UCU, UCC, UCA and
UCG. If the mutation changed the third base in UCA to make UCU, the
new codon will still insert serine into the polypeptide.

Fig 2. The mutation which results in Sickle Cell Anaemia
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A ‘nonsense’ mutation changes an amino-acid-specifying codon into a
chain-terminating codon. For instance, if UCA, which codes for serine, is
substituted, making UGA, then this is a codon which halts synthesis of the
polypeptide.

A ‘frameshift’ mutation is a mutation arising from the insertion or deletion
of one or more nucleotides (other than in multiples of three) that causes the
gene to be misread during translation into the polypeptide. In this type of
mutation, several or all of the codons after the mutation are altered and so
several or all of the amino acids assembled together are incorrect. The
resulting polypeptide will probably be completely inactive and biologically
useless.

Causes of mutation
1. Spontaneous mutations result from errors in the replication of DNA.
Replication of DNA is a complicated process involving DNA polymerase
and a large number of other enzymes. These enzymes make rare mistakes
and these cause base changes in the composition of DNA,

2. Induced mutations are changes in the DNA caused by the effects of
‘mutagens’. These may be radiation or chemical in nature and cause genes
to mutate at rates that are much higher than their spontaneous rate.
Examples are:

••••• ionising radiations.  e.g. X-rays, cosmic rays from space, alpha(α)
rays (helium nuclei), beta (β) rays (electrons or positrons) and gamma
(γ) rays which are electromagnetic. Alpha, beta and gamma rays are
from radioactive sources. They act by directly breaking the genetic
molecules and by breaking up water molecules into reactive ionised
fragments that can damage the DNA indirectly.

••••• non-ionising radiations. The commonest example is ultra-violet
light between wavelengths 250 to 270 µm. This is absorbed by the
nitrogenous bases in DNA and modifies them in various ways. One
main effect is that thymine dimers are produced – adjacent thymine
bases in one DNA strand couple together rather than with the
complementary adenines in the other strand. Thus the DNA helix
develops a bulge where it is not coupled. Luckily there is a light repair
system that in the light uses repair enzymes to make good the DNA
damage. However, some people have a gene mutation which causes
the repair enzyme to be damaged. These people are at risk from
developing skin cancer (xeroderma pigmentosum) if they sunbathe.

••••• chemicals.  Mustard gas is an alkylating agent which adds a methyl
or similar alkyl group to guanine, altering its ability to base pair. This
causes the release of guanine from DNA so that the position occupied
by guanine can then be filled by another base.  Many other chemicals
are base analogues which have similar structures to the normal bases
and so can become incorporated into the DNA in place of them during
replication. An example is 5-bromouracil. Other mutagenic chemicals
include dioxin, colchicine, caffeine, some pesticides and several tobacco
products.

Gene mutation and natural selection
Many gene mutations are harmful, such as the human conditions of sickle-
cell anaemia, haemophilia, muscular dystrophy, albinoism, thalassaemia,
fibrocystic disease of the pancreas and Huntington’s chorea. Without
medical treatment and support, the individuals suffering from these
conditions probably would not survive. However, many gene mutations
can be of advantage.

For example, the mutant sickle-cell allele for haemoglobin-S is codominant
to the normal haemoglobin-A allele. Although an individual who is
homozygous for allele S (genotype SS) will have sickling of all his or her
red cells, causing a severe, usually fatal, anaemia, an individual who is
heterozygous (genotype SA) will produce 50% sickle cells with
haemoglobin-S and 50% normal cells with haemoglobin-A. This individual
can survive and may reproduce to pass on the sickle cell trait.

Natural selection plays a part when heterozygous sickle cell trait individuals
live in areas where malaria is prevalent. The malarial parasite lives in normal
red cells and feeds on haemoglobin A. It cannot feed successfully on
haemoglobin-S and finds difficulty in entering sickled red cells. Thus sickle-
cell carriers do not suffer from malaria in areas where many normal people
contract malaria. The frequency of the sickle-cell allele is raised in these
malarial areas above its frequency in malaria-free areas. This could be
because the survival rate and reproductive rate of sickle-cell trait carriers is
higher in malarial areas than in non-malarial areas, or because more normal
people die of malaria than sickle-cell trait carriers do.

A clearer example of natural selection operating on a mutated gene is shown
in the example of the peppered moth, Biston betularia. A single gene locus
is involved with two main alleles. The recessive allele (c) determines the
‘typical’ phenotype in the double recessive homozygotes (cc). This
phenotype is light coloured moths with a ‘peppering’ of black spots on
the wings and body. These were the predominant forms of the moth present
in Britain in the first half of the nineteenth century. In 1849 a dark-coloured
variety called ‘carbonaria’ was discovered in Manchester. This phenotype
was due to a dominant mutation into allele C. The ‘carbonaria’ moths had
the genotypes CC or Cc. Between 1849 and 1895 the ‘carbonaria’ variety
increased in frequency, forming 98% of the population in the Manchester
area.

This increase in frequency was associated with the Industrial Revolution
in the nineteenth century and its associated pollution. The carbon particles
and sulphur dioxide falling out from factory chimneys killed the light coloured
lichen on tree trunks and rocks, and formed a black, sooty coating on these
surfaces. The ‘typical’ forms of the moth were no longer camouflaged on
these surfaces and so were predated on (by birds such as robins and
thrushes) more than the ‘carbonaria’ forms which were camouflaged. Thus
the ‘carbonaria’ forms survived and were selected but the ‘typical’ forms
were eaten and became scarce.

This phenomenon became known as ‘industrial melanism’ and occurred
in many species of butterflies and moths. However, it did not occur in non-
industrial, non-polluted regions of the country – here the ‘typical’ forms
survived.

In 1956 the Clean Air Act was introduced with the result that industrial
pollution by soot and sulphur dioxide was greatly curtailed. This resulted
in a return of lichen growth and a lightning of the surfaces of trees and
rocks. The ‘carbonaria’ forms are no longer camouflaged and now get eaten
while the ‘typical’ forms are camouflaged and have an improved chance of
survival (Fig 3).

Fig 3. Changes in the frequencies of ‘typical’ and ‘carbonaria’
peppered moths in industrial areas of England
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Other examples in nature of gene mutations which have produced beneficial
variations to the mutated organism are:
• the development of antibiotic resistance in certain strains of bacteria;
• the development of warfarin (rat poison) resistance in rats;
• the development of DDT resistance in mosquitoes and many other

species of insect;
• the development of camouflaging shell colours and banding on the

shells of the snail, Cepaea nemoralis. This reduces predation by
thrushes;

• the development of resistance to the myxomatosis virus by many
rabbits.

Remember :– other gene mutations which you may be asked about
include haemophilia, red-green colour blindness, cystic fibrosis and
alpha-1 antitrypsin deficiency which results in an inherited form of
emphysema (lung disease). You may be given data interpretation
questions about other mutations.

 A very common error is to confuse base deletion of gene mutation with
gene deletion of chromosome mutation.

Most gene mutations in nature will have only slight effects or unnoticable
effects and may also confer survival benefits. Polygenic systems with
many different alleles probably arise as a result of many such gene mutations
over long periods of time. Thus, though an individual gene mutation gives
rise to discontinuous variation, many minor mutations to the same gene
over thousands of years may give rise to the continuous variation due to
polygenes which can consist of hundreds of different alleles.

Exam Hint: – In addition to questions about the nature of gene
mutations and their importance as sources of variation for natural
selection to act upon, examiners often set questions on the
inheritance patterns of gene mutations in family trees. In answering
these it is important that the genetic diagrams are laid out in the
correct, acceptable format. Some examples are shown in the
specimen questions and mark schemes below. Questions often
involve data interpretation.

Practice Questions
1. Cystic fibrosis (CF) is the most common recessive genetic disorder in

the UK Caucasian population with an overall birth frequency of about
1 in 2500.  It is characterised by severe respiratory problems and
inadequate pancreatic function, caused by accumulation of sticky mucus.
There is no cure at present but improved treatments can increase the
life expectancy to about 30 years, death usually being due to respiratory
failure.  Males with CF are usually sterile.  Cystic fibrosis is due to a
mutation in the gene encoding the cystic fibrosis transmembrane
conductance regulator (CFTR).  This protein regulates the transport of
chloride across cell membranes. The mutant allele is recessive and
heterozygotes do not exhibit symptoms.  The mutant allele occurs in
about 4% of the population and usually arises by deletion of three
adjacent nucleotides.

(a) (i) Suggest how the deletion could occur and influence the
effectiveness of the CFTR gene. 5

(ii) Name two other types of gene mutation. 2

(b) (i) By means of a genetic diagram, show the probability of two
carrier parents producing a CF child. 5

(ii) What would be the expected percentage incidence of cystic
fibrosis in the population? Explain your answer. 5

(iii) Since cystic fibrosis is a lethal condition, why does its allele
persist in the population? 1

sickle cellsnormal red cells

2. The drawings below show the appearance of normal human red cells
and red cells from an individual suffering from sickle cell anaemia.  The
condition is caused by a mutant co-dominant allele. In the homozygous
condition the allele causes sickle cell anaemia which has serious, often
fatal, effects on sufferers, while in the heterozygous condition it causes
sickle cell trait which is harmless and gives resistance against infection
by malarial parasites.  The abnormal gene also changes the permeability
of red cell membranes so that the red cells lose potassium ions.

amino acid
sequence: valine / histidine /leucine /threonine /proline /glutamic acid /glutamic acid

GUA CAU CUC ACU CCA GAA GAA

CAT GTA GAG TGA GGT CTT CTT

DNA
bases:

mRNA
codons:

(a) The mutation affects the amino acid sequence of the β-globin chain of
haemoglobin.  The normal amino acid sequence, together with the mRNA
and DNA bases which code for the sequence are shown below.

(i) If the base marked with an arrow was changed to A(adenine)
what would be the effect on the amino acid sequence of the
globin?  Explain your answer. 4

(ii) What will be the probable effect is this change in amino acid
sequence on the structure of the haemoglobin?  Explain your
answer. 2

(iii) Name this type of gene mutation. 1

(b) The sickle cell haemoglobin is known as haemoglobin S. This type
of haemoglobin is found mainly in people who live in the malarial
belts of the world, or in their descendents.  Suggest an explanation
why this is so. 4

3. Alkaptonuria is a harmless, rare autosomal genetic defect, due to a
mutant allele, in humans. The family tree below shows the pedigree of
a family affected by alkaptonuria. (Individuals are numbered 1 to 14)

unaffected female

affected female

unaffected male

affected male

1 2

3 4 5 6 7

8 9 10 11

12 13 14

(a) (i) Is the condition dominant or recessive? Explain your answer.
2

(ii) State the numbers of all the individuals that are certain to be
heterozygous for this gene 3

(iii) What is the probability that individual 14 is heterozygous for
this gene? 1

(b) Alkaptonuria occurs due to point mutation of an allele of a gene.
State two other point mutation diseases of humans. 2
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Gene Mutations

Answers
1. (a) (i) nucleotides could be omitted during replication of DNA (in

meiosis/gamete formation);
thus mRNA does not include the omitted nucleotides (during
transcription);
thus an amino acid will be omitted from the polypeptide chain;
during translation;
thus CFTR protein will not work/work properly/be ineffective;

5

(ii) substitution; insertion/addition; inversion; max 2

(b) (i) (use suitable symbols, e.g. C for normal allele, c for cystic
fibrosis allele)

P                 Cc          x          Cc ;
gametes  C           c            C          c ;

F
1

        CC        Cc          Cc        cc ;

            normal        carriers         sufferer ;
probability 1 in 4 ; 5

(ii) CF males are sterile so their genes can be disregarded;
4% of the population are carriers;
thus chances of carriers crossing = .04 × .04 = .0016 or 0.16%;
(allow other ways of showing figures)
probability of carrier cross producing a CF child is 1 in 4;
thus expected incidence will be 0.16% = 0.04%;

                                                                  4
(if say 100 = 0.04% allow 1 mark only, unless explained)

    2500 5

(iii) because new mutations (of the same type) are constantly
happening; 1

2. (a) (i) DNA codon would become CAT;
this would form GUA by transcription to the MRNA;
GUA codes for valine;
thus sixth amino acid in chain/penultimate amino acid is changed
from glutamic acid to valine; 4

(ii) will affect/alter the cross-bonding in the globin chain/
polypeptide;
which will alter the 3-D shape/conformation/tertiary structure
of the molecule; 2

(iii) substitution; 1

(b) malarial parasite develops inside red cells of humans;
cannot survive on haemoglobin S as substrate/cannot survive in
reduced potassium ion environments;
thus sickle cell sufferers are resistant to malarial infection but usually
die from sickle cell anaemia when young;
sickle cell trait heterozygotes are resistant to malarial infection and
do not die from sickle cell anaemia;

          thus reproduce normally raising incidence of mutant gene in the
population of the malarial zone;
(probably) have a greater reproductive capacity than malarial
sufferers (within the population); max 4

3. (a) (i) recessive;
because obvious heterozygotes/carriers don’t show the
condition/the alleles in 6/8/13 must have come from the parents
who do not show the condition; 2

(ii) 1 + 2;     3 + 4;      10 + 11;   (lose 1 mark for each incorrect)
3

(iii) 2/3; 1
(b) sickle cell anaemia;

haemophilia/colour blindness/albinoism/any other valid defect; 2


