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Gene Mutations

Gene Mutations

A gene mutatio n is a change in the sequence o f base pairs in a DNA mo lecule; this may result in a

new allele

Mutatio ns o ccur all the time and at rando m

There are certain po ints in the cell cycle when mutatio ns are mo re likely to  o ccur, fo r

example, co pying erro rs when DNA is being replicated (S phase o f interphase)

As the DNA base sequence determines the sequence o f amino  acids that make up a

po lypeptide, mutatio ns in a gene can so metimes lead to  a change in the po lypeptide that the

gene co des fo r

Mo st mutatio ns are harmf ul o r neutral (have no  e�ect) but so me can be bene�cial

Inheritance o f mutatio ns:

Mutatio ns present in no rmal bo dy cells are no t inherited, they are eliminated fro m the

po pulatio n o nce tho se cells die

Mutatio ns within gametes are inherited by o �spring, po ssibly causing genetic disease

Substitution mutations

A mutatio n that o ccurs when a nucleo tide base in the DNA sequence is rando mly swapped fo r a

di�erent base is kno wn as a substitutio n mutatio n

A substitutio n mutatio n will o nly change the amino  acid fo r the triplet (gro up o f three co nsecutive

bases) where the mutatio n o ccurs; it will no t have a kno ck-o n e�ect further alo ng the

gene/po lypeptide

Subst it ut ion mut at ion diagram

An example of a substitution mutation altering the sequence of amino acids in the polypeptide
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Insertion mutations

A mutatio n that o ccurs when a nucleo tide (with a new base) is rando mly inserted into  the DNA

sequence is kno wn as an insertio n mutatio n

An insertio n mutatio n changes the amino  acid that wo uld have been co ded f o r by the o riginal

base triplet , as it creates a new, di�erent triplet o f bases

Remember – every gro up o f three bases in a DNA sequence co des fo r an amino  acid

An insertio n mutatio n also  has a kno ck-o n e�ect by changing the triplets (gro ups o f three

bases) f urther o n in the DNA sequence

This is so metimes kno wn as a f rameshif t mutatio n

This may dramatically change the amino  acid sequence pro duced fro m this gene and therefo re

the ability o f  the po lypeptide to  f unctio n

Insert ion mut at ion diagram

An example of an insertion mutation

Deletion mutations

A mutatio n that o ccurs when a nucleo tide (and theref o re its base) is rando mly deleted fro m

the DNA sequence

Like an insertio n mutatio n, a deletio n mutatio n changes the amino  acid that wo uld have been

co ded f o r

Like an insertio n mutatio n, a deletio n mutatio n also  has a kno ck-o n e�ect by changing the

gro ups o f  three bases f urther o n in the DNA sequence

Like an insertio n mutatio n, this is so metimes kno wn as a f rameshif t mutatio n

This may dramatically change the amino  acid sequence pro duced fro m this gene and therefo re

the ability o f  the po lypeptide to  f unctio n
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Causes of Gene Mutations

Mutagenic agents are enviro nmental facto rs that increase the mutatio n rate o f  cells

Radiatio n can cause chemical changes in DNA, this includes:

High-energy radiatio n such as UV light

Ionising radiat ion such as X-rays, gamma rays and alpha particles

Chemical substances can also  caused changes to  DNA, examples include

Benz o [a]pyrene and nitro samines fo und in to bacco  smo ke

Mustard gas used as a chemical weapo n in Wo rld War I

Mutagens can also  co me fro m inside the cell such as particular enz ymes that either break

do wn DNA o r pro duce substrates that are mutagenic 

So me mutatio ns may be pro duced at rando m, this can happen mo st frequently during DNA

replicatio n and repair where erro rs in the nucleo tide sequence are no t detected by the

pro o freading pro cess carried o ut by DNA po lymerase

If the po lymerase detects that a wro ng nucleo tide has been added, it will remo ve and

replace the nucleo tide befo re co ntinuing with DNA synthesis

Mo st mutatio ns do  no t alter the po lypeptide o r o nly alter it slightly so  that its structure o r

functio n is no t changed

As the genetic co de is degenerate (mo re than o ne triplet co de co des fo r the same amino  acid)

so me mutatio ns will no t cause a change in the amino  acid sequence

Randomness in Mutations

Mutatio ns can o ccur anywhere in the base sequence o f a geno me o n all chro mo so mes in all

o rganisms

This is ho w new strains o f viruses o r bacteria can co me into  existence

So me lo catio ns o f the geno me are mo re likely to  mutate than o thers

Unco iled DNA has a higher pro bability o f  enco untering mutatio ns  than DNA tightly co iled

aro und a histo ne as it is mo re expo sed

Many mutatio ns o ccur in no n-co ding regio ns o f  DNA such as satellite DNA

Mutatio n ho tspo ts  are regio ns where mutatio ns are mo re frequent. One ho tspo t is where

the nucleo tide cyto sine (C) is fo llo wed by guanine (G) and is called a CpG site

When methylatio n o ccurs here, C can mutate into  Thymine (T) in a substitutio n mutatio n

Where this o ccurs repeatedly it is kno wn as a CpG island and is asso ciated with particular

cancers such as co lo rectal cancer

Intentional changes to base sequences

No  kno wn mechanisms exist where cells are able to  intentio nally mutate o r change their DNA base

sequence

Pro o freading pro cesses exist to  change a mutatio n back into  its o riginal sequence but no

mechanism exists f o r making a deliberate change to  a base o r sequence o f  bases  with the

purpo se o f changing a trait o f the o rganism 
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Consequences of Gene Mutations

Consequences of Base Substitutions

Base substitutio ns are a mutatio n that o ccurs when a base in the DNA sequence is rando mly

swapped f o r a di�erent base

A substitutio n mutatio n can o nly change the amino  acid fo r the triplet in which the mutatio n

o ccurs; it will no t have a kno ck-o n e�ect o n the rest o f the sequence

A base substitutio n can result in single nucleo tide po lymo rphisms, frequently called SNPs

(pro no unced “snips”)

These represent a di�erence in a single DNA  nucleo tide. E.g. a SNP may replace the

nucleo tide cyto sine (C) with the nucleo tide thymine (T) in a certain stretch o f DNA

SNPs o ccur no rmally thro ugho ut a perso n’s DNA

They o ccur o nce in every 300 nucleo tides o n average, which means there are ro ughly 10

millio n SNPs in the human geno me

SNPs are co mmo nly fo und in the no n-co ding regio ns o f DNA between genes

They can act as bio lo gical markers, helping to  lo cate genes that are asso ciated with disease

T he e�ect of SNPs

Substitutio n mutatio ns can take three fo rms which may o r may no t change the amino  acid o f a

po lypeptide chain:

Silent mutatio ns – the mutatio n do es no t alter the amino  acid sequence o f the po lypeptide

(this is because certain co do ns may co de fo r the same amino  acid as the genetic co de is

degenerate)

Missense mutatio ns – the mutatio n alters a single amino  acid in the po lypeptide chain

(sickle cell anaemia is an example o f a disease caused by a single substitutio n mutatio n

changing a single amino  acid in the sequence)

No nsense mutatio ns – the mutatio n creates a premature sto p co do n (signal fo r the cell to

sto p translatio n o f the mRNA mo lecule into  an amino  acid sequence), causing the

po lypeptide chain pro duced to  be inco mplete and therefo re a�ecting the �nal pro tein

structure and functio n (cystic �bro sis is an example o f a disease caused by a no nsense

mutatio n, altho ugh this is no t always the o nly cause)
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Consequences of Insertions & Deletions

Insertio ns and deletio ns are two  types o f po int mutatio ns, which are mutatio ns that invo lve a

change in the DNA base sequence at a single lo catio n

An insertio n o ccurs when an extra nucleo tide is inco rpo rated into  the DNA sequence during

replicatio n

A deletio n mutatio n o ccurs when a nucleo tide is missed o r absent  fro m the replicated

strand

These mutatio ns are o ften co nsidered mo re harmful than substitutio ns, because they impact o n

the way the rest o f the sequence is read by mRNA o r the ribo so me

Insertio ns and deletio ns o f nucleo tides can also  have the e�ect o f a f rameshif t mutatio n

This causes a co mplete change to  the entire amino  acid sequence o f a pro tein after the mutatio n

site and can cause the po lypeptide to  cease to  functio n

This happens because o f the way the translated mRNA is read by the ribo so mes

The mRNA is read in co do ns (gro ups o f 3 nucleo tides) so  if an additio nal 1 o r 2 nucleo tides

are added o r remo ved, the sequence is ‘shif ted’

The ribo so me still reads the sequence o f  triplet co do ns alo ng the length o f mRNA which

means the entire mRNA and resulting pro tein are co mpletely di�erent

The result o f frameshift mutatio n means the entire DNA sequence fo llo wing the mutatio n will be

inco rrectly read. This can result in the additio n o f  the wro ng amino  acids to  the po lypeptide

chain and/o r the creatio n o f  a co do n that sto ps the pro tein f ro m gro wing lo nger

Altho ugh a frameshift mutatio n during translatio n is rare (10  to  10  per co do n), the e�ects are

generally catastro phic fo r the resulting pro tein

The same can be said fo r large insertio ns and deletio ns o f nucleo tides o f the DNA sequence

Consequences of  Mut at ions Diagram

−5 −7

Insertion and deletion mutations can cause a frameshift in the sequence of bases which can drastically

alter the amino acid coded for. The resulting protein may be very di�erent to the original intended.
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Mutations in Germ & Somatic Cells

The e�ect o f a mutatio n can vary depending o n whether it o ccurs in a germ cell o r so matic cell

A germ cells use meio sis to  pro duce gametes

So matic cells use mito sis to  pro duce cells all o ver the bo dy which can gro w into  tissues and

o rgans

Germ cells

If a mutatio n o ccurs in a germ cell it  can be passed o n to  the o �spring and next generatio n

Cells invo lved in inheritance o f genetic info rmatio n, eggs, sperm and z ygo te, are kno w as the

germ line

A mutatio n that o ccurs in sperm cells co uld po tentially a�ect the z ygo te o f that o �spring

and all cells develo ped f ro m that z ygo te will co ntain the mutatio n

A female that has inherited a mutatio n will co ntain the mutatio n in the germ cells o f  their

o varies which will be passed o nto  f uture o �spring

Somatic cells

So matic cell mutatio ns are no t inherited by o �spring, instead these mutatio ns are asso ciated

with cancers

Cancers demo nstrate ho w impo rtant it is that cell divisio n is precisely co ntro lled, as cancers

arise due to unco ntro lled mito sis

Cancero us cells divide repeatedly and unco ntro llably, fo rming a tumo ur (an irregular mass o f

cells)

Cancers start when a mutatio n o ccurs in the genes that co ntro l cell divisio n

If the mutated gene is o ne that causes cancer it is referred to  as an o nco gene

Mutatio ns are co mmo n events and do n’t lead to  cancer mo st o f the time

Mo st mutatio ns either result in early cell death o r result in the cell being destro yed by

the bo dy’s immune system

As mo st cells can be easily replaced, these events usually have no  harmful e�ect o n the bo dy

The mutatio ns that result in the generatio n o f cancero us cells do  no t result in early cell death o r

in the cell being destro yed by the bo dy’s immune system
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Mutations & Genetic Variation

Mutations & Genetic Variation

Di�erences exist between o rganisms o f the same species

These di�erences are kno wn as variatio n

Examples o f variatio n include:

Co at co lo ur in mammals

Bo dy length in �sh

Flo wer co lo ur in �o wering plants

Variatio n results fro m small di�erences in DNA base sequences between individual o rganisms

within a po pulatio n

There are several so urces o f these di�erences in DNA base sequences:

Mutatio n

Meio sis

Rando m fertilisatio n during sexual repro ductio n

Mutations

The o riginal so urce o f  genetic variatio n is mutatio n

Mutatio n results in the generatio n o f  new alleles which can in�uence evo lutio n o f a species

Mutatio ns that take place in the dividing cells o f  the sex o rgans lead to  changes in the alleles o f

the gametes that are passed o n to  the next generatio n

A new allele may be advantageo us, disadvantageo us o r have no  apparent e�ect

An advantageo us allele is mo re likely to  be passed o n to  the next generatio n because it

increases the chance that an o rganism will survive and repro duce

A disadvantageo us mutatio n is mo re likely to  die o ut because an o rganism with such a

mutatio n is less likely to  survive and repro duce

Mutatio ns in a species are, in the lo ng term, essential f o r evo lutio n by natural selectio n

No te that a mutatio n taking place in a bo dy, o r so matic, cell will no t be passed o n to  successive

generatio ns, and so  will have no  impact o n natural selectio n

Mutatio n is the o nly so urce o f variatio n in asexually repro ducing species

NOS: Commercial genetic tests can yield information about potential future
health and disease risk. One possible impact is that, without expert
interpretation, this information could be problematic

There are two  types o f genetic testing available

Clinical o r medical genetic testing

This is carried o ut thro ugh healthcare pro viders  such as do cto rs, nurse practitio ners, o r

genetic co unselo rs
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Healthcare pro viders determine which test is needed, o rder the test fro m a labo rato ry,

co llect the DNA sample, send the DNA sample to  a labo rato ry fo r testing and analysis, and

impo rtantly they share the results with the patient and ensure understanding o f the

test results and the implicatio ns to  the individual and their families

Co mmercial genetic testing pro vides genetic tests marketed directly to  custo mers

The test kits can be bo ught o nline o r in sto res

Custo mers send the co mpany a DNA sample and receive their results directly fro m the

genetic co mpany o r lab

Co mmercial genetic testing pro vides peo ple access to  their genetic inf o rmatio n

witho ut necessarily invo lving a healthcare pro vider 

This can po se so me pro blems

Co mmercially available genetic tests are no t scienti�cally validated  and can give

inaccurate results

Unexpected info rmatio n that a custo mer receives abo ut their health, family

relatio nships, o r ancestry may be stressful o r upsetting

Peo ple may make impo rtant decisio ns abo ut disease treatment based o n

inaccurate o r misundersto o d inf o rmatio n f ro m their test results

Individuals o ften are no t pro vided with genetic co unseling
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Gene Editing (HL)

Investigating Gene Function

The entire set o f genetic material o f an o rganism is kno wn as its geno me

Bio lo gists no w kno w the entire human geno me (they have wo rked o ut all the genes that are

fo und in humans)

The Human Geno me Pro ject (co mpleted in 2003) was the name o f the internatio nal,

co llabo rative research e�o rt to  determine the DNA sequence o f the entire human geno me and

reco rd every gene in human beings

This was a very impo rtant breakthro ugh but fo llo wing this scientists no w want to  kno w what each

gene co des fo r and the e�ect o f a gene o n an o rganism; this will help us better treat and prevent

disease

Gene knockout

One way to  �nd o ut the e�ect and f unctio n o f  a gene  o n an o rganism is to  remo ve it  f ro m the

geno me o r make the gene unusable; this technique is called  gene kno cko ut

The o rganism that has had its genes "kno cked o ut" is called a kno cko ut o rganism

Co mmo n kno cko ut o rganisms are labo rato ry mice

Scientists create kno cko ut o rganisms to  study the impact o f remo ving a gene fro m an o rganism,

which o ften allo ws them to  then learn so mething abo ut that gene's functio n

This is classed as a genetic engineering technique

A genetic library o f  kno cko ut o rganisms exists, such as fo r the bacterial species  Saccharomyces

cerevisiae, exists in o rder to

Understand the mechanism o f actio n o f a drug

Target speci�c bio lo gical pro cesses o r de�ciencies

Co nditio ns that have been studied using gene kno cko ut techniques include

Obesity

Diabetes

Cancer likeliho o d

Addictio n

Cardio vascular disease

Exam T ip

Yo u are no t required to  kno w o r understand the techniques invo lved in created kno cko ut

o rganism
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Gene Editing Techniques

Gene, o r geno me, editing allo ws genetic engineers to  alter the DNA o f o rganisms

by inserting, deleting o r replacing DNA at speci�c sites in the geno me kno wn to  cause disease.

It di�ers fro m genetic engineering in that it invo lves mo di�catio n o f  the existing DNA o f an

o rganism rather than the insertio n o f DNA fro m ano ther o rganism.

No te that the term 'geno me' refers to all o f  the DNA, o r genetic info rmatio n, f o und inside a

cell.

Gene editing enables the scientists to  be mo re accurate in their manipulatio n o f the geno me

Older gene editing techniques include

Mo difying viruses to  insert DNA, e.g. into  the gene causing a disease

This so metimes resulted in DNA being inserted into  o ther genes causing unfo reseen

co nsequences

Lipo so mes (small spheres o f lipid mo lecules) co ntaining the no rmal versio n o f a gene being

sprayed into  no ses

This was o nly a sho rt-term so lutio n as the epithelial cells lining the nasal passageway

were sho rt lived

To day scientists have develo ped new gene editing techniques, the mo st co mmo nly used o ne

being CRISPR (Clustered Regularly Interspaced Sho rt Palindro mic Repeats)

This technique invo lves using the natural defense mechanism bacteria (and so me archaea)

have evo lved to  cut the DNA strands at a speci�c po int as determined by a guide RNA

attached to  an enz yme (Cas9)

Once cut scientists can then either insert, delete o r replace faulty DNA with no rmal DNA

Gene editing is invo lved in gene therapies (e.g. develo ping treatments fo r cystic �bro sis and

sickle cell anaemia).

Gene therapy is the treatment o f  a genetic disease by altering the perso n’s geno type

As scientists learn mo re abo ut the human geno me (fro m the Human Geno me Pro ject) and the

pro teo me, and have the techno lo gy to  pro cess large quantities o f data thro ugh co mputatio nal

bio lo gy, they can gain a better understanding o f which genes are respo nsible fo r genetic

diseases and where they are lo cated,and therefo re what base changes need to  o ccur to  treat o r

cure the disease

Gene edit ing t echniques diagram
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CRISPR is an example of a gene editing technique

Exam T ip

Yo u are no t required to  kno w the ro le o f the CRISPR–Cas system in pro karyo tes. Ho wever, yo u

sho uld be familiar with an example o f the successful use o f this techno lo gy.

NOS: Certain potential uses of CRISPR raise ethical issues that must be
addressed before implementation

Genetic engineering practices raise a number o f ethical issues  that need to  be co nsidered

Issues may arise aro und co nsent o f genetic data

Insurance co mpanies may require data o n genetic testing results
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The need fo r legal co ntro l o ver ho w data is used, particular data invo lving human geno mes

Fo rtunately decisio ns based o n the mo rality o f genetic engineering tend to  be made o n a wo rld

wide scale

Ethics co mmittees  exist which must appro ve all experiments carried o ut  and they gain advice

and guidance fro m wo rld leading experts

Co untries have their o wn laws in place to  pro tect participants  o f genetic techno lo gy research

Internatio nal co mmittees  have been fo rmed to  discuss and debate the issues raised and make

reco mmendatio ns to  go vernments, scientists so  that any po licies made have co nsidered the

ethics invo lved

One such co mmittee is The Internatio nal Co mmissio n o n the Clinical Use o f Human Germline

Geno me Editing

The Wo rld Health Organisatio n (WHO) plays an impo rtant ro le to  create guidance fo r best

practice and issue guidelines

The challenge is to  ensure that all po licy makers and co untries wo rk to gether to  co o rdinate

regulatio ns 

These internatio nal regulatio ns are applied to  all gene editing pro cesses including CRISPR
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Conserved Sequences (HL)

Conserved Sequences

A co nserved sequence  is a sectio n o f DNA o r RNA that sho ws minimal mutatio ns  o ver time

A co nserved sequence tends to  be identical o r similar acro ss a species o r a gro up o f

species

Sequences that sho w little to  no  mutatio ns o ver lo ng perio ds o f  evo lutio n are called highly

co nserved sequences

Examples o f such sequences include tho se that lead to  DNA replicatio n, transcriptio n and

translatio n, and pro teins invo lved in cellular respiratio n

Sequences fo r DNA helicases, tRNA and ribo so mes

Sequences fo r the respirato ry pro teins cyto chro me c and ferredo xin 

A number o f hypo theses exist f o r the mechanisms that lead to  co nserved sequences and high

co nserved sequences

One is that the functio nal requirements o f the gene are tho se that the o rganism canno t

survive witho ut

The o ther is that so me sequences o f DNA are subject to  slo wer mutatio n rates

Functional requirements

Co nserved sequences and highly co nserved sequences  exist within genes that co de f o r

pro teins that are essential f o r an o rganism's survival such as transcriptio n and translatio n

If these pro cesses were unable to  take place, due to  mutatio ns in the genes that co de fo r

essential pro teins, then the cell wo uld cease to  survive

Therefo re the f unctio nal requirements o f  the cell maintain the co nserved sequence  and

minimise mutatio ns, as any mutatio ns created wo uld no t be passed o n to  future generatio ns

We can hypo thesise that natural selectio n maintains co nserved sequences  by necessity and

and do es no t let any mutatio ns pass to  future generatio ns

Slower mutation rates

This hypo thesis suggests that certain sectio ns o f  gene sequences are less pro ne to  mutatio ns

and the mutatio n rate is much slo wer than in o ther areas o f the geno me

Mutatio n rate is ho w many changes there is to  the DNA sequence o ver time

It can be measured as

The number o f base pair changes in a single gene at each generatio n o r cell divisio n

Or, the number o f base pair changes in the who le geno me per generatio n

DNA repair and pro o f reading mechanisms are very active in co ding regio ns o f  the geno me,

and within genes that have high functio nality

It is tho ught that areas where there are lo wer mutatio n rates do  no t have lo wer mutatio n

but that they are spo tted and co rrected mo re frequently and so  do  no t sho w up in

sequenced DNA

Erro r co rrecting and pro o freading is less active in areas o f no n-co ding DNA so  here higher

rates o f mutatio n are fo und 
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