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Guiding Questions
How do gene mutations occur?

What are the consequences of gene mutation?
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Linking Questions

How can natural selection lead to both a reduction in variation and an increase in biological
diversity?

Theme : Continvi ty ¢ Change
Level of Ocganization.: Molecoles

How does variation in subunit composition of polymers contribute to function?
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SL LEARNING OUTCOMES

GencimUtationsasSEHcara] :::vaerlnges EogenEsatimeimplechian Distinguish between substitutions, insertions and deletions.
Students should understand that single-nucleotide polymorphisms (SNPs) are the result of base substitution

Consequences of base substitutions mutations and that because of the degeneracy of the genetic code they may or may not change a single amino

acid in a polypeptide.
Include the likelihood of polypeptides ceasing to function, either through frameshift changes or through major
insertions or deletions. Specific examples are not required.
Students should understand that gene mutation can be caused by mutagens and by errors in DNA replication
or repair. Include examples of chemical mutagens and mutagenic forms of radiation.

Students should understand that mutations can occur anywhere in the base sequences of a genome, although

Consequences of insertions and deletions

Causes of gene mutation

Randomness in mutation some bases have a higher probability of mutating than others. They should also understand that no natural
mechanism is known for making a deliberate change to a particular base with the purpose of changing a trait.
Consequences of mutation in germ cells and somatic cells Include inheritance of mutated genes in germ cells and cancer in somatic cells.

Students should appreciate that gene mutation is the original source of all genetic variation. Although most
mutations are either harmful or neutral for an individual organism, in a species they are in the long term
Mutation as a source of genetic variation essential for evolution by natural selection.
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.

HL LEARNING OUTCOMES

Gene knockout as a technique for investigating the function of a Students are not required to know details of techniques. Students should appreciate that a library of knockout
gene by changing it to make it inoperative organisms is available for some species used as models in research.

Students are not required to know the role of the CRISPR—Cas system in prokaryotes. However, students
should be familiar with an example of the successful use of this technology.
Use of the CRISPR sequences and the enzyme Cas9 in gene NOS: Certain potential uses of CRISPR raise ethical issues that must be addressed before implementation.
editing Students should understand that scientists across the world are subject to different regulatory systems. For
this reason, there is an international effort to harmonize regulation of the application of genome editing
technologies such as CRISPR.

Conserved sequences are identical or similar across a species or a group of species; highly conserved

sequences are identical or similar over long periods of evolution. One hypothesis for the mechanism is the
functional requirements for the gene products and another hypothesis is slower rates of mutation.

Hypotheses to account for conserved or highly conserved
sequences in genes



D1.3.1 —Gene mutations as structural changes to genes at the molecular level.
D1.3.2—Consequences of base substitutions. D1.3.3—Consequences of insertions and deletions

gene mutation '-Pc(mancnt structoral chan5e5 to genes at the molecvlar Jevel (i-e. chanse in DNA nucleotide base sequence)

> bstitution mutation : replocement of one base in the coding section of a gene with another. can_result _in

\ 4

single-nudeotide polymarphisms (SNPs) : a vacation ot a single base in a DNA
sequence present in more than 1% of the population. SNPs can occur in both
coding aad non-Coding Sequences. 1€ it oceors in a gene it may of may not resvlt in o
new amino acid and polypeptide due to degeneracy of genetic code

Transversions - Point mutation Jhat changes a pycimidine nvucleotide (smale r.'n\,)
fo a purine (double rin‘g) of vice - versa

i 1 Transitions point mutation that changes a pucine nveleotide (davble rin3) \> SNPs can be used as geackic markers in _
@ @ fo_another purine o a pyrimidine (single cing) fo another pyrimidine. genome.- wide association shudies (6AS ) W vidual :1: EK A| CU CU JALuTElALu.lC GLIALU;
More common than transvecsions (as some ring structure Kept) and more likely whers SNP pattens are compared accoss loge
to resolt in Silent motations and persist as single-nucleotide polymorphisms popolations o ideatify associakions behoesn Wul 2; EES ACCAT ﬁ ACGAC
SNP and disease Susceptibility or Jrug response ] b
Base Substitution mutations can be classified based on the resulting consequence:
©® (same-sense (silent) motation ° base substitution which alters 1he codon for an amino acid into andther codon for TACCGOACGTTTCGCACC
the same amine acid due fo degeneracy of genetic code. AUGGCB UGCAAAGCGU GG
No effect on the polypeptide produced and the phenotype Met - Ala - Cys - Lys- Ala - Trp original gene
® missense mutation : base substitution which alters he codon for an amino acid into ancther codon for o Jifferent TACG6GACGTTTCGCACC P - TAC'C G ("AC‘C’T T T'CC’C'ACC DNA
amino acid. Chonges the polypeptide praduced. ¥ the new amino acid cavses fhe protein fo AUGIC CCUGCAAAGCGUGE AUGIGCCUGCAAAGCGUGG  mRNA
fold diffecently it may alter protein function and he resulting phenotype (ex: Sickle cell anemia.) Met - Pro - Cys - Lys- Ala - Trp Met - Ala - Cys - Lys- Ala- Trp  polypeptide
® (nonsense mutation : base substitution which alters fhe codon for an amino acid into a STOP codon , causing TACCGGAC@TTTCGCACC <
Hroaslation fo end prematorely. Polypeptide produced is shartencd which may alter ifs foaction AU 6i6 CC UGBAAAGC 6 UGG
or more likely make it non-functional , alering the phenotype (ex: p—fhalassemia) Met - Ala

\> (Insertion mutation : addition of one or more nucleotides within the base sequence. Efect depends on the

\> Deletion mutation : deletion of one or more nucleotides within the base sequence. EP€ect depends on the
position and how many nucleotides are added (ex: HTT gene and Huntington's disease,)

position and how many nucleotides are removed (ex: ccrs gene and HIV resistance )

® number jnserted is multiple of 3 ® number inserted is not multiple of 3 ® nomber delebed is not multiple of 3 ® number deleted is multiple of 3
extra codon () added, resulting in a longer Results in a ‘frameshift motation where fhe reading frame (sroupinj of codons) is shifted, altering codon () deleted, resulting in a shorter
polypeptide. May alter protein function. many /all omino acids downsteam of mutation. The eaclier in the seguence it occurs the greater The polypeptide. May alter protein fuaction.
ngo(ity of protein unaliered impact. Protein produceJ is very difPerent from original and is likely non-fuactional quor;ty of protein unaltered
TACCGGACGTTTCGCACC TACCGGACGTTTCGCACC TACCGGACGTTTCGCACC TACCGGACGTTTCGCACC
AUGGCCUGCAAAGCGUGE AUGIGCCIUGCAAAGCGUGE AUGGCCUGCAAAGCGUGE AUGGCCUGCAAAGCGIUGG
Met - Ala - Cys - Lys- Ala - Trp Met - Ala - Cys - Lys- Ala - Trp Met - Ala - Cys - Lys- Ala - Trp Met - Ala - Cys - Lys- Ala - Trp
2 ¥
TACCTEAGGACGTTTCGCACC TACC66BACGTTTCGCACC TACCERACGCTTTCGCACC TACEXRACCTTTCGCACC
AUGGACIVEC UGCAAAGCGIUGG AUGIGCCICUGCAAAGCIGUGG AUGG  UGCAAAGCGU GG AUG! V6CAAAGCG UGG
Met -{Asp=Ser- Cys - Lys- Ala - Trp Met - Ala -(Lew = Gln= Ser - Val Met - Val - Gln - Ser - Val Met - Cys - Lys- Ala - Trp



D1.3.4—Causes of gene mutation. D1.3.5—Randomness in mutation. D1.3.6 —Consequences of mutation
in germ cells and somatic cells. D1.3.7—Mutation as a source of genetic variation

Gene mutakions can be cavsed 57 a variety of factors:

\> Eqors in DNA ceplication and for DNA repair
DNA polymerases may make ercors, leading Jo mismatched nucleotides, inser tioas oc deletions. 'I;pimll), erfors are
identified and corrected via proofreading bot on occasian it is not and persists. Thus, the next Lime the cell replicates,
the motated base seguence will be used as a template and be passed onto next generation of cells.

These spontanegus mutations are care but normal ond expected.

0% ATCTTACCGG6

‘. Lot et ATI-E-;-IACI:CI—CI’I TAGAATGG CC
6
@DNA replication DI.| \\ 8%

4 —

iz TACAATGGCC ATGTTACCGG
(3

<< << TAC AATG6GCC

erggn * agent which can induce o change in DNA, increasing mutation Frequency above background rate

> Mvtageﬂig radiation
lonizing radiation. are types of high energy radiation. which can displace electrons from atoms, leading do
DNA damage such as single -strand or double - sicand breaKs. Types include: high frequency EM radiation such

a5 Gamma and X-ray and porticvlate radiation such as ot pacticles and PB pacticles

Ulkaviolet (UV) radiation is non-ionizing but cavses pyrimidine dimecs, distorting DNA = leading to errors during fteplicabion

_ 7 T=T N—

/

o parkicle oy ATGTO TACC
i
TACACAAGATGG

S Chemical mutagens

Mutagenic chemicals can induce mutations via a varieby of mechanisms such as acting like nitrogenovs

bases but pairing incorcectly during DNA eeplication, inserting themselves into DNA causing o distortion
in double helix, or by changing poiring properties.

e . O
mustard gas ¢l \ - nitrosamines benzene
Q ethidivm bromide

S Infectiovs aqents
[nflection of o(ganisms by some vicuses and Some bacterio. can result in DNA damage and mutations

2 HPV jafection related

fo cervical cancer

H. pylori infection related

fo gastric cancer

Motations are random. , meaning they are unpredictable.
> motations can occor anywhere in o base sequence of a genome but some areas ace more frequently impacted:

® Cytosing - Guanine (C6) rich regjons - NH, NH,
In order to silence a gene, methylation is done to cause XN HC N . H,C -
DNA to become more tightly packed. When Cytosine | /& - | /& i | /&
is methylated it can spontancously mutate fo a ” o 'I:ll 0 ” 0
Thymine. CG regions are ofien methylated and show Cytosine

higher mulation rates than any other base combination @ oene expression D22

® Microsatellites / Shork- Toadem Repeats € oNA epication OLI

STRs are repetitive regions in the DNA (ex=ATATAT)
and have higher mutation rates than any other region.
One reason covld be dve fo Slippage of DNA polymerase

&mpln te

>
[TAHTAHTAHTAHTAHTA] [ TAHTAHTAHTA]

:
“ﬁé’ !

-1 repeat mutation

during replication wheee entite repeals can be gained or lost. +] repeat mutation

X No natural mechanism is Known for making o deliberate chonge to o particular base sequence with the pucpose
of changing o. protein or trait. 1-€. an organism cannot decide or sclect sequences to mutate

@ cell ¢ nuclear division D2.

> $9,59,55,5

snmeks prodocec)

The Consequence of a mutation in humans will degend an which type of cell mutates:
> if somatic cell (body cell) DNA is mutated ; only his cell and
all resulting dayghter cells will carry the mutation. Depenc)iqg on

@)
mutation >
the gene mutation it may result in cancer (vacontrolled cell division ).

As motation is not present in a gomete, it cannot be inherited by offspring

> i germ cell (Cclls that develop into Speem / ovum) DNA is mutated and it firkilizes an ovum , the mutation
will be present in The zygote and all somatic cells of the resulting embryo and adolt. Due to meiosis, half
of all produced gameles will carry mutation and mutated DNA may be passed onto offspring and inherited

w2 Q- ~ro () > ) -~ & ~ [ » 0595257

germ cell sperm ovwum Zygote embryo gametes prodoced

Gene mutations alter base sequence , potentially resulting in a new protein. This forms a new allele (3‘“ variant)
\> members of o species may Oiffec in which alleles They carry ( genetic variakion) - Some being negative, nevtral o positive
. mutations are the source of genetic variation and a prerequisite. for evolvtion via natural selection , whece alleles
associaled with. advantageovs traits are selected for and become more common in population (and vice-versa) = adaptation

NOS : Commercial genetic tests can provide consumers informabion regarding disease Susceptibility and health risKs
potential issves: X some allele variants may be missing X life insurance tompanics may use information fo raise premivms

X expert interpretation /genetic Counseling required so consumers vaderstand and can meke informed decisions



D1.3.8—Gene knockout as a technique for investigating the function of a gene by changing it to make it inoperative.
HL . .
D1.3.10—Hypotheses to account for conserved or highly conserved sequences in genes

When ana[gz.‘nj the DNA of an organism , defermining  which sequences are genes (Codinj) Can be done by looking for open ceading fromes — —| Coding Sequence L—

However, how can the function of the gene be determined 7 STOP codon
\———— open reading frome ———

Gene Knockout fechnique fhat produces a genetically- modified organism with one specific non-functional (inopemkive) gene

> by observing The phenotype and comparing the modified oganism fo a normal arganism, it allows deduction, of the function of inoperative gene ex: leptin gene is made LEP Knockout mice eat .. hormone leptin
inoperative in mice excessively and become obese involved in appetite

\> thousands of knackout shiains in model arganisms hove been produced , acting as a library for genetic research 0 A suppression. and
% @) NN 6&6 S’ ¢ > regulation of fat stores
° LEP = WSS

General process @ Obsecvation of phenotype in humans [eads fo hypothesis - suggesting role of gene X
@ test hypothesis experimentally using Knockout for gene X' in model organism
@ validate findings in human cells /clinical trials

\> many diffecent model organisms can ﬁ mice shace 99% of the zebafish embryos are
be used fo experimentally test impact A& Same genes with humans m transparent , allowing early

Feoit flies repraguce quickly and in f Yeost are used dot to fast
lagge numbers ang have similar geses ﬁ feptoduction times and

of genes, each ol’fm'n3 advantoges maKing Them good analogues development 1o be casily obsecved " in few chromosomes- convenient case of genctic modiPication
While 3cnel:ic variation is present within and across species, some Sequences are identical or very similer - showing very little variation QCW'UH”" + speciation AY.|
\>  Conserved sequences © identical or Similar acwss a species or a grovp of species amino acid Sequence Frog Chicken Rat  Movse Dog Pig Human
Mouse Bl 'S [T FAYFAY RSN I B G [EN VAT BN UG RIS DR IS VAN N AN NI N 0
\; 3 .. . . . . R Rat il 'S [T 'A A ISl B B G [Hi 'A N1 RN A A RN RV I B A N O
Highly conserued sequences  identical o Similar ouer long peciods of evolution e EFEEEEECEE TN ENEEEE BN E
PigFSTAAFRFGHATIHPLVRRL.A
€x: cyt c gene codes for cytochrome ¢ 3 ~ JOO amino acid long protein vsed in aecobic cellulac respiration pog s TAAEEEcHATHRNEEENNEENEZ
. . B . . . . Chicken SN FAY 'T" FAT FAY SN I BB G [ED AT T BIN ICN B I BV O IS IS N A
its sequence and polypeptide product is nearly identical in many organisms o BT TAAEEECHA AN EEEEN s

. 100%
X by tomparing gene or polypeptioe sequeaces edelutionary relatedness con be estimated Conserveligh Iilll“ll“liililil];l
0% - -

2 main hypoﬂ\eSes (no(: mutvally exdosive) for conserved and highly conserved sequences : ! 2 .
CYCT (MOUSE) = =« =« == == MGDAEAGK K FVOKCAQCHTVEKGGKHKTGPNLWGLFGRKTGOAPGFSYT 50
CycS (MOUSE) = == ===« == MGDVEKGK K FVOKCAQCHTVEKGGKHKTGPNLHGLFGRKTGOAAGFSYT 50
. . CycS(HOMSe) = cecoeees MGDVEKGK K FVOKCAQCHTVEKGGKHKTGPNLHGLFGRKTGOAPGFSYT 50
® Functional requirements CycS (Human) =« « =« =« « = MGDVEKGK K F | MK HTVEKGGKHKTGPNLHGLFGRKTGOAPGYSYT 50
. . . T . . Cyclp (Budding yeast) - - - -MTEFKAGSAKKGATLFKTRCLOCHTVEKGGPHKVGPNLHG | FGRHSGQAEGYSYT 55
gene Sequentes may code. for proteins essential for basic cellular stability, function, or reproduction Cyc7p (Budding yeast) MAKES TGFKPGSAKKGATLFKTR HT1EEGGPNKVGPNLHG | FGRHSGOVKGYSYT 59
. . YA} . . . : 100% 1 I 1
.. change in 1hese sequences could alter the protein's functionality and lead to cell death or imfede reproduction, PRy I | H ’ AT I HT
preventing many changes fo accomvlate over evolutionacy history as fhese are selected against and eventuelly i
climinated by natural selection. AKin o swivorship bias as changes area't seea as they dont persist =Y T v i
CycT (Mouse) DANKNKGV IWSEETLMEYLENP KKY I PGTKMIFAG I KKKSEREDL I KYLKQATSS 105
CycS (Mouse) DANKNKG | TWGEDTLMEYLENP KKY | PGTKMI FAG | KKKGERADL | AYLKKATNE 105
® S| b e CycS (Horse) DANKNKG | TWKEETLMEYLENP KKY | PGTKM I FAG | KKKTEREDL I AYLKKATNE 105
Slower mutation rates CycS (Human) AANKNKG | IWGEDTLMEYLENP KKY I PGTKMI FVG I KKKEERADL IAYLKKATNE 105
, ) . | . Cyc1p (Budding yeast) DAN | KKNVLWDENNMSEYLTNPKKY | PGTKMAFGGLKKEKDRNDL I TYLKKACE - 109
gene sequences are in regions of the genome where mutation. rates are low due fo hightr gene expression. Cyc7p (Budding yeast) DAN I NKNVKWDEDSMSEYLTNPKKY | PGTKMAFAGLKKEKDRNDL I TYMTKAAK - 113
mutation rate is linked o gene expression : highly franscribed genes have lower rates as these rgjons may . j) = : o ‘ = adapted from
oneervalion ol (000 e 0 i T

Kolikov et ol 2011

have more enhanced proofreading and tepoir mechanisms



HL D1.3.9—Use of the CRISPR sequences and the enzyme Cas9 in gene editing.

Like all ofganisms, bacteria. are susceptible to viral infection. When a virus infects a cell, it inserts ils viral DNA into the backerial geaome and can hijacK the cell’s metabolism to make more copies. @ vicvees A13

\> baclerio have evalved a counter- measore (immune Sysbcm) €0 identify and excise viral DNA vsing CRISPR- Casd Cas9 (CRISPR-asssciated prokein. 9 : enzyme that uses CRISPR seguences as a guide to
recognize and cut-open specific sections of DNA

CRISPR - Clustered Regglagly Interspaced (Short Palindromic Repeats

same base sequence occurs sevecal times in genome Segments of vircal DNA fiom previous infections (all ditferent) <—|

—=
section of Sequence read the same forward and backwards ACGLGT | |
T6CGCA leader | repeat |spacer | repeat spacer | repeat | spacer | repeat |spacer

small nomber of bases (23-47)
repeals separated by spacer sequences ot regolar intervals I_r, l \ Y J
grouped in one part of fhe genome Cas genes  promoter CRISPR acray

\> CRISPR- Casq system in bacteria: Cas proteins integrote viral DNA into the CRISPR arcay as a'memory of infection. Other Cas complexes use these ‘memories’ as guides fo locate and destroy matching viral genomes
A . ,
il g . .
- > — RIGRIGR}F - .
G/" : m-rrrrrﬂ'ﬂ‘ : (< - -

- &:Li.”sm()]*([ O\T_gm Y mﬂﬁ - Mi"“’%\, = 0@ — A e, =i,

Cuae;d&in\g * changing the genetic malerial of an organism by delibecately removing, inserting or altering genes. X prime editing is a dilecet technigue where o modified casq is vsed (which cols only | sicand ) along with a prime
CRISPR- Casq provides o mechanism to precisely cut and edit genomes editing gvide (peg) RNA, guide RNA and reverse transcriptase. This allows a precise ‘search and replace’ all- in-one!

Components :

Cas9 : enzyme which cleaves DNA at /
specific endonuclease active sites . V% f 3’
e — 5'
%n/r quide RNA" : RNA engineered to_contain o Y ° T 5
5' !
3 M ﬂ

complementary sequence to the
tacget gene allowing it to
‘guide’ casq 1o desired location

guide RNA is created with cas9 - guide RNA complex cas9- guide RNA complex moves and cas9 - guide RNA complex binds to
NOS: potential vse of CRISPR- Cas system in gene editing a complementary sequence {o forms and is inteoduced into scans DNA until o ( target sequence complementarily and both
raises several ethical issves which need fo be addcessed target gene and mixed with cas9 tagget cell > entecing nuclevs ) is located (nu(: to hract) strands of DNA are cut by ackive siles
and requlations agreed upon prior to implementation _
££mple aplzh'cafioﬂ = Sickle-cell anemio € protein synthesis D12 Wﬂ <
> germ-line editing has severe ethical concerns: - Gene Knockoot : Cut DNA is repaired by
® Sickle-cell anemio. have motated Bchains jn the haemoglobin, tavsing e:y-lkmcylc sickling / the cell but incorectly, resviting in mutations
@ safety: risk of off- target edits /motations causing ® Fetal kacmoslobin( HbF), unlike the adolt form is composed of fwo = and fwo T svbunits '_/ . (additions / deletions ) making gene non- functional
potential unforeseen consequences in olher genes bol this slops being made in favor of advlt haemoglobin after birth dve to repression of the _ <&«—
A Slippery slope: if genetic diseases can be edited, why not 1 globin gene by & repressor protein,, coded by BCLIIA gene. CRISPR silences BLLIIA fo make HbF DOMOCEHEDEEEE
edit for enhoncement /cosmetic purposes ! : Gene Knock-in = New gene template
@Jostia: gene cr)s'(;ir)3 is costly and likely only aua/lable to the 7 Hematopoietic stem WWW S Q modified HSC re-injected into S is added and inserted ‘,‘”“'3 repair I
wealthy —> inequity in health and genetic statos N eell (HSC) harvested  CRISPR- Cas9 cavses %\l'l\X patient . HbF expression increases, allowing cell fo express gene of new gene
€rom bone marrow distuption in BCLIIA gene producing normal erythrocytes intecest
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