Molecular mechanisms of
mutagenesis, spontaneous and
induced mu’ra’rions, and
r'ever'suons

Mutation - is a change of the nucleotide
sequence of the genome of an organism, virus, or
extra chromosomal genetic element.

- process



Mutations = the source of genetic variability

- heritable changes in the genetic material: ™ < X o
- ,,

- changes at the level of individual
genes (substifutions, insertions, deletions) SO ¢

- changes in the structure or number
of chromosomes

> not to be mistaken with chang\e,s in genotype g
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Occurrence and distribution of mutations

* in unicellular organisms, each mutation duplicates in
replication and passes to the next cell generation

tfransmitted to offspring only wh en they appear in
the genome of cells of e germ line

« mutations in the DNA of somatic cells occur' only in
the progeny of these cells (population of cells that
ar'e g)ene’rlcally duffer'en‘r from the rest of the

e in multicellular or?amsms mu‘ra‘rnons are

* Classification of mutations:

gametlc only in cells the germ line, can cause
ereditary diseases

- somatic: only in somatic cells, may cause cancer



Fertilisation s ¥

Foetus

Baby

Cells of tissues
affected by the

mutation g
Gametic mutations are inherited Somatic mutations occur in body
and occur in the testes of males cells. They are not inherited but may

and the ovaries of females. affect the person during their lifetime.



Diploid state protects the cells against
the harmful effects of mutations

* diploid organisms: each gene has two copies

* when one becomes damaged, the other to provides the
correct gene / protein - recessive mutations

» preventing the defect (if the mutation is not dominant)

e estimation: each person carries many harmful
mutations that would in haploid configuration mean
eightfold lethality

* due to the accumulation of mutations over the
centuries, today's people are genetically different from
their predecessors



Dominant Recessive

- A dommanfalle,.le-us' E——

expressed even if it is B Brown allele (B) are seen evenif itis
. . o b Grey present with a contrasting

paired with a r'ecess\ve/ recessive aele (b).

allele. 5.

*A recessive allele is

only visible when paired

with another recessive 88 Bb bb
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Dominant and Recessive mutations
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Genotype
Range of _
mutations? What

Mutation

do the mutations |

influence?

affect the structure of ﬂlenes (and their products) or
regulatory regions of DNA

changing the structure of chromosomes (cause
chromosome aberrations: duplications, deletions,
inversions, translocations)

the structure of the genome (chromosome numbers
vary:

aneuploidy - change in the number of certain
chromosomes - monosomy, trisomy - eg. Down syndrome

euploidy - change in chromosome set number - haploidy,
polyploidy) 7
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Down Syndrome

* Trisomy 21
« Often Down syndrome

is associated with | e
poor physical \ \ N
development and . L

mental retardation, -

people with Down .

syndrome have
features characteristic — EESEEERNENEJORR o E—

feature of the disease arehen B | |
has been nimita and

mongolism.



Are mutations are useful or harmful?

often harmful because it adversely affects the
]‘r‘ﬁnc’rl?ln of the gene product and Thereby damaging
e cells

dam Iged new product may not be only protein but
also RNA (tRNA, rRNA, etc.)

mutations can also damage the non-coding, but
important signal sequences

most mutations have no sugrmflcan’r impact on the
survival of the organism -They are neu‘rr‘al

rarely mutation has a positive effect on the survival
and reproduction of the organism

accumulation of these beneficial mutations will
enable the development of an organism in a changing
environment



Expression of Wild-type and Mutant Alleles

Mutation

-k Mutant allele Y
o: gom—l e _I

Mitotic or meiotic chromosome ..
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DNA WAAY - - NN ° Genetic information is stored /AN g /A VAV 4
cTc in sequence of base pairs. TC
Transcription oTE, ¢ Transcription
RNA o : P ° Genetic information is e
= o r— = expressed using sequence A
Codon, Codon, Codon of triplet codons in mRNA Transloti
67"’“"‘”“’" as intermediate. ' hansation
51 £y
Polypeptide 23, -aa; glu s, Effect of gene on phenotype *% 3 . a,
is mediated via specific
(Active "wild-type” gene product) oo of ami:::dds (oa) (Inactive mutant gene product)
in polypeptide gene product.
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Precursor —— Intermediate, — Intermediate, —— Product

Enzyme A Enzyme B Enzyme C
Gene A Gene B Gene C
Wild-type allele A Wild-type allele B Wild-type allele C
lMutation lMutation lMutation
Mutant allele a Mutant allele b Mutant allele ¢
Inactive enzyme a Inactive enzyme b Inactive enzyme ¢

when homozygous  when homozygous  when homozygous
aa bb cc

Precursor% Intermediate, S{L»lntermediatez% Product

© 2017 John Wiley & Som, Inc, All rights reserved,
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« Sickle-cell anemia - hemoglobin S

* Mutation in alleles HBBA change that led to the emergence of alleles HBSS, the
substitution of nucleotide pair T: A to A: T, with thymine in rewriting the chain in the
first case and the second case adenine

HbA Hbs

CTG ACT CCT GAG GAG AAG TCT CTG ACT CCT GTG GAG AAG TCT

Leu Thr Pro Glu Glu Lys Ser L'i'u Thr Pro VT' Glu Lys Sclf
[ [ I

3 6 9 3 6 9

* Phenylketonuria

The best studied hereditary disease in phenylalanine-tyrosine
metabolism is phenylketonuria, autosomal recessive disease which is
caused by the lack of phenylalanine hydroxylase enzyme which
converts phenylalanine to tyrosine. Newborns affected by
phenylketonuria should have a strict diet minimal in phenylalanine,
otherwise they may develop severe mental retardation

* Albinism

Albinism, a disorder caused by a lack of pigmentation of the skin, hair
and eyes, is the result of mutations blocking the conversion of
tyrosine to dark pigment melanin

13



Types of mutations

* point mutation: substitution of a single base
* null mutation: complete loss of gene function

point mutation

* tight mutation has a clear phenotype (eg. full
loss of ability to grow under certain conditions or prevent formation of
product of the biochemical pathway, if the mutation knocks out
an enzyme)

* leaky mutation: partial activity of the gene product is
maintained (eg. the residual activity of the enzyme allows at least slow
growth under certain circumstances)

* direct mutation - standard allele changes in mutant

* back mutation (reversion) - mutant allele changes into standard

* suppressor mutation - a second mutation, which offsets the effect of the
first direct mutation

14
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« Mutation: A Reversible
Process [l Forward
mutation—mutation of a
wild- type allele to a mutant
allele. H Reverse mutation
(reversion)—a second
mutation that restores the
original phenotype. -Back
mutation—a second mutation
at the same site. -
Suppressor mutation—a
second mutation at a
different location in the
genome.

All wild-type
progeny

Phenotypically
wild-type
parentals

Recombinant:
mutant phenotype

Recombinant:
unknown phenotype
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Types of mutations

Duplication Inversion Deletion Insertion Translocation
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* substitution: change in the sequence of bases
* inversion: a piece of DNA is inverted, remains in the same place

* duplication: a piece of DNA is duplicated, the second copy usually
remains in the same place as the original

- deletion: one or more bases are removed
* insertion: one or more bases are added

* franslocation: stretch of DNA is transferred from its original location
to another location - either the same or different DNA molecule .



Base substitution

* transition: pyrimidine
is replaced by another
pyrimidine (T for C
and vice versa) or the
purine is replaced b
another purine (A for
G and vice versa)

* Transversion:
yrimidine is replaced
y a purine or vice
versa

H
§ /
. 3 Adenine (N)—(H K== N\ H
b o 2 /
(f \c — c/ &
I*IW / \ N/ \c —(H
c1”/ \ /
\N . C/ C NI Cytosine
§ / \
i Transversions 3 5
I
Transitions Transitions
H
o} 0 S C/
Transversions ~
T N / / H
C N \
|]i C == C e Thymine
w4 /N
cr’/ s {e N —H H=N C w=H
\ / \ /
Ni=={C C N1
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Consequences of substitution

* missense mutation:
TGG (Trp) -> CGG (Arg)

. nogsense mutation — causes formation of stop
codon:

TGG (Trp) -> TAG (Term.)

* neutral mutations - changes and are not reflected in
the function:

AAA (Lys) -> AGA (Arg)
* silent mutation - a different codon, but the same AA:
AAA (Lys) -> AAG (Lys)



Severity of mutation depends on their type and

location

* missense mutations are the most common - lead to the
replacement of one amino acid in a protein for another

* when the original amino acid mutations is replaced by chemically
related - usually not serious consequences (conservative
substitution)

* the consequences are serious when changes folding or structure of
the protein active site (radical replacement)

CONSERVATIVE SUBSTITUTION RADICAL REPLACEMENT

DNA mutation
GCA = GAA

DNA mutation
GCA = GGA

Amino acid
change
ALA = GLU

Amino acid.
change
ALA = GLY

B,

ORIGINAL MUTATED
PROTEIN PROTEIN ORIGINAL MUTATED
PROTEIN PROTEIN
(glutanine has extra

neocative charoe



Nonsense mutations

« mutations, when the codons encoding amino acids
arechanged to meaningless codons - terminator (UAA,
UAG, UGA in RNA)

* cause premature termination of the synthesis of
polypeptide chain

* truncated polypeptide is not folded correctly

* usually undergoes degradation Nlorsamse izt
: pm— Stop codon substituted - polypeptide is terminated
DNA Gene !\ . /- prematurely
New stop codon Original
due 1o mutation stop codon U

C‘A A‘C‘G G‘A‘G U‘UIU A‘A‘C
Asp

Rhattemen Ser Thr Glu Phe

U|A|G

DEGRADATION

Ser Thr Stop

20



TP53 point mutations will cause loss of p53 function as a tumor
suppressor
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Different reactions of normal and tumor cells to the
oncogenic stress

Oncogenic challenge

C}O

EGFR PDGFR
o E Growth factor stimulation \

wtp53 tumor suppressor

=]l cycle arrest Apoptosis

DMA repair

DMA damage

o

o
\ EGFR \PDGFFI

growth, proliferation, migration

Altered pRb/p16 ‘ \
CDKa4/cyclinD ol
E2F pathway

Endogenous challenge

N _/

Normal Cell

1t p53

\  Genomic instability /

Cancer Cell

A.Merlo, 2004



Insertions and deletions

» Tnsertion or loss of DNA section

* incorporation into the DNA segment into coding sequence wil
usually cause its inactivation

« effect depends on the extent and location (shorter insertion
may allow at least partial activity of the original protein)

* mobile genetic elements (transposons) can be as long as
several thousand bp

DNA INSERTION OF TRANSPOSON

23




Insertion can activate gene expression

NORMAL
° Change Of _ Transcription
repressor — :
binding site
* change in
promoter - e.q.

INSERBION OF

conversion of TRA )SON
gene regulation

gg:‘\j‘? : O}- O?f Th e TRANSPOSON INSERTION

.l. r, an S p 0 S 0 n Transcrlptlon)
promoter - e

t

Transposon promoter
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Mutations changing the reading frame

* bases are read as codons (3 bases)

« the inclusion or removal of one or two bases fundamentally changes the genetic
information - leading to loss of protein function

* insertion or deletion of three bases - reading frame does not change - the
protein has 1 AA more or less, its function is usually not significantly altered

Frameshift mutation

Original DNA code for an amino acid sequence.

a—CATTCACACGTACTCATGCTAT
bases ' - ' - ' ' [
.= His H Ser H His H Vval H Leu H Met H Leu |-

Amino acid

C Frameshift of one DNA base results
in abnormal amino acid sequence.
25
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Inversion

 reversal of a DNA segment

* interruption of the coding sequence - loss of gene function

 when terminal sequences of the inverted portion are in
intergenic regions (inversion includes promoter) - gene
remains intact, even if it is transcribed in the reverse

orientation - does not lose its function
Inversion W
5 3’
T(TIA||CHC|IT|IG||A|ICI||G||IG|IC||AIIT||A||G
N e PN PN P oA e PN b heoA PN Y ] A
~ |A||A|[T||G||G||A||C||T||G||C||C||G||T||A||T||C ] INVERSION
3 L 3 CNgipal: . cenecanmn s e e
3 DNA ne -C(m';’ —
5 T st e
5 gk e TRASL, y
i C<.ncl "”) 1
3 | ———7—‘- 7, _________ ?
s g i <
T|[|IT||A|[C T(|A||G '
— ] N Y 1 N1
AllA||TIIG AlIT|[C
3" 5
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Translocation

* exclusion of a DNA segment from its original site and its
insertion at the same or another chromosome

* if the coding sequence is intact - protein function may not
be lost

* inclusion of one gene to another gene - loss or change in
function

Before translocation After translocation

Derivative
Chromosome 20 Chromosome 20

A=

Chromosome 4

Derivative
Chromosome 4




Duplication

* stretch of DNA is duplicated and both copies remain on
the chromosome

* usually in the location of the original and the copy
adjacent to it (tandem duplication)

* can generate two copies of gene - subsequent divergence
allows the creation of new genes during evolution

* multiple duplication (amplification) may significantly
increase the gene copy number and thus the level of
product _

Chromosome

Duplication Mutation



Silent mutations

does not alter the phenotype
in the noncoding intergenic regions
introns (can not be in critical splicing sites)

mutations changing codon sense (e.g. glutamic acid
codons : GAA, GAG, for alanine 4 codons exist: GCU, GCC,
GCA, GCG)

Silent mutation

WildType DNA TAC GGGAAA GTC CGT GGC

Wild Type mRNA AUG CCC UUU CAG GCA CCG
Amino acids Met -Pro- Phe- Gin- Ala- Pro

Mutated DNA TAC GGG AAG GTC CGT GGC
Mutated mRNA AUG CCC UUC CAG GCA CCG

Amino acids Met -Pro- Phe- Gin- Ala- Pro 29



Reversion = back mutation

»reversion = complete recovery of sequence

» pseudoreversion = codon restoring the original function of the
polypeptide

»intragenic suppressor mutations = restores the original phenotype
after suppressor-sensitive mutation in the same gene occurs

»intergenic suppressor mutations = arises in another gene. Suppressor
is @ mutant allele of the gene - suppressing phenotype of suppressor-
sensitive mutation



Alleles and phenotype

» Allele = specific form of a gene
»Standard allele = prevalent in the population

»Mutant allele = changed by mutation

»standard phenotype = standard allele in the
phenotype

»mutant phenotype = expression of the mutant
allele in phenotype



KEY POINTS

* Mutations occur in both embryonic and the somatic
cells but to the progeny are transmitted only mutations
in the germ cells.

* Mutations can arise spontaneously or may be induced
by mutagenic substances in the environment.

 The mutation is usually a non-adaptive process in
which the individulals with preexisting randomly arising
mutations are selected in given conditions.

* Restoring the standard phenotype in the mutant
organism is the result of back or suppressor mutations.



Spontaneous and induced
mutations

»Spontaneous mutations occur without apparent
external cause — result of metabolic disorders in the
body, mistakes in DNA replication or the presence
of unknown substances in the environment

»induced mutations are formed by the known
physical, chemical or biological factors capable of
inducing changes in DNA - mutagens

»Mutagens are also causes of neoplastic
transformation - carcinogens
1. mutagenic directly
2. promutagens, metabolic activation



l
Spontaneous A Ao,
° /N.\ N\ N /N\ —/'x\' 'O
mutations [ ey T 1’” e,
Rare imino form O % - =
of cytosine N~ N are enol form NT SN
' Adenine N f:’ thymlnlzf(T) H Guanine \
}!I CHa
»Incorrect base pairing r’:"’\(N\H-..N/“ %\fo““\o
N N_
e "~ YA \>
Cytosme \ /L\ T \ J
. ymme N
»tautomeric base changes Ra,e,m,,,o,o}m | S
of adenine (A*) of guanine (G*)

»wobble base pairing

»depurination and depyrimidination of bases
»deamination of bases

» uracil incorporation into DNA during replication

»oxidative DNA damage
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Molecular basis

 structures of bases in

NA are not static.
Hydrogen atoms can
move from one
position in purine or
pyrimidine to another
position - for
example, from the
amino group to the
ring.

Such chemical
modifications are
referred to as
tautomerism. ,
Although tautomeric
rearrangements are
rare, they can have an
important role in
metabolism of DNA,
because some of them
are changing the base
pairing

of mutation
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Tautomeric Shifts Affect Base-Pairing

Rare imino form H h}

of cytosine (C*) \ Rare enol form T \
Adenine of thymine (T*) .\ Guanine
(a)
Cytosine
Rare imino form
of adenine (A*) (b)
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Mutation Caused by Tautomeric Shifts

Mechanism by which tautomeric shifts in the bases in DNA cause mutations.

5 3
ACiGIT C
Rare enol tautomeric 5 . ¥ T GICIA G Wikd-type
form of guanine (G*) ACGTSC 3 o= 5
I G 1 [ gl ——
3 Eemthnd=tols o AR5 i
¢ .- = D.NA. 2 S T €T Ac Mutant
ACiGT C replication tiedefieds
gy P e A — 9 S - DNA . N
3 TGICAG . . TG X replications‘ v 2
Parental DNA e A CIGIT C
1) *N 5 g ¥ T G'CIA G Wid-type
s ACIGIT C 3y teddedy
s oz T G!CIA G . .-
- i g 5 4 3
First-generation s ég'; % Wild-type
progeny R A, SN
(3) Second-generation (4)
progeny

© 2012 John Wiley & Sons, Inc, All rights reserved,
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Wobble base pairing

> between tRNA anticodon and the mRNA codon
»during replication

»correction mechanism of DNA polymerase Il

Thymine Guanine Cytosine  Adenine*

G-T Wobble A*.C Wobble
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Incorporation of uracil into DNA

> associated with spontaneous deamination of cytosine and producing uracil

> occasionally incorporated into the DNA - removed by uracil-DNA-
glycosylase

> a frequent phenomenon in human lymphocytes

> transversion causes 6C to AT Cytosine Uracil
MH - ﬁl
e A
M (ﬁH Dieamination HN (|3|H
e AsH ~—  _CH
N M
o” N o” N
MH - fﬁJ
NP} HN/LHCﬁHg
” Deamination ”
aNfCH 5 mN,fCH
H H

5-rmethylcytosine Thymine °°



Oxidative DNA damage
»produces hydroxyl radical ¢OH

»formed from the hydrogen peroxide in respiratory
chain

> causes transversion of GC to AT

. H
N N
o7 -0
NN NH, N™ “N™ "NH,

~07 :D: | .0oH O _o CHE :D:
— —

8-oxo-dG
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Induced mutations:chemical mutagens

influencing the structure of DNA

oxidizing agents (peroxides, oxygen radicals)
deaminating substances (nitrites)

alkylating agents (ethyl methanesulfonate, yperite)
intercalating agents (acridines)

aromatic amines (benzidine, naphthylamine)

substances damaging cellular machinery for the equitable
dnlnsP:on of genetic mforma‘ruon during cell division -
colchicine

substances mducm utation, regardless of the ongoi g
replication of DN e.g., alkyl a’rmg agents, m’rrous aci

substances causing mutations only in DNA replication
(base analogues, acridine dye)
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Mutagenic base analogues

« structurally similar to the normal bases
* incorporated into the DNA during replication

« structural differences from the normal bases, increase
the rate of mismatch thereby creating mutations

e.g. b-bromouracil: ’rhymme analogue - induces a
’rmnsu’rlon rom AT to GC (different charge distribution
increased frequency of fautomerization™o enol form,

which is paired with guanine)

5-bromuracil: parovani s adeninem S-bromuracil: parovani s guaninem
H Br O0—H#0, N _-H

Br Qe H— N Me _H L —C, C—CH |
C (_j' ‘.3 | N—C Ne=H—N C

V4 \ \\ N cuke

N—C ” Heeee N vigd "\\ C C =N
N— C,'n : =N o cukr 0w H—N
cukr : Cl Hl‘ .‘H
5-bromuracil adenin S-bromuracil guanin

(ketoforma) (enoiforma)



Nitrous acid HNO,

. causm the OXIdG'l'IVZ deamination of amino groups of
a enme gr uanine and cytosine: amino groups-thereby
changing o keto group

« adenine deamination - changed to hypoxanthine, which is
paired with cytosine

» cytosine is deaminated to uracil, which pairs with adenine
Mutagenesis by Nitrous Acid (HNO,)

H H
/ H
H N—MH H O---H—N N/
\ N\ e
C—«C j}: C\ F o {E‘ II
/A HNO / \ / N
Ho N ——— = H—C N—H---N Ne—N
\\\ ¢ \\\ ;;" i \
N N-——C C=—N
/D /) .
R /
O &] H
Cytosine Uracil Adenine
H H
£
N N—H N _N. O H—N i
C= N CTEFON ' /
|I L—C |I ;’C —C C— C\
/4 N HNO / \ # N\
N—¢” S e bl N—H---N’ '
N/ / N/ ./
AN AN / \
H H 0
Adenine Hypoxanthine Cytosine
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Alkylating agents

 Ethyl methanesulfonate, aziridine, yperite

* transfer of a methyl or ethyl groups fo DNA bases, which
causes a change in base-pairing

* induces all types of mutations (transitions, transversions,
frameshift mutations and chromosomal aberrations)

Mutagenesis by Ethyl Methane Sulfonate (EMS)

H N 0 Hx N, 0 : FHE
cC= C= W /
s s £—¢

i 4 D / \
b ‘N—H o “N---H—N Yc—H

/ -.‘\ ,.ff EMS / x\‘\' ,ff x\‘\' /

N=—=C = N=C C—N
\ \ Vi
NH, H—N—H---§ \
Guanine A-Ethylguanine Thymine
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Acridine dyes

« e.g. proflavine, acridine orange, acridine blue
« intercalators - incorporation fo DNA groove
* tighten and alter the conformation of the DNA double helix

. duringbr'eplicq’rion occur deletions or insertions of one or
morebase pairs - often frameshift mutation (change of
reading frame)

MeO H O
e ~A
Xy &
O
HN
-~ ~
N H,N N NH,

amsacrine proflavine



Hydroxylamine

* NH,OH
» causes hydroxylation of amino group of cytosine

* resulting hydroxylaminecytosine pairs with adenine
(tfransition of GC to AT)

H‘ H-0, H

= .,N H H N---H-N /N% H

/ | \ Hydroxylamine | /r-—ﬂ b \<

7\ (NH,0H) // ‘. , R

H ﬂ. : aN —P H-'.\\ ?VN‘H--'N ‘ . b i
i \1
N / N— —
" v dR 0 H

Cytosine Hydroxylaminocytosine Adenine

(Russell PJ, 2010)
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Physical mutagens
* ionizing radiation (X-ray, gamma, cosmic) induces breaks in
DNA

* non-ionizing radiation (UV) absorption at a specific
wavelength of 260-280 nm, formation of thymine dimers

* the degree of DNA damage is equivalent to the type and
dose of radiation absorbed

Non-ionising lonising
_ Infrared
Radio =
Ultraviolet
Extremely low frequency ]
: Microwave X-ray
———
Visble =™ Gamma
Light Razs
[ Non-thermal | Thermal |Optical ] Broken Bonds |
Induces Induces Exites Damages
Low High Electrons DNA
Currents Currents
Photo
. Chemical
777 Heating Effec
. 47
Static Power AM FM Wifi nning Medical

Field Line Radio Radio Booth Xeray



Mutations induced by ionizing radiation

* shorter wavelength and higher energy than the
visible light

» penetrates deep into the tissue, strikes the
atoms, releases electrons to form positively
charged ions and radicals which give rise to other
ions (ionization process)

Energy (electron volts, eV)

108 106 104 102 1 102 104 10° 108 108
ultraviolet jnfrared short-
gamma
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UV radiation

* less energy than ionizing radiation

. on|¥ penetfrates m’ro the upper layers of cells, potent
utagen in unicellular organisms

* not causing ionization

* radiant energ{y is captured by atoms, the electrons pass
into the excited state - To increase the reactivity of
aTon? and molecules in DNA that leads to creation of
mutations

* most mu’ragemc effects at 254 nm (absorption maximum
of the baseés at this wavelength)



UV and pyrimidines

» After UV absorption pyrimidines react to
form pyrimidine dimers and hydrates

* thymine dimers disrupt the structure of DNA
and disrupt the replication

. [ 4 UV light



Biological mutagens

* Viruses - incorporation
into the DNA of of the

host
* fransposable elements-

transposons: DNA regions

which can be be moved

from one place to another

in the genome

* Insertion of transposon
may inactivate the gene
(mutagenic)

DNA Transposon

1 By TR
End Gene for Another
sequence transposon gene

enzyme

Transposon 4
enzyme -

Transposon is cut out
and inserted at
\ new location
Transposon
© i .
Disrupted gene
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2. DNA repair mechanisms

Living organisms contain many
proteins that scan their DNA
for damage and initiate repair
processes when damage is
detected.
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DNA repair
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segregation of chromosomes apoptosis
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* In cells, there are mechanisms by which cell recognizes and completely or
to some extent removes DNA damage. These repair mechanisms are
catalyzed by different sets of enzymes.

« Ability to repair damaged DNA is essential for maintaining the integrity of
the genome of the cell'and for the normal functioning of a multicellular
organism.

« Tomas R. Lindahl, Paul L. Modrich, Aziz Sancar won the 2015 Nobel Prize in
Chemistry for his research on the molecular mechanisms of DNA repair.
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Types of DNA repair:

» complete repair - repairs to the original
state without DNA synthesis

» excision repair - excision of damaged sites,
synthesis of DNA

» tolerant repair - restoration of function
without complete DNA damage repair



DNA repair mechanisms

« enzymes seek DNA damage and when it is found,
they activate any of the repair processes
existing from bdcteria to humans

* mismatch repair controlled by methylation
» excision repair (base and nucleotide)

: Fhotoreacfivation-cprrec’rion dependent on the
ight - only in bacteria

- postreplication repair
* error-prone repair (SOS response)

* Mutation frequencies: 1019 mutations / bp /
replication

E.coli: 5 mechanisms (photoreactivation, excision repair,
mismatch repair, postreplication, error-prone)
mammals: all except for photoreactivation s



1. Photoreactivation

* only in bacteria, eukaryotes, but
not in mammals

 complete repair
* correction dependent on light

 removes thymine dimers mediated
b%frhe, enzyme DNA photolyase,
which is activated by visible light
(especially blue 340-400nm)

« DNA photolyase recognizes dimers,

binds to them and cleaves covalent
cross-linking using light energy

* binding to dimers occurs in the

dark, cleavage only after activation

by light enefgy

* No endonuclease, nho polymerase, no

DNA ligase

Pyrimidine dimer in UV-exposed DNA

Complex of DNA with
photoreactivating enzyme

Release of enzyme to restore

native DNA : e,
a3
,“ “‘l |
|
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2. Excision repair

(Excision of the damaged sites, synthesis of new DNA)

* performed in three steps:

* DNA endonuclease recognizes damaged base in DNA,
it binds to it and cleaves™it

* DNA polymerase fills the gap using the intact
complementary strand as a“templafe

- DNA ligase connects strands retained by DNA
polymerase

* Base excision repair (BER) removes abnormal or
chemically modified bases from DNA

* Nucleotide excision repair (NER) removes larger
defects in DNA
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2A Base excision repair

repair of damaged bases (oxidation,
alkylation, deamination), removal of U

DNA glycosylase creates apurine or
apyrimidine sites (AP sites)

AP endonucleases recognize AP-space,
which together with phosphodiesterases
cleave - interrupt the sugar-phosphate
backbone, creating 3 OH

in humans APEX1, APEX2

DNA polymerase replaces a missing
hucleotide by complementary strand

Polp in eukaryotes, Poll in prokaryotes

DNA ligase restores the sugar-phosphate
backbone

Increased risk of colorectal tumors with
mutations in the Polp, DNA glycosylase

T [T
kil I*’I*H&I FRERE
=

1 { DNA gl_\'cns_vlawl

\P site

ki ‘I*I"Inlnl L

l AP endon ucleasel

L e
Ibilf\l 'l E :3 ﬁ d

l [ Deoxyribose phosphodiester

TP
SL (SIS ﬁ T &

| DNA polymerase |

l.igasel

EEEEREEREEEIER
;‘r".ﬂ".‘“’o‘f}‘.ﬁ“ﬁﬁ”ﬁ*s‘-
SLISUSUSUSL LIS P S SLIS B




ZB Nucleotide excision
repair (NER)

* removes DNA from
more damaged sites
that distort the
double helix, DNA
adducts, U
phoToproducTs

* specific
endonucleases
(excision nuclease)
cleave on both sides
of the section of
damaged nucleotides

* cleavage of the
oligondcleotide =
fragment containing
’rhe damaged bases

is filled by DNA
meer'ase and
ligase

1. Damage recognition
[GG — NER] [TC — NER]

HHR23B CSB
XPC\X RNA pol I\ «

TFIH
XPA
RPA

XPB XPD

N l\%‘l‘l

XPG ERCC1 / XPF

3. Strand dual incision
TFIIH

ERCC1 / XPF !

4. Repair synthesis and

strand ligation Wed strand

T T, o, T
(RFC W

5. Repaired DNA

LT RPN

© R&D Systems, Inc.
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The stability of genes
depends on DNA repair

* repair mechanisms based on the existence of two
copies of the genetic information in the DNA double
helix

« corrupted strand is corrected according to
undamaged

e corrupted strand is identified by abnormal DNA
structures that are generated by errors

» mutations in genes encoding repair proteins
increases the frequency of mutations which
frequently lead to a predisposition to cancer
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Inherited DNA repair gene mutations that increase cancer risk

DNA repair gene

breast cancer 1 & 2

Protein

BRCA1 BRCA2

Repair pathways affected

HRR of double strand breaks and daughter strand
gaps!®l

Different mutations in ATM reduce HRR, SSA or NHEJ

ataxia telangiectasia mutated ATM 18]
Nijmegen breakage syndrome NBS (NBN) NHEJ 201
MRE11A MRE11

Bloom syndrome

RN

RECQL4

Fanconi anemia genes
FANCA,B,C,D1,D2,E,F,G,I,J,L,M,N

XPC, XPE (DDB2)

XPV (also called polymerase H)

mutS H2, mutS homolog 6, mutL
(E. coli) homolog 1, postmeiotic
segregation increased 2 (S.
cerevisiae)

mutY homolog (E. coli)

BLM (helicase)

WRN

RECQ4

FANCA etc.

XPC, XPE

XPA XPB XPD
XPF XPG

XPV (POLH)

NTHL1

HRR and NHEJ (21

HRR (23]

HRR, NHEJ, long patch BER [25]

Helicase likely active in HRR 221

HRR and TLS 221

Global genomic NER, repairs damage in both
transcribed and untranscribed DNA 311321

Transcription coupled NER repairs the transcribed
strands of transcriptionally active genes 33!

Translesion synthesis (TLS) 124l

BER of A paired with 8-oxo-dG 36

Direct role in HRR, BER, NER and acts in DNA damage
responsel2Z for those pathways and for NHEJ and
MMR [l

BER for Tg, FapyG, 5-hC, 5-hU in dsDNAL42

Cancers with increased risk

breast, ovarian 171

leukemia, lymphoma, breast 181191

lymphoid cancers 201
breast 1221

leukemia, lymphoma, colon, breast, skin, lung, auditory canal,
tongue, esophagus, stomach, tonsil, larynx, uterus 24

soft tissue sarcoma, colorectal, skin, thyroid, pancreas (28]
basal cell carcinoma, squamous cell carcinoma, intraepidermal

carcinoma [28l

leukemia, liver tumors, solid tumors many areas 39

skin cancer (melanoma and non-melanoma) 21521

skin cancer (melanoma and non-melanoma) 123!

skin cancers (basal cell, squamous cell, melanoma) 24!

colorectal, endometrial 35!

colon 38

sarcomas, breast cancers, brain tumors, and adrenocortical
carcinomas 321

Colon cancer, endometrial cancer, duodenal cancer, lggsal-cell
carcinomal4!l
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The similarity of proteins in
different species

* thanks to the repair mechanisms (and selection
pressure) changes in the DNA structure during
evolution accumulates slowly

 between man and chimpanzee is about 5 million
years divergence, but their nucleotide
sequences in DNA are 98% identical

 Thanks to the precision replication processes
and reparations occurred over millions of years,
only minimal changes in the genetic information



Hereditary diseases in humans caused by
disorders in DNA repair

« xeroderma pigmentosum

« Ataxia-telangiectasia
 Fanconi anemia

* Bloom syndrome

* Werner syndrome

* Rothmund-Thompson syndrome
 Nijmegen breakage syndrome

* Errors in DNA repair (damaged excision repair) proteins,
helicases

* high frequency of chromosomal aberrations
* high risk of malignancy
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Hereditary diseases in humans caused by
disorders in DNA repair

 xeroderma pigmentosum - extreme sensitivity to
sunlight, skin cancer formation

« Tt affects about 1 in 250,000 newborns

* mutations in genes encoding proteins involved in
nucleotide excision repair - excision nuclease
activity

Cells in individuals with XP have a malfunction in the repair of DNA damage
induced by UV radiation, as thymine dimers. XP disease can arise as a
result of defects in any one of at least eight different genes. Products of

seven of these genes, XPA, XPB, XPC, XPD, XPE, XP6 and XPF are
required for nucleoside are nucleotide excision repair
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Hereditary diseases in humans caused by
disorders in DNA repair

* Cockayne syndrome - short stature, impaired
mental ability

* Trichothiodystrophy - short limbs, brittle hair,
scaly skin, psychomotoric retardation

* also a consequence of disturbances in nucleotide
excision repair
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DNA repair defects cause disease

Some Human Hereditary Diseases and Cancers Associated with DNA-Repair Defects

DNA-Repair Cancer
Discase System Affected Sensitivity Suscepubility Symptoms
PREVENTION OF POINT MUTATIONS, INSERTIONS, AND DELETIONS
Hereditary DNA mismatch UV irradiation, Colon, ovary Early development of
nonpolyposis repair chemical mutagens tumors
colorectal cancer
Xeroderma Nucleotide excision UV irradiation, Skin carcinomas, Skin and eye
pigmentosum repair point mutations melanomas photosensitivity, keratoses

REPAIR OF DOUBLE-STRAND BREAKS

Bloom's syndrome Repair of double-strand Mild alkylating Carcinomas, Photosensitivity, facial
breaks by homologous agents leukemaas, telangiectases,
recombination lymphomas chromosome alterations

Fanconi anemia Repair of double-strand DNA cross- Acute myelosd Developmental abnoemalities
breaks by homologous linking agents, leukemia, including infertility and
recombination reactive oxsdant squamous-cell deformities of the

chemicals carcinomas skeleton; anemia

Hereditary breast Repair of double-strand Breast and Breast and ovanan

cancer, BRCA-| breaks by homologous ovarian cancer cancer

and BRCA-2 recombination

deficiency

souncis: Modified from A. Kornberg and T, Baker, 1992, DNA Replication, 2d od., W, H. Feeemun and Company,
p. 7H8; |, Hoclymakers, 2001, Nature 4118366, and L. Thompson and 1. Schald, 2002, Mutiation Res. S09:49.
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