) Craal) Al
MOLECULAR BIOLOGY paol Gaa ol A sy % £ ;
D PAMlNE @

FINAL - Lecture 19
DNA Mutations o
And Repair - S AL YA I Ry
p Llayiesd Y g Uilant) agll)

Written by:

e Bashar Khraisat ‘ [ APPROVED

0501220




Molecular Biology (13)

DNA mutations and repair mechanisms
Gene editing by CRISPR-Cas9

Prof. Mamoun Ahram
School of Medicine

Second year, First semester, 2024-2025



Mutations



What are mutations?

* A genetic mutation is a change in the genetic material (Specifically in DNA).

In viruses, it depend on whether the genetic material is DNA OR RNA.
 Somatic mutations occur in somatic cells and are not transmitted.

* Germline mutations occur in gametes and are heritable.

* The damaging effect of mutations has variable sizes.
* Micromutations involve small regions of the DNA. (change in one/few nucleotide)
* Macromutations involve chromosomes, (Extra or missed chromosomes, Q arm missed)

Recall:
Transposons are mobile genetic elements capable of moving between locations within the

genome. Most transposons have lost this ability, although smaller ones may still exhibit
limited mobility.

These elements originated from RNA viruses, particularly retroviruses. Currently embedded
in the genome as DNA, their retroviral origins are evident. Mutations within transposons often

display homology.



Causes of DNA mutations

 DNA mutations can arise spontaneously or can be induced.

e Spontaneous mutations are naturally occurring and arise in all cells.
* They arise from a variety of sources, including errors in DNA replication and
spontaneous lesions, without any interference.

* Induced mutations are produced when an organism is exposed to a
mutagenic agent (or mutagen), External factor.

 Some mutagens are carcinogens (cancer-causing)
* |lonizing radiation

All carcinogens are mutagens, but not all mutagens are carcinogens



Macromutations
at the chromosomal level

* Translocations
* Inversion of DNA segments
* Duplications
* Deletions

Between different
chromosome

Translocation




Types of micromutations

Gjarting sagincs * Point mutations (single/few nucleotide)

TCTCGCA(TG/G/TAG’G/T
AciaAlGlcc Tla g CATICCA

* The most common and include substitutions,
insertion, and deletion

Type of mutation pnd effect oh base sequence

(a) Substitution

ELERE * Deletions or insertions of a few
B nucleotides to long stretches of DNA

(b) Deletion

(c) Insertion




Point mutations

Point Mutations

Silent: has no effect on the protein sequence

—_ "

AGCGCGTACCCTACep AGCGTTCCCTAC
e ) T I i
Ser Vval Pro Tyr Ser val Pro Tyr

Missense: results in an amino acid substitution

AGCGTACCCTACwpr AGCGTAACCTAC
L..' l..' I.'I l.'f L _.‘ L__J L—_n' k—F"

Ser Vval Pro Tyr Ser Val Thr Tyr

Nonsense: substitutes a stop codon for an amino acid

B N s e . e s e
AGC TACGCTAC—)-A CGTACCCTAE
Ser Va| Pro Tyr Ser Val Pro Stop

Frameshift Mutations

Insertions or deletions of nucleotides may result in a
shift in the reading frame or insertion of a stop codon.

e
C TnCCCTﬁ.C—pA CcC CCCTACTT
SEI val F’m Tyr Ser Val Leu Leu

* A point mutation occurs in a genome when a single
base pair is added, deleted, or changed.

 Trillions of mutations happen in our DNA daily.

» Point mutations are classified based on their effects

on the amino acid sequence:

1. Silent mutation: No change in the amino acid
sequence, (same amino acid sequence)

2. Missense mutation: Substitution of one amino acid
for another.

3. Nonsense mutation: Conversion of a codon into a
stop codon, leading to premature termination of
translation.

4. Frameshift mutation: Insertion or deletion of
nucleotides that shifts the reading frame, altering
the entire downstream amino acid sequence.

* Gene-Specific Effect: The impact of a mutation

depends on its location:

1. Termini: Mutations at the gene's ends may have
minimal effects.

2. Middle: Mutations in the central region can
significantly disrupt function.



Difference Between Polymorphism And Mutations

1. Mutation: A rare change in DNA (<1% of the population) that may
cause disease or alter phenotype.

2. Polymorphism (SNP): A genetic variation (>1% of the population) that
does not typically cause disease but may affect traits under specific
conditions.

- Example:

* Polymorphism may influence drug sensitivity or response, resulting in

variations in drug interactions among individuals.



Comparison Between Duchenne and Becker
Muscular Dystrophy

Condition

Duchenne muscular dystrophy

Becker muscular dystrophy

Type of Mutation

Frameshift

(disrupts the reading frame of the
dystrophin gene)

Frameshift

(in less critical regions of the
dystrophin gene)

Effect on Protein Synthesis

Complete loss of protein
function; more severe form.

Partial protein function
retained; less severe but still
significant.
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Repeated sequences, DNA replication, and strand slippage

TACGGACTGAAAA 9% - At repeated sequences, strand

Newly synthesized strand 5’

emplate strand 3’ %
replication.
i Scena-i'_iol | - Sceﬁérioz |® ThlS reSU|tS |n addlng
Newly synthesized Template .
strand loops out strand loops out O r d e | etl n g a
\\\ // .
A /
. e | ; — nucleotide on the
7 ATGCCTGACTTTTIGCGAAG > : e | newly synthesized
strand.
0 leotide i 0 leotide i
agse':!u;: ‘::\'e zgv strand. o:strt]:; g?\uthz 'r?ew strand. Example:
T 4 | The androgen receptor gene
T TACGGACTGAAAAACGCTTC 3 s Iy qaaiaap>; | asarepeated CAG sequence
3 ATGCCTGACTTTTTGCGAAG = 3 ATGCCTGACTTTTGCGAAG = = that varies between individuals
e (e.g., 20-50 times). Studies
The result is the new strand has an extra The result is the new strand is missing a show this variation has no
nucleotide (A) | nucleotide (A) relation to any disease.




Further Clarification

»Mutation Occurrence:

* Mutations commonly occur in repeated sequences of the genome,
either within template or newly synthesized strand.

»DNA Polymerase Errors:

» Although DNA polymerase is highly accurate, it can make mistakes in
repetitive sequences due to the dynamic nature of DNA.

»Strand Slippage:
* happens during replication, causing misalignment between the template

and the new strand.

* This can lead to deletions or insertions in the DNA sequence.

»DNA Looping:
* In strand slippage, DNA looping occurs when part of the strand
misaligns, resulting in replication errors.
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Deamination (spontaneous) common mutation

ne deamination of cytosine yields uracil.
ne deamination of methylated cytosine yields thymine.

ne deamination of adenine yields hypoxanthine.

NH, T

N Oxidative N Zytosine Uracil
NZ” \\ _deamination HN \ NH o
T T
N i N H M (ﬁH Deamination HMN lﬁH
Adenine Hypoxanthine . _AH - _CH
0 M 0 M
H H
H H
N
MH Q
| o A P!
S T
NQ _N. NT e A o e LHa
C'/ : “H || ” Ceamination ”
1 \n/ o .
O 1 | ‘> o o 5 it
Cytosine I\ N H H
N S
C’ S-methyloytosine Thymine

Hypoxanthine ~ '



Examples of Deamination

»Adenine to Hypoxanthine:

« Deamination converts adenine into hypoxanthine.

* During DNA replication, DNA polymerase misreads hypoxanthine as
guanine due to shared structural features.

* As aresult, hypoxanthine pairs with cytosine, (It looks like changing
(A) to (G)).

»Cytosine to Uracil:

* Deamination of cytosine produces uracil, which is not a normal DNA

base.
* If not repaired, uracil pairs with adenine, causing mutations during

replication.
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Depurination (spontaneous)

* Cleavage of the glycosidic bond between the base (A or G) and
deoxyribose creates an apyrimidinic or apurinic site (AP site).

* During replication, a random base can be inserted across from an AP
site resulting in a mutation.

GUANINE
O H2O DNA

DNA
strand y Ik L strand
H< )\ / \ J) gsg::’mated
Om FL—O—CHQ N Q " O= l!’—O-—CHp_ =
g)_ ) < N o—
/k H

H H
GUANINE

Without nitrogenous
base

The Cell has two options: » Release of adenine or guanine bases

1. Stop replicating
2. Use arandom base (commonly occur)
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Incorporation of base analogs (induced)

* Base analogs have a similar structure to a | S5y
normal nucleotides and are incorporated Wi tpe sBU Iccrporsed

into DNA during replication. e
(5BU In lanlzad form)

* 5-bromouracil (5-BU), an analog of

thymine, pairs with adenine, but, when .

ionized, it pairs with guanine. 5
* |ts deoxyriboside derivative (5-bromo-2- 5 — > =

deoxy-uridine) is used to treat neoplasms. - C

. . transition mutation

« Used in cancer chemotherapy, this Br O N

treatment work by halting cell replication 0 ﬁ

to prevent tumor growth. Br / \ \ N

NH N----H—N

* Non-ionized (5-BU) > Adenine (normal | /]\ . < > i

base pairing) HO—I/O N~ O O odl—N

* lonized (5-BU) - guanine

« As aresult, DNA sequence changed OH 5-BU (enol form) Guanine 16



Repair mechanisms

* Prevention of errors before they happen
* Direct reversal of damage

e Excision repair pathways
* Base excision repair
* Nucleotide excision repair
* Transcription-coupled repair

* Mismatch repair and post-replication repair
* Translesion DNA synthesis
* Recombinational repair
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Prevention of errors before they happen
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Reactive oxygen species

* Enzymes neutralize potentially damaging compounds before they
even react with DNA.

* Example: detoxification of reactive oxygen species and oxygen radicals.

Superoxide
L] + dismutase
E ':Jl.? + E H ':]E _I,_ HiDE

2 1,0, , + 2H.,O
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Direct reversal of damage
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Pyrimidine dimers

* The ultraviolet (UV) wavelength of
sunlight causes the formation of
covalent interactions (50-100
reactions per second) between two
adjacent pyrimidine bases,

commonly between two thymine
(on the same DNA strand),
structures known as pyrimidine

¢ ¢ ¢ Ultraviolet
¢ Q t} light

f f

dimers.
* This product is mutagenic. DNA structure is distorted and, thus,
e Pyrimidine dimers are reversed in replication and transcription cannot
bacteria by enzymes known as proceed.
photolyases, which do not exist in
humans.

* Photolyase recognizes the covalent linkage in the
dimer and reverses it by breaking the bond, restoring
the original DNA structure.



Specific mispairing

* Bases existing in DNA can be altered causing mispairing.

l.  Alkylating agents can transfer methyl group to guanine forming 6-
methylguanine, which pairs with thymine instead of cytosine.

Il. Addition of large chemical adducts by carcinogens.

6-meG
"%
Q L CN“C N NH
l@’ i I
S N ﬁ’)\uﬂz
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Specific mispairing

* If the DNA undergoes another round of replication, the thymine, which
replaced the cytosine, will appear as a normal base to the replication
machinery.

* As aresult, the original guanine-to-cytosine pairing is permanently altered
to an adenine-to-thymine pairing, completing the mutation.

» Effect of Large Chemicals on DNA Function (able to be reversed):

* When a large chemical is added to a nitrogenous base, it forms a covalent
bond with the base.

* These chemicals can be found in nature, for example, in contaminated
water, and when they bind to the base, they disrupt its normal function of
DNA polymerase, it will be unable to recognize the base, then random base
is used.
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Repair of O6-methylguanine

* This is done via O6-methylguanine methyltransferase.

* Direct reversal repairs mutations by enzymatically removing the
chemical modification (methyl group).

Cys —SH

active
Cys —S —CH,

Emve 3
N~ HN
kn ' |> methyitransferase HiNkN I l>

0%-Methylguanine Guanine nucleotide
nucleotide

B A N s
g Mew g P e o A e

- e e e g ——




Excision repair pathways
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Base excision repair pathway

* Each cell in the human body can lose several thousand purine bases
daily. (depurination).

* DNA glycosylases do not cleave phosphodiester bonds, but instead
cleave N-glycosidic (base-sugar) bonds of damaged bases, liberating
the altered base and generating an apurinic or an apyrimidinic site,
both are called AP sites.

* The AP site is repaired by an AP endonuclease repair pathway.
T*H N e 0

N——""NH
@ ' e o # fﬁL —0
Ry L [UNTNT HHy — = Yy, 1M
' ; g \OQ/\ Glycosidic bond \'Q/

O
\ \

@ )
® o 0o

S
®



DNA glycosylases

* Numerous DNA glycosylases exist.

* Example: uracil-DNA glycosylase, removes uracil from DNA.

* Uracil residues, which result from the spontaneous
deamination of cytosine or incorporation of dUTP can
lead to a C—T transition, if unrepaired.

* AP endonucleases cleave the phosphodiester bonds at
AP sites.

* The deoxyribose is removed.

* A DNA polymerase fills in the gap and DNA ligase and
re-forms the bond.

DNA containing U formed by
deamination of C

DNA glycosylase
AP site

l AP endonuclease

l Deoxyribosephosphodiesterase

\

DNA polymerase
Ligase




Steps:

1.

Damage Recognition:

A DNA glycosylase, such as uracil DNA glycosylase (which cleave the glycosidic bond),
identifies and removes the damaged or inappropriate base (uracil).

. AP Site Formation:

The remouval of the base creates an apurinic/apyrimidinic (AP) site.
Cleavage of the AP Site:

AP endonuclease cleaves the phosphodiester bond at the AP site, leaving a single-strand
break.

. Remouval of Deoxyribose:

The damaged deoxyribose sugar is removed from the backbone by additional enzymes.

. Filling the Gap:

DNA polymerase inserts the correct base into the gap.

. Sealing the Strand:

DNA ligase seals the nick in the sugar-phosphate backbone, completing the repair process.
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General excision repair
(nucleotide excision repair)

* This pathway corrects pyrimidine dimers and is
crucial for maintaining DNA integrity after UV-
induced damage.

* Damaged DNA is recognized (by Recognition
proteins) and then unwound around the site of
damage by a helicase.

* The DNA is then cleaved on both sides of a
thymine dimer, resulting in the excision of an
oligonucleotide containing the damaged
bases.

* The gap is then filled by DNA polymerase and I"|I||‘I‘|"M'W"lil'lillh‘"l‘MHW
sealed by ligase.

Nuclease
cleavage

ooooooooooooooo




TR

XP proteins

* DNA damage (e.g., a thymine dimer) is recognized by XPC
protein.

* XPA, Replication protein A (RPA), which binds the single-
stranded DNA during DNA replication, and TFIIH form a
complex with XPC.

* TFIIH contains the subunits, XPB and XPD helicases.
 DNA is unwound by TFIIH (XPB and XPD) and XPG.

- xpr/Erccl endonucleases are recruited, and the DNA is
cleaved, excising the damaged oligonucleotide.

* The resulting gap is filled by DNA polymerase and sealed
by ligase.




Steps:

1. Recognition: XP-C recognizes the thymine dimer.

2. Strand separation: XP-A works with Replication Protein A (RPA) and TFIIH,
where TFIIH unwinds the DNA using its helicase activity.

3. Cutting: Endonucleases make cuts on both sides of the thymine dimer.

4. Removal: The damaged DNA segment containing the dimer is remouved.

5. Repair: DNA polymerase fills in the gap, and DNA ligase seals the strand.
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Comparison of Base Excision Repair (BER)

and Nucleotide Excision Repair (NER)

Base Excision Repair (BER)

Nucleotide Excision Repair (NER)

Repairs single base damage using DNA glycosylases

Repairs larger lesions (e.g., pyrimidine dimers) by
removing a short oligonucleotide

Creates an AP site after base removal

Creates a gap by removing the damaged segment

AP endonuclease cleaves the backbone

Helicase unwinds the DNA, endonucleases cut on
both sides of the damage

DNA polymerase fills the gap, and ligase seals it

DNA polymerase fills the gap, and ligase seals it
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In human...

* Defects in nucleotide excision repair cause a condition known as Xeroderma
pigmentosum (XP), thiamin dimer accumulation, and Cockayne’s syndrome.

* Individuals with this disease are extremely sensitive to UV light and develop
multiple skin cancers on the regions of their bodies that are exposed to
sunlight.
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For any feedback, scan the code or click on it.

Corrections from previous versions:

Versions Slide # and Place of Error Before Correction After Correction
10
New slide added
VO 2> V1

5-bromouracil (5-BU), an analog of
thymine, pairs with adenine, but, when
ionized, it pairs with guanine.

5-bromouracil (5-BU), an analog of

16 thymine, pairs with adenine, but, when
ionized, it pairs with guanine. Used-ir-
laparetomy.
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