Basic Principles of Forensic
Molecular Biology and
Genetics
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DNA Structure and Reactivity.

We are still far from the time when people
Will Unaderstand the curious relationship
petween ene fragment of nature and
another, which all the same explain each
other and enhance each other.” --Vincent
van Gogh



DNA Structure and Reactivity Cont.

« Central Dogma ofi Melecular Biology

DNA =2 RNA - protein

However: DNA dependent DNA polymerase (DNA ->DNA)
RNA dependent RNA polymerase (RNA = RNA)
Reverse transcriptase (RNA ->cDNA)
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Structure-EFunction

= It has not escaped our notice that the specific pairing we have
postulated immediately suggests a possible copying mechanism for
the genetic material.”

Watson and Crick 1953
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« RNA Structure/Function

DNA Structure and Reactivity Cont.

s Structure and function
relationship not as
obvious as DNA




DNA Structure
and Reactivity
Cont.

DNA Components

Bases

«  Purines: A, G, H

«  Pyrimidines: T, C, U
5-Methyl C (at CpG and
CpXpG)

Hypoxanthine
(H)

Thymine
(T)

L ~H
ne¥ug

= 1 L]
H Ry

Pyrimidine

5-Methylcytosine

Guanine

(G)
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DNA Compoenents Cont.
5 Sugars
H  [B-D-ribose
O [(-D-2 deoxyribese
O C2 endo versus C3" endo form
H  Envelope v. twist forms

f-p-ribose

HOCH, O b
qi"'}: “"“-—-..\31_
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v
a T
HO H
p-p-2-Deoxyribose
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DNA Compoenents Cont.
. Nucleosides/nucleotides

« dA, dATP, ddTTP
n-nr.rdr:u;_ wanasing
«  Anti- v. Syn- N glycoesidic "
bond angles
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DNA Components Cont.

« Single polynucleotide chain

« 5’ and 3’ ends .
H.,(:T[,- 1
H" '\.I,lf"]"ﬂ
o
0-P-0-CH, .0~

5 phosphate end

H, H
H
H. "J'h"H Cytosina
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. Base Pair Interactions
. \Watson -Crick (W-C ) base
pairs
. CG,AT
. H-bonds (=2-3 kcal/mole)

(normally ~3-7 kcal/male; c.f.
covalent bonds, ~80-100

kcal/mole)
. Stacking energies
. Orientations in 3D space

Base Paoir Stocking Energies

e

Stacking encrgies
- - = _aa
Dinucleotide base pairs [kcalfmol'ssacked pair]

(ST - [(GC)
[ACH - (GT)
[TC) - (GA)
l:{::G: = I_'::{._-| :'
[GIG) - (O
(AT) - {AT)
[TG) - (CA)
(AG) - (CT)
[AA)-(TT)
(TA) - {TA)

-
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« Base Pair Interactions Cont.

Coordinate froma

“‘%g

Cpaning (o) Propalier twist [w)

Tiltlr)
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B Form DNA: Structural Parameters s " | Base Pk Tt -
Helix pitch (35.7 A) E ____'_'_'::_._-'-=“ o e,
Helix diameter (20 A) 34 teiat angl ",

(ralution per residus)

Helical turn (= 360° = 10.5 bp per
turn)

= [Twist angle (rotation per residue)
(34.4°)
Base pair tilt (minus 6°)
Axial rise (3.4 A)

B Form DNA: Double Helix
Molecular model




« Non -B Form DNA: A and Z
Helices

= lable

= Molecular models
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* Non-canonical Base Pairing
Schemes

= Reversed W-C

= Hooegsteen, Reversed Hoogsteen -wm:,.,cm (&)
8]
= Wobble, Guanine (anti)-Adenine -
{EEI—IL :F ':‘r.-,
(syn) [8] S T

& ”"f Ay

NE_.-I- .‘_r‘.‘-_:'
(G
Hoogsteen (T-A)

Wobble (G-T) Guanine (Anti) « Adenine (Syn)
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* Non-canenical Base Pairing --T--“
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. . H .

= llautemerization Keto

« keto-enol, amine-imine

Giuanine

&dening

Cytosing
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base pairing of tautomers base pairing of the ionized forms

CH,
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Cytosine«Adenine (ionized)

v Thymine (ionized)s Guanine
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Adenine (ionized)s Guanine {syn)

Cytosine (ionized)+Guanine

Thymine (enol)+ Guaning Cytosine (imino)+ Adenine Hoogsteen
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« Accessinility’ off Functionall Groups

in DNA
= Major and minor groeve
accessibility

Major Groove
vdW

02% .,
T.
a

minor groove

a v
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sSites of electrophilic attack

Thymidine

Hd

H. _H
fil
N3 — N& ‘.“
F
02 Rlbosg

sites of nucleophilic attack Cytidine

Ribose

|
Ribose Ribose

Thymidine Cytidine Adenosine Guanosine
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Non-Helical Structures

= Bent DNA
« pyrimidine dimers

« multiple tracts of A phased by
10 bp

= Cruciform structures

= Supercoiling (L= T + W)
= Triplex DNA

= Four stranded DNA
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DNA Structure
and Reactivity:
Cont.

« Methylation ofi DNA
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« Methylation of DNA

= Example of epigenetics

« any gene regulatory activity that doeesn’t invelve changes to
the DNA seguence and that can persist through one or more

generations
Essential for development of mammals (why is unknown)
3 DNA cytosine methyltransferases cloned: DNMT1, -3a, -3b

Alters major groove

CpG prometer methylation
* prevents transcription initiation
* silencing of genes
= 0N inactive X

= parasitic DNA
= Can ‘spread’ (methylation attracts more methylation)

= Imprinted genes



DNAStructure and Reactivity Cont.

Methylation ofi DNA Cont.

» CpG islands

» CpG dinucleotides are underrepresented in mammalian DNA (likely
due te mutagenic potential of C deamination)

» Despite above, are found in genes (promoters, but also first exons
and 3’ end)

» >200 bp, high GC content, obsernved/expected ratio >0.6 (needs revising)

= Why are there varying methylation patterns in eukaryotes? (c.f
prokaryotes where all sites are methylated in the presence of the
appropriate methytransferase)?

* Exclusion of access to methylation sites by DNA bound proteins

= Removal of SP1 binding sites flanking CpG island ----> de novo methylation
during development

« Methylation targeting mechanism steered by sequence specific
binding proteins

= DNMT1, DNMT3a associate with Rb, E2F1, histone deacetylase (HDACs), RP58
(transcriptional repressor)
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Methylation of DNA Cont.

= Mechanisms of Transcriptionall Silencing
« [nhibits initiation;, net elengation: inimammals

ranscriptional stimulation
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« Methylation off DNA Cont.

« Methylation and Tissue Specific Gene Expression (TSGE)
« DNA modifications are tissue specific
« Link between methylation and TSGE not clear and in some doubt

» Methylation and Human Disease

« C methylation isimajor contributor to disease- causing germline mutations and
somatic mutations causing cancer

« Abnoermal methylation of promoters of regulatory genes causes silencing (e.g.
P16 tumor Suppressor gene)
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« Methylation of DNA Cont.

= Methylation and Human Disease Cont.

« Methylation Is also important for development after birth

= ICE (Immunoedeficiency, centromeric instability, facial anomalies
syndrome)

* Mutation in DNMT3b ---> undermethylation of satellite DNA and specific
chromosome decondensation

= Rett Syndrome
« Common kind of mental retardation in young girls
« Mutation in MBD (methylated CpG binding protein)
« May not be able to interpret methylation signal

=« Major Function of Methylation?

* Long term silencing of noncoding DNA in the genome, which
contains a substantial proportion of repetitive elements




PDNA Damage and Repair

Primary: structure of DNA Is dynamic and
Subject te constant change such as:

transpesition, changes In chemistry or
seguence of nucleotides due to:

= Spontaneous damage
* replication, recombination, repair
* Inherent instability of specific chemical bonds
*» physical or chemical agents from the environment

= environmental damage
* physical agents
« chemical agents



ONA-DNA DNA Damage

(intra/inter-) _— i

in - ring saturated
il links adducts pyrimidines  ~ (yosine

= \ / glycol
\ | / __. cyclopurines

chan -
— DNA —— oxidation 8-OH-G
sbr/ breaks (ROS) >"__ =
/ \ pyrimidines
hydrolysis
Eh:0) \\ CPD
P \ (6-4)PP
depurination b
(depyrimidination) deamination
AP site C-oU (CG>TA)
1 5mC->T

chain cleavage (3-elimination)



DNA Damage and Repair

« Damage

Damage refers toe the situation whereby the primary: structure Is
covalently altered other tham as result of epigenetic gene regulation.
Damage can e spontaneous or environmental in nature.

« Mismatches

Difference in free energy between complementary and non-
complementary bases Is only ~2-3 keal/mol (a single hydroegen bond) -
— translates to potential replication error frequency of 1-10 % per base.
IHowever, error freqguency is 6-9 orders of magnitude less!

cumulative error frequency

Base pairing ~102-10
DNA polymerase actions ~ 10°-10°
(base selection/proofreading)

Accessory proteins (e.g. SSB protein) ~ 10/

Post-replicative mismatch correction ~ 10-10
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« lautomeric Shifts

= Ifia base in a template strand exists in Its rare
fautemeric form; misincorporation in the daughter
stramnd can resuit.

Imino:

C (Iminoe) will' pair with' A
A (Iimine) will pair with C
T (enol) will pair with G
G (enol) will' pair with T

« Deamination

Bases containing exocyclic amino groups can
Undergo deamination.



Deamination

NHE 0
H H
. 4 HN3 4
Cytosine H —— )\2& Uracil
0 ’F H 0 H
h :

NHz O

Adenine hﬁ]?g}—H — 1% ?hé}—H H
244l g 4 ypo-
HA"" N\ H,Jgs QN\ xanthine
H

H

|
H




Deamination (cont'd)

C2>U

Mutagenic lesion: If net repaired, can resultin a G.C >A.T
transition.

[t Is speculated that the reason for the use of T (methylated U) in
DNA instead off U (as im RNA) allows for the facile detection of
the deamination product of C - Uracil excised rapidly in DNA by
a uracil-DNA glycoesylase.

Rate of C deamination in SSDNA > 100 fold increased over that
iIn dsDNA.

5-MeC =1

Highly mutagenic due to degree of inefficiency of MMR system:
results in G.C 2> A.T transition.

A, G deamination occurs at a much reduced rate compared to C (<
2%). Rate is 10-4 that of depurination (see below).
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Depurination /depyrimidination
Apurinic/apyrimidinic (AP) sites can
exist at a level of 50,000-200,000 AP
Sites per genome in human tissues.

AP site deoxyribose exists in an
equilibrium between the closed
furanose and open aldehyde form, the
3’phosphodiester bonds of which are
labile. These can be hydrolysed by a
b-elimination reaction in which the
pentese carbon b to the aldehyde is
activated at alkaline pH and elevated

temperature.

AP sites are repaired by 5’
phosphodiester hydrolysis (by AP
endonuclease) followed by 3’
phosphate elimination (by dRp-lyase
activity of DNA polymerase.

OH
A
o 00
oF W 0 .g
0o~ ‘o ghS
8]

AF site
AP ™ Ha0

.R

b - iP D"‘ .“?
OH O 0 W5
0 o~ O—Piy”
]

dRP-lyase

ARP
reagent
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Apurindc site E-Efmination Strand break om 3
(aldefyde form) side of apurinic site
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« Oxidative Damage

Reactive oxygen species (ROS) can cause oxidative damage to DNA. ROS
include hydrexyl radicals, hydrogen perexide and singlet oxygen with the
hydroxyl radical being| the most important.

RH, + OH > RH + H,0
Superoxide radicals (produced as a side product of mitochondrial

respiration) can be dismutated into hydrogen peroxide which is then
converted to the hydroxyl radical through a Fenton type reaction.
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Oxidative Damage Cont.

OH. -Mediated oxidative
damage can be of the
follewing types:

’ Oxidized bases

Abasic sites

DNA-DNA intra-strand
adducts

DNA strand breaks
DNA-protein crosslinks

We will concentrate on
oxldized bases, particularly:
Guanine =>8-oxoguanosine

Thymine =>thymidine glycol,
hydantoins NADH Ascorbate

Superoxide




m jl‘: ;ff"’ uﬁm LI

Hydrmy—ﬂ-hwm- thymaine glyesl 8§, f-dilrydrathymine -'-mmyl

06 1 L Ot

S-hydrowycylosine  5E-dinydraxycytosine  S-hydrexy-6-hydro-
cvtosine dinydraxyimidazolidine

wracll glyeol & hydroxyuracil shrdrmsm S-hydramyhydantoin

LJI., JZJKL?*“ *f*““ b ugll-

4 B-dinmino-S-Tarm- 2:hydronyadenine B-hydroxyguanine
amidopyrimiding I-fhﬂwdlﬂ-p]ﬁrlidlm




PDNA Damage and R

Oxidative Damage
Cont.

Guanine >8-oxoguanosine [18]

Guanine is the most
susceptible DNA target to
OH. mediated oxidation.

8-0x0-7,8-dihydro-2’-
deoxyguanosine (8-
oxodGuo) (23)1s a
mispairing lesion during
replication.

epair Cont.

3 . O NH
o T
I

; N
Reduction o N
(Fe2+, ascorbate) \ HN ‘>
/l%N
H3N T\
H

It / 18
“0H

& N
BiEt)
)
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(o]

M

Oxidative Damage
Cont.

Thymine >thyvmidine aglycol,
hydantoins

The predominant preducts
are 5,6-dihydroxy-5,6-
dihydro-thymidine
(thymidine glycol) (12)
and 5-hydroxy-5-
methylhydantoin (13).
These lesions block
replication.
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« Environmental Damage

= lonizing radiation Formation of other ROS
Radiolysis of water: H,O0* + H,O >0H- + H,0*
H,O0 2> H,O" + e- OH + OH 2H,0,
€, 1t 0, 20,

20,+2H*> 0O, +H,0,

Base damage

Damage is OH: —mediated, similar to that previously described for oxidative
damage. Phenomenon of local multiply damaged sites’ = single energy
deposition event can result in several radical reactions in the immediate

vicinity.

Sugar damage and strand breaks

Damage to sugar residues less frequent than damage to bases (by ~3 fold).
Due to modified structures at the 3’ end (e.g. phosphoglycolate

O,POCH,COO-) precludes repair by a simple ligation step.

Single and strand breaks are also formed.

gontroversy exists due to the formation of these lesions at non-physiological
0ses.
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« UV Radiation

UV Radiation Spectrum

UV spectrum divided' intot UV-A (400-320 nm), UV-B (320-290 nm) and UV-C (290-100 nm)
radiation consists of mainly UV-A and UV-B since ozone absorbs at 300 nm.

i RS Visible
¥-Rays Ultraviolet radiation | light

Ozone absorplion
" T - l Transmitted by

normal glass

Alr absarption | | e

Froducas

OZOMneE | 1 I

Germicidal Erythemal

150 200 250 300
Wavelangth [nm)

nt.

. Solar
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« UV Radiation Cont.

CPD

\When DNA is exposed to wavelengths
approaching| its absorption maximum
(260 nm), adjacent pyrimidines
become covalently linked by the
formation of a cyclebutane ring
structure resulting from saturation of
their respective 5,6 double bonds >
called a cycloebutane pyrimidine
dimer (CPD)

- 12 isomeric forms (only 4 found in
any guantity)

= Cis-syn in B form DNA

= trans-syn in denatured DNA,
SsDNA, B-Z DNA junctions

= extremely stable to pH and
temperature extremes

TH

0y : l ¥ _'J—l:IFl
N cis-ayn (T-T) ' trans-syn (T-T)
o= E
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« UV Radiation Cont.

CPD Cont.
= blocks DNA polymerase read through
= bulky, helix distorting lesions
= T-T>>C-T,T-C>> C-C (68:13:16:3)
= CPDyield dependent upon seguence
context outside of dimer
= process: Py + Py Py <>Py
= equilibrium exists such that the
amount of dimers 7% of total
thymine
(6-4) PP.
Alkalilabile lesions also formed in UV
treated DNA, called pyrimidine-pyrimidone
(6-4) lesions or photoproducts, (6-4)PPs.
= causes major helical distortions
= blocks DNA polymerase read through

= [TC, CC more common than TT (CT not
seen)

= (6-4)PP Dewar isomer




Spoere phetoproduct

= UV Irradiated spores
of B. subtilis

= related to state of
hydration (A ferm in
dehydrated DNA)

Thyminyl-5,6-

Thymine . - ydrothymine
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* Chemical Agents -~
= Alkylating agents o :'";ﬂ?“,ﬂ—;ffﬁ_H ______ G on
Electrophilic compounds that e, o, ?’Hi-ﬁr H-._H?___EH s
ieact with nucleophilic centers P é )
in DNA.

« O6-methylguanine
= generated endogenously
= pairs withiC or T
= MGMT enzyme

« N7-methylguanine
« N3-methyladenine (MPG glycosylase)
= Cross Linking Agents
Bifunctional alkylating agents can cause intra- or inter-strand
crosslinks
« Nitrogen and sulfur mustard, mitomycin and cis-platinum
» Also caused by UV and ionizing radiation




Table 3-1 Cellular responses to DNA damage

90t g0ty 0o o gty Sy

Response Mechanism

Reversal of DNA damage Enzymatic photoreactivation
' Repair of spore photoproduct
Repair of Os-alkylguanine, O*-alkylithymine,
and alklyphosphotriesters
Ligation of DNA strand breaks

Excision of DNA damage Base excision repair
Nucleotide excision repair
Mismatch repair

Tolerance of DNA damage Replicative bypass of template damage with
gap formation and recombination
Translesion DNA synthesis
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« DNA Repair

Cancer IS a genetic disease in the sense that mutatiens can activate proto-
ONCOYENES Or Inactivate tumor suppressor genes. However, in addition to

these spontaneous mutations, cancer risk Is increased due to the ‘mutator’
phenotype caused by inherited or acquired faulty DNA repair systems. The
main mammalian DNA repair systems include:

* Direct Reversal

« Replicational Bypass (Translesion Synthesis)
* Nucleotide excision repair (NER)

« Base excision repair (BER)

« Homologous recombination

« End joining

« Mismatch repair
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DNA Repair

Direct Reversal
« Enzymatic phoetereactivation
« Repair ofi spere photoproduct

« Repair of O° alkyl guanine, O*-alkyl
thymine and alkylphosphotriesters

« |Ligation of single strand breaks



+ AMP + NMN or PP;

Ligation of
single stranded
breaks



Replicational Bypass

« To minimize cell death from replication blockage a

process ofi translesion synthesis (TLS) has evolved

= [LS-, SOS-, mutagenic-, error-prone-, Y-family- DNA
polymerases

. Bactenal mutatants non-mutable by UV radiation in 1976

= Mutations are not accidental but result from active chemical
ProCessS

. Hypothesized that error prone DNA polymerases exist

that could insert random nucleotides in a template

Independent fashionand that DNA damage induced

mutagenesis might be a specific cellular response to

damage

« In E. coli, SOS response involves >30 inducible genes
= Initially recA and lexA mutants

=« Then, umuC and umubD (pol V) and dinB (pol 1V)

=« Genome screens for homologs resulted in the identification of an
extended superfamily (Y family)
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Nucleotide Excision Repair (NER)

NER deals with a wide class of helix distorting lesions. Over 25 proteins
participate in the NER pathway. Main function is to remove UV
phoeteproducts, crosslinks and other bulky lesions. Two distinct pathways:

« Global genome NER
= SUrveys entire genome for distortions

« Transcription coupled repair (TCR)
= acts on damage that blocks RNA polymerase

Xeroderma Pigmentosa (XP) is a disorder of the NER system which
Increases a patients risk for developing skin cancer >2000 fold.

* caused by inablility to excise UV photoproducts (e.g. CPDs)
* mutations in one of seven genes (XPA-XPG)

Cockayne’s syndrome (CS) is a TCR specific disorder caused by mutations
in the CSA or CSB genes.

* no predisposition to cancer

« CS cells particularly susceptible to apoptosis
= protects against tumorigenesis



NER

« [Damage recognition

« DNA unwinding (discrimination of
damaged flrem non-damaged strand)

* [ncision on both sides of the lesion
= Removal of ~25-30 nucleotides

« Repair synthesis
« lLigation
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« DNA Repair Cont.
=« Base Excision Repair (BER)

BER Is the cell’s main protection against ROS,
methylation and deamination.
*. no disorders caused by inherited deficiencies in BER have
been identified
= partial redundancies between different glycosylases

* however, inactivation of BER core proteins causes embryonic
lethality
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Apurindc site E-Efmination Strand break om 3
(aldefyde form) side of apurinic site
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« DNA Repair Cont.

« Homologous Recombination (HR) and End Joining
(=N)
Double strand breaks (DSBs) arise due to:
« lonizing radiation/X rays
* Free radicals

Once DSB Is detected, a complex machinery is mobilized to halt
cell eycle pregression and to recruit repair factorslf second
undamaged copy of template is available --> HRIf not, ER -->
More error prone
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« DNA Repair Cont.

= Mismatch Repair

MMR removes:
= Nucleotides mispaired during replication

= Insertion/deletion loops due to slipped strand mispairing of
repetitive sequences (microsatellites) during replication or
recombination

The microsatellite instability (MSI) phenotype of hereditary
non-polyposis colorectal cancer (HNPCC) caused mainly
by mutations in MMR genes

= especially hMLH1 and hMSH2
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DNA Damage and Repair Cont.
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PDNA Damage and Repair Cont.
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DNA Replication
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Functional RNA Molecules

* TRNA

* MRNA

« tRNA

« catalytic RNA

» small nuclear RNA (snRNA)(splicing)

* guide RNA (silencing)

* telomerase RNA (chromosome end replication)

* signal recognition particle (SRP) RNA (protein
translocation)

* small nucleolar RNA (snoRNA) (rRNA
modification)

« micro-RNA



RNA Structure

« The difference in the biclogy ofi RNA
compared with: DNA stems from the
presence in RNA of the 2° OH residue in
the sugar rnng. This creates a nucleophilic
center that changes the reactivity of the
molecule and sterically hinders the
formation of a ‘B form * double helical’
structure.



RINA Structure

« RNA synthesized as single strands

« folds into stable structure, e.g. tRNA
= Short regions of W-C base pairing interrupted by:
* nen-canonical pairs
« loops, including hairpins
« bulged nucleotides
« more complex structures e.g. pseudoknots, junctions

= 2D structure predicted by use of thermodynamic secondary structure
prediction algorithms

« [ncludes covariation between two nucleotides that conserve W-C -->
evidence ofi a base pair between these nucleotides

* modified nucleotides and sugars

= pseudouridine, 5" methyl cytosine, ribothymidine (tRNA greatest number
and percentage of these)

»  2-O-methyl substituents

« dsRNA --> A-form
= not> 10 bp

= Stabilized by H-bonding of the 2’-OH group with neighboring phosphates
or other riboses

= Non W-C pairs common e.g. G-U and A-C



MRNA

Life cycle
Nucleus: transeription
capping
methylation
polyadenylation
splicing
editing
Translocation to cytoplasm
Cytoplasm: translation
degradation
poly(A) remodeling/localisation
Structural elements
S cap
5 UTR
coding region
3" UTR
poly(A)




RNA Splicing

Eukaryetic mRINAS are transcribed as
precursers (pre-mRNA) containing
Intervening seqguences (introns). These
seguences are subseguently removed and
the flanking regions containing the exons
ane spliced tegether to form mature
MRNA.
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Translation
Initiation
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Miscent polypepide

Translation:
Peptide Release

Polypeptide
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Gene expression profiling

Central dogma MNew technology Genomic hypothesis
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« Terminally

differentiated cells

= have a pattern of
gene expression that
IS unigue to each cell
type

= Mmanifested by
presence and relative
abundance of specific
MRNAS

« Transcriptome

= The unigue pattern of
gene expression
within each cell type

» Microarrays

= Used to monitor gene
expression in different
tissues



IS’ IS net the end. It IS not
Even the eginning ofi the
ena. But it Is, pernaps, the

enad of the Beginning.”

Speech given by Winston Churchill at
the Lord Mayor's Luncheon, Mansion
House, London, November 10, 1942.




