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FORENSIC DNA ANALYSIS
1

Colect evidence from
he crime scene

/
Cut the DNA into fragments using
specialized protein "scisson” called
restriction enzymes. For every Derson,
the sizes of the cut frogments are
unique - except for identical twins.

4 1
arate the negafively L
charged DNA frag-
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Transfer the DNA
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Probe the membrane
with DNA fragmenits |

that complement
the DMNA sequence |
of the fragments of
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Probe the membrane
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through it. . GEL
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Transfer the DINA
g fragments from

the gel to a sheet
of membrana

NB: betw 4 & 5 denature fragments to ssDNA

Labelling: eg radioact probe fragm & Xray film

with DNA frogmenits |
thot complament

the DMNA sequence |
of the fragments of

interest. |

Compare the fragment profie of
the evidence DNA with those of the
suspects, detective and victim o
gee If they match.

— |
B s 3
= o =

i ] LiF] 1]
g g § E 9
IEI (=] -I'H ] - ﬁ'

Variations of VNTR allele lengths in 6 individuals
B

Re-probe the membranes up to
10 more times to identify different
fragments.
http://learn.genetics.utah.edu/features/forensics/ 4
If the profiles from the evidence
DA and a suspect match multiple
fimes, then it is very likely that the
evidence DMA came from the
suspect.
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Frank-Kamenetskii, Unravelling DNA www.imb-jena.de Image Library of Biological Macromolecules 5



Thymine
Adenine

5'end 9 o 3' end
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1 turn = 10 base pairs = 3.4 nanometers

major groove

minor groove

siolawioueu ¢



A-DNA, B-DNA, Z-DNA




TElOmeriC quadruplex D N A GC-rich, alternative to telomere loop




DNA mutation induced by tobacco benzopyrene
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Polymerase chain reaction

dsDNA sample Heating and cooling

Heating

2 molten ssDNA

- 4 dsDNA copies
Cooling
-~ 2 dsDNA copies \
Pmer

Heating and cooling
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Thermal melting profile:
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Poland & Scheraga, Theory of helix-coil transitions; Wartell & Benight, Phys Rep (1987); Richard & Guttmann, J Stat Phys (2004)



DNA stability and function

N ——— ‘ :
Partition factor for bubble of m broken bps: 9 o, F
0.8F
ff(m) = O'Oum(l + m)_c 0.7}
0.6f
Sost
u = exp (B[AGU ]) 0.41 »
0.3fF
cal 0.2t "
-AA- _ kcal p 5
.TT- AG — —845% ‘|_ \2486—m01 . K,-Z: 0.1f 4 — q_—f(—z)’ ‘\ ---------
7.72kcal /mol@37°C 0 o0z o4 06 o8 1 L4
A T, ~68°C A & T, ~102°C 35
:X%: AG — O].kBT/\ :88: AG — —39]€BT 30t
R £ 25 ’
Loop initiation: og ~ 107> £ 7...12kgT {
= 20t u:O.ES’,«’
| -
Loop closure exponent: ¢ ~ 1.76 (1) /|§15
= - u=0.9 -
e Cr S ELL L
Zipping rate: k= ~ 20...100 usec O
5,
Bubble lifetime: 7,upble >~ 1 msec 5 - - - 20
m

Poland & Scheraga, Theory of helix-coil transitions; Krueger et al, Biophys J (2006)



Cooperativity factor oy or ring factor €

Classically,

F _ _
o9 = exp <_RT> ~ 10 °...10 4, Fs =~ 8kcal/mol

Claim: Fy, = TAS"

( ASTA/AT)
exp | —

1.19 X 10_5, Heteropolymer, best value: o9 = 1.26 X 10~°

R
AS
exp (— ZE/GC> — 3% 10°% GCerich: o9 = 3.5 x 10°°
AS
exp (— (;;/GC> = 9.7 X 10_7, GC homopolymer

Ring factor (nicked DNA!):

AGST
70 = & exp (‘W)

such that for the lowest stacking free energy, o9 &~ 5.6 x 104

16



P(u)

Poland-Scheraga Free Energy

F(M) =14 ocoZV (M) 4+ 22D (M) + . ..

ZHW(M) =3 (M —m+1)g(m) . g(m) =u"(1+m)"*

m=1

M—1M-m—1
1

7P (M) = 5D

0.9

0.8fF

0.7r

0.6

0.4r

0.3r

0.2r

0.1r
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M = 40 )

Poland & Scheraga, Theory of helix-coil transitions; Wartell & Benight, Phys Rep (1987); Richard & Guttman, JSP (2004) 17



Watching a single DNA breathe

(a)

Fluorescence
Intensity F(t)

(b)

OBSERVATION

° —— FOCAL VOLUME

1.5

(AT at22'c
M, at 33'C
A, Bt 45'C

0.5 [

ETTIN PETOT

10 10 107~ 10" 1 10

Lag time (ms)

B)
{]-(]-C-(]-C-C-C-h—f'\-T-A-T-A-;’\-h—;’\-T-f’\-T-T-h—ﬁ-s\-ﬁ-T-(]-C-(]—Cg
T-T-T-T

L 1 1 |
GC clamp AT breathing domain GC c\i':tmp T loop

(with ) = Rh6G U = dabeyl)

Altan-Bonnet, Libchaber, Krichevsky, Phys Rev Lett (2003)



Master equation for bubble breathing

0
ot

- (t+(m) n t_(m))

P(m,t)

—P(m,t) = t'(m—1P(m—1,t)+t (m+1)P(m+1,t)

Unzipping rate:

14+ m\°©
tT(m) = ku ( * ) [ 0.9
2+ m il oal
- tT(0) = 27 %0o0u — '
- 07
. ) = || + <
Zipping rate: t l Tt Tos
t (m,n) ==k 5&0_5
Detailed balance: ~o.
[
f&’pﬁcﬂl) P O'()’U,m(l + m)_c EO'SV
0.2

th(m — 1) 2% (m — 1) =t (m)2Z"(m) .
Peg(m)/Peg(m') = 2% (m)/ 2~ (m") o

T. Ambjornsson & RM, J Phys Cond Mat (2005)

‘AAA_I_LI‘I_I_L\A_U_lIA |x I'
10° 10"

- solid bars (=), u=0.6
- dashed bars (——), u=0.9

- dotted bars (I3}, u=0.999
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Experiment measures a tagged base-pair:

\ =stacking bond
Ug(2) ") =hydrogen bonds U (M +1)

e,
MY

9 //\
\>/;<>//<>//<>;i;;*‘“““;;T_——//////;/

Random variable I(t) € {0,1}

Xt
Unp(2) Upp(M)
Xx=0 1 2 3 M M+1

(Similar if 2’ + A broken bps necessary for signal)

Size (m(t)m(0)) — (m)? (- - -) vs blinking autocorrelation (I(¢)I(0)) — (I)? (—):

1=

1

0.8 0.8

0.2r 0.2r

1 L 1 0 L 1 L il
10° 10" 10° 10’ 10° 10° 10" 10° 10’ 10° 10° 10" 10° 10’ 10°

t (in units of k) t (in units of k) t (in units of k™)
Tag close to clamp Centre-tag Centre-tag
u = 0.6 u = 0.6 u=0.9

T Ambjornsson, SK Banik, O Krichevsky & RM, in prep 20



Sequence dependence:

u, 00 — u\x), ool

:
i

S o
t _>tR/L TR/L
P— Pim,xrp,t

T Ambjdrnsson, SK Banik, O Krichevsky & RM, BJ (2007)




Partition sum for heteropolymeric DNA

xy+m :BL+m+1
Z(xp,m) = H unp () H Ust ()
(1 _|_ rx=xy+1 x=xy+1

Where the weights correspond to the free energy of base pairing (2x) and stacking (10x):

unb(x) = exp{—eu(x)/[kBT]}, ust(x) = exp{—en(z)/[kBT]}

Values @ 37 °C and 100 mM NacCl:

Ghb(AT) == 1.0I€BT, Ehb(GC) = O.Qk}BT
et (TA/AT) = —0.9kpT, ¢ (GC/CG) = —4.1kpT

Note that @ T' = 37°C, kT = 0.62kcal/mol

Krueger et al, Biophys J (2006)
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Table 1. Stacking AG;! and base-pairing AG5” parameters used in our calculations

AGST KL A T G C

A -150 -1.73 -1.45 -2.20

T -0.58 -1.50 -0.94 -1.82

5!
G -182 -220 -1.83 -2.56
C -094 -145 -130 -1.83
AGB? AT 0.65
G-C 0.13

" Stacking and base-paring parameters in kcal/mol correspond to 37°C, 0.1 M NaCl.

Krueger et al, Biophys J (2006) 23



Breathing dynamics is sensitive to sequence

0.8 ‘ ‘ ‘ ‘ 1E
0.7}
0l 0.8}
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0.5} 4
><"|— 0.6
o4 <
0.3, ><T_ 04’
>
0.2}
0.2
0.1}
0 2 4 6 8 10 0
T (in units of k%) t (in units of kK1)

\ =stacking bond

Ug(D) ") =hydrogen bonds U«(M+1)
I B AAAAAAAAAAAAAAAAAAAAGGGGGGGGGGGGGGGGGGGG
YOO TTIAA TTTTTTTTTTTTTTTTTTTTCCCCCCCCCCCCeeeeeeee
YWINDI X)
(N /\ /\ /\ \\——-——/\ /\
uhf,(l) X+ u o 0123456789012345678901234567890123456789

M M+1

T Ambjornsson, SK Banik, O Krichevsky & RM, Biophys J (2007) 24



Fluorescence autocorrelation function

S’ - GCGCGECCCATATATATATATATATATGCGL t -

3’ - CCGCGGGTATATATATATATATATACCCG t - (AT9)
220C |
repeat 22°C
26°C ——*x—i
300C — e
33°C
3720
0.6 [ f 41°C ——
q 06 B L (T) 452C —_A
b - repeat45°C —
04 ME 49°C —
0.4 : ME 33°C ——
03 & corm ME 49°C ——
0.2 Ny,
ol 01 L
-1
0 T I
0 .2 4 6 8 10 12 14
0.1 1 10

t [1/K]

T Ambjornsson, SK Banik, O Krichevsky & RM, Phys Rev Lett (2006)
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Phage T7 promoter sequence

1 20
| |
5’-aTGACCAGTTGAAGGACTGGAAGTAATACGACTC
AGTATAGGGACAATGCTTAAGGTCGCTCTCTAGGAg-3’

| |
38 41 68

T Ambjornsson, SK Banik, O Krichevsky & RM, Phys Rev Lett (2006)
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1 20

| |
i ith 5’-aTGACCAGTTGAAGGACTGGAAGTAATACGACTC
Bubble o pening pro babil lty AGTA"{AG(l}GACAATGCTTAAGGTCGCTCTCTAGG!lkg—3 ?

38 41 68

9 """"""""" LA R
8 Krueger (ME) [x 10%] —— _
Blake (ME) [x 10 ]
! Krueger (GA) [x 10 ] ......... e
N 6
g 5
g 4
O3
2
1
0
6 [x05x10] —
5 L [x 1.0x10 ]
o [X05X10] ------- e
1
S
3 3
o
2
1
o Ll e

T Ambjornsson, SK Banik, O Krichevsky & RM, Phys Rev Lett (2006) 27



Fluorescence repeat & tim

1 20

| |
@ 5’-aTGACCAGTTGAAGGACTGGAAGTAATACGACTC

AGTA'{AG(l}GACAATGCTTAAGGTCGCTCTCTAGGAg—3 ?

38 41 68
i
Ay
o)
< [ O N AT
o1), Xx7=38  + E Y(T1), xr=38  +
- ®1), xp=41 X (1), xp=41 X
1 ME xt=38 —— & ME x;=38 —— 1078 -
107 ¢ . ME x=41 ——
_‘_».N.\ ” (1) 1
102+ R e 10-6_§
) R
107 T35=1.09 107 k* s
1,,=2.5310° k"
oL 2 4 6 t[1/k] o 500000  t[1/k] -
Krueger .
Blake 4

T Ambjornsson, SK Banik, O Krichevsky & RM, Phys Rev Lett (2006); SK Banik, T Ambjornsson & RM, Europhys Lett (2005)
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Bacteriophage T7 core promotetr:

1 20

| |
5’-aTGACCAGTTGAAGGACTGGAAGTAATACGACTC
AGTA¥AG?GACAATGCTTAAGGTCGCTCTCTAGG?g—3’

38 41 68

x 10 T7

T I T ‘ ‘ ‘

1.5/ MM T7 sequence |
- = =random sequence
"""" transcription init

eq

0.5

0
0 10 20 30 40 50 60

X

RM, T Ambjornsson, A Hanke & HC Fogedby, J Phys Cond Mat SI DNA Melting



Adenovirus Major Late Promoter:
1 31

| |
5’- GCCACGTGACCAGGGGTCCCCGCCGGGGGGGT
ATAAAAGGGGCGGACCTCTGTTCGTCCTC
ACTGTCTTCCGGATCGCTGTCCAG -3’

| |
TSS 84

4 AdMLP

14X x w ‘ ‘ I I I
Il AdMLP sequence
- - - random sequence

120 R | transcription init [

RM, T Ambjornsson, A Hanke & HC Fogedby, J Phys Cond Mat SI DNA Melting



Adeno Associated Viral P5 promoter (YinYang 1 motif):

1 25

| |
5’—- GTGGCCATTTAGGGTATATATGGCCGAGTGAGCGA
GCAGGATCTCCATTTTGACCGCGAAATTTGAACG -3’

| |
TSS 67

5 P5

Il P5 sequence
- - =random sequence
transcription init site

RM, T Ambjornsson, A Hanke & HC Fogedby, J Phys Cond Mat SI DNA Melting
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Salt dependence of correlation time (AT9)

10°  Coy(GC)
- T

= 1 [ Tmax2D )
E 10 ------
S o
O 10" E

101
o
I
= 1
O
()]
al i

-2
C(NaCl) [M]

10t 10

T Ambjornsson, SK Banik, O Krichevsky & RM, Phys Rev Lett (2006); RM & T Ambjornsson, J Comp Theor Nanosc (2005) 32



Reaction PDF P(7,u;m) = tH(m)exp{— (tT(m) +t~(m))7} ... p € {+,—}

20 . . , . i . , . .
18} ]
3 @1 (b)
[ T 16} |
14} 5l
2r 12}
10t 4 e
= g10f
8t 8
g 8
4t 4
2 2
e o 08 ‘ 41 5y 80 e
20
18}
18}
14f
12}
=210t
E
Bt 5
18 gl
41 41
21 2k
O 7¥4m5r 17 385T T 3855 70855 77 955 17 062 O ateTr 3 sor AT 30503 305097 39 LT57
time x 104 {in units of 17k} time % 1074 fin units of 1/k}

u = 0.6 u =0.9

SK Banik, T Ambjornsson & RM, Europhys Lett (2005) 33
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108

Equilibrium bubble sze distribution
¥

1a-10 LU L L L

20

08}

06}

1)

0.4}

0.2}

0

0 10 20 30 40 50 60 70 80
time [1/K]

SK Banik, T Ambjornsson & RM, Europhys Lett (2005)

Autocorrelaion function

I{1)

08

az F

TiI'I'IEI-E'l.:'EIEEE ——
Emambla-awamgs ——

0.01

a1

:
£ [1/k]

08}

06}

04}

02}

725

72.55

726

time [1/K]

72.65

727

72.75
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DNA and single-stranded DNA binding proteins (SSBs):

) " Binding strength Kk = ¢ K4

i
bl
;‘- \ N an ™~ - °
LE T E N\
A
-\
R
LY
Vet

Equilibrium constant K4
SSB-concentration ¢

SSB-size X in units of bp

Classical view
SSB-induced Ciowinding
protein

denaturation: or >

low salt

D . —_—
—— e ————

Mg 2+ Mg 2+
ar

L
L L -

histone

or

polyamine

i g vy vy (S (S vy My Wi ey ¥y i By iy gy 9
jy M My My My ey Ny M iy i i i i B

Kornberg, DNA synthesis (1974); R Karpel, IUBMB Life (2002) 35



DNA-overstretching experiments in the presence of bac-
teriophage T4 g32p SSBs

Unbound

Cooperatively bound to DNA

Microscope

Laser beam objective

Force (pN)

Flow inlet

Microscope

— objective

Polystyrene

Laser beam
bead

0.25 0.3 0.35 04 0.45 0.5 0.55
Flow outlet

DNA molecule DNA extension per base pair(nm)

| ¥—Glass Micropipette

R Karpel, IUBMB Life (2002); K Pant et al, J Mol Biol (2003), (2004)
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DNA and single-stranded DNA binding proteins (SSBs):

a

Force (pN)

K Pant, RL Karpel, MC Williams, J Mol Biol (2003)

70

60

50

40

30

20

No protein
&
32 protein ;
stretch ;r ) 32 protein
o relax
il

*| stretch

70
65
60
55
50

Force (pN)

35
30

20

0.3

0.35 0.4 0.45
DNA extension per base pair(nm)

15

45 ¥
40 |

R .— *Istretch

25

— No protein

32 protein relax

5 10 15 20 25
Time (minutes)
Laser beam Microscope

objective

Polystyrene

Polystyrene
bead

@ _DNAmeting /2 .
g2 Microscope
DNA melting ~3 objective

<+——Glass Micropipette

30

37



Force-induced melting of DNA

Microscope

VAN

0.5

Laser beam objective

denatured

Flow inlet

Microscope

. Objective

Polystyrene Laser beam

bead

Flow outlet

1.0 1

1.5

0.5 1 10 ' f=y
t4 f;n__;?____

0.5

oI
0.0
00 05 10 15 20 25
0.0

A Hanke, M Ochoa & RM, PRL (2008)

| !- *+——(Glass Micropipette

@ F' > 0 new critical exponent:
c=4vr —1/2 ~ 1.85
(c=3v=176 Q@ F =0)

Melting temperature: T,,, = T,,,(F")

38



S-DNA debate

Santosh and Maiti, J Phys Cond Mat SI DNA Melting

39



Breathing bubbles interacting with single-strand binders (SSBs):

Binding strength x = co K4
Equilibrium constant K4
SSB-concentration cg

SSB-size A in units of bp

—P(m,n,t) = tt(m—1,n)P(m—1,n,t)+t (m+1,n)P(m+1,n,t)
— <t+(m, n) 4+t (m, n))P(m, n,t)

+rt(m,n —1)P(m,n —1,t) +r (m,n+ 1)P(m,n + 1,t)
— (r+(m, n) —+r-(m, n))P(m, n,t)

T Ambjérnsson & RM, PRE Rapid Comm (2005) 40



T Ambjornsson & RM, PRE



Transfer rates fulfil detailed balance:

tt(m—1,n)2(m—1,n) =t (m,n)Z
rt(m,n—1)Z(m,n—1) =r (m,n)Z(m,n)

Partition function:

DJ&W(”% n) _ gbubble(m)gbind(m7 n)

ogfbubble(m) — Uoum(l + m)—c ngbubble(o) _ 1’ U — 6_5(]5_907_)

ffbind(m, n) _ Qbind(m’ n)lﬁjn c k= COU065|Ebind|
. n_nlgnmaX/2
Qbind(m7 n) _ Z wbind(m, n/)wbind(m’ n — n/)
n'=0 n/gnmaX/Q
. m— (A—1)n
wblnd(m,n) — ( . )

T Ambjornsson & RM, PRE Rapid Comm (2005); E-print g-bio.BM /0411053 42



Bubble breathing-SSB binding transfer rates

tT(m,n) =tT(m) = ku (—)C o tT(0) = 27 %ogu

QPmd(m — 1, n)

t=(m,n) =k Qbind (17, 1)

EkxPr{ noSSB}

at fork

rt(m,n) = ykr(n+1)

QPA(m o +1) _ L o P 3 slot for
Obind(m. ) 071 additional SSB

r—(m,n) = nvyk

{Protein unbinding rate} ¢
{Bubble zipping rate} &

Y=

T Ambjérnsson & RM, PRE Rapid Comm (2005); J Phys Cond Mat (2005a) 43



Breathing bubbles and ssDNA

binding proteins (SSBs)

0
o P(mon,t) = .4 (m,n)P(m, n,t)

‘ 7l —
Pae g
| i s T N—
25 - £
/, s’ |
g PR e

‘ - ’ s —
20k ;’/"¢ ,"/ ) Qﬁ
PGS a E
' ,/ / s ~—
’/ . ’ n:10 %ﬂ

— ’ -’ , =

15} =0 .=g.” R -
;l K \’\" Y |

LT T I
‘ ,/ \l\’\/ n—5 """" g
’ '~ o = .- o
10} AR s
/, P ‘ E

’ -’

4 "/‘ |
| P average free energy, .
of BF(m) = —1In Zq(m), solid line (-) i =
S

0 ! | | Q

0 10 20 30 40
m
k=0.5

T Ambjornsson & RM, PRE Rapid Comm (2005)

N = e N
A

)
x
¢ \ e
AR
o

average free energy,

BF(m) = —In Zq(m), solid line (-)

10 20 30
kK =1.5 m

44
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DNA bubble dynamics as quantum Coulomb problem

Continuum form of the Poland-Scheraga free energy:

T
L@:,yo—l_,yl (1—T—>x+C1nx

m

Langevin equation for bubble breathing

dx d.F

= DT E(t), (E(W)E(t) = 2DkpTS(t — )

dt dx
Fokker-Planck equation (1 = ¢/2kpT):

OP 0 | u V1 10°P

_ [l _1 P
ot Or | x 2kgT [Tm ] + 2 0x?

7

'
€

With P = e“®z " P, obtain imaginary time Schrédinger Eq:

212 T 2

oP 19*P plp+1)  pe €\ =
_—— — P
ot 2 Ox? + ( *

HC Fogedby & RM, Phys Rev Lett (2007), Phys Rev E (2007)

e<0
T<Tm

continuum states

x

AV-

o

e>0
T>Tm

continuum states

S~——

bound state

45
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Bubble lifetime distribution:

(i) T < T,,: asymptotically,

2
@(t) ~ $(1)+C€|6|x06_6 t/2t—3/2—c/2

X K(c—1)/2(5130\€|)

€] K(ct1)/2(x0]€])

Tz/ tp(t)dt ~
0

(i) T = T),: exact,

2x1—f—c 2
z4
T = , Ve >1
c—1

(iii) T > T, denaturation, bubble coalescence, grand ensemble

HC Fogedby & RM, Phys Rev Lett (2007), Phys Rev E (2007)
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Bubble coalescence in breathing DNA

/] Z, Z3
7HIHHIHHHHHHHHHHHH
a) 1 e B | T<TS<Tb
v v
7 I
b) T ‘ T<T<T, Ay F ()
4MLLLMLMM4
r—»X,y
PAATTTTITTTITTITITN ATTTTTTTTTT N
c)
N L Ll ]
AT TT T T T T T T T T T I T I T T T T T T TTTITTITTTTT N .
d) ¢ —— Xy
ENCLL L bbb bbb bbb v

The problem of two viscious walkers in opp-
osite potentials:

O pla,y.t) = | D ARG BN P(z,y,t)
N x,Y, — _ o~ o xr,Yy,
ot Y ox?  0Oy? ox dy v

T Novotny, JN Pedersen, MS Hansen, T Ambjornsson & RM, Europhys Lett (2007); E-print cond-mat/0610752
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left/right fork positions
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Zipping fork trajectories
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Meeting position:
f < —1: Prto be @z is o< exp(—B¢(x)) with free energy ¢(x) = — [ f(z')dz' = joint Pr @ x:

exp(—Blor(z) + ¢r(2)]) = const
3

2.5
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Mean coalescence time

Comparison of MFPT T via analytic calculation with asymptotic expressions

10 T T T T \ \ I

—— semi—-analytics
—@n™

— e?M167(|f-1)]
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Coalescence time density, comparison of methods

u=0.98, N=50
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