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In order to perform its tasks, the cell uses

Sequence

Elastic properties

Topological properties

Statistical properties

and tons of other properties , ........

of DNA
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Topological constraints produce essentially an increase
of the local excluded volume interaction 

Tuesday, May 24, 2011



DNA is a Self-Avoiding Walk(SAW)

SAW Random Walk (RW)

Good Solvent Conditions
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Random Walk 

Self-Avoiding Walk 
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Universality
Class

Theoretical
Model

Physical
System

Order
Parameter

d=2 n=1 Ising Model in
two dimen.

Adsorbed Films Surface
Density

n=2 XY Model in
two dimen.

Helium-4 films Amplitude of
superfluid
phase

n=3 Heisenberg
Model in two
dimen.

Magnetization

d>2 n=∞ “Spherical”
Model

None

d=3 n=0 Self-Avoiding
random walk

Conformation of
long polymers

Density of
chain ends

n=1 Ising Model in 3
dimen.

Uniaxial
ferromagnet

Magnetization

Fluid near a
critical point

Density
difference
between
phases

Mixture of
fluids near a
consolute point

Concentration
difference

Alloys near a
order-disorder
transition

Concentration
difference

n=2 XY Model in 3
dimen.

Planar
ferromagnet

Magnetization

Helium-4 near
superfluid
transition

Amplitude of
the superfluid
phase

n=3 Heisenberg
model in 3
dimen.

Isotropic
ferromagnet

Magnetization

d>=4 n=-2 none
n=32 Quantum

chromodynamics
Quarks bound
in protons, etc

Universality and 
Universality Classes: behavior
depends only from d and n

� 

ν =1.00;
ν = 0.75;
ν = 0.588;

� 

ξ = ξoL
ξ = ξoL

0.750

ξ = ξoL
0.588

from  K. Wilson, 1974
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This power law behavior is very similar to critical phenomena
near a second order phase transition:

i) gas-liquid phase transition
ii) ferromagnet
phase separation 
    of binary solutions

Tuesday, May 24, 2011



DNA in a Thermal Bath

�
Idisk =

1
4
πR4

�
Persistence Length �p = EI

kBT

Tuesday, May 24, 2011



DNA in a Thermal Bath
Length Scale

Elastic
Constants

Temperature

Short (<       ) Stiff (E big) T = 0 K

Medium (~     ) Semi!exible T > 0 K 

Large (>>      ) Very !exible T >> 0 K �p

�p

�p

Persistence Length �p = EI
kBT
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Methods :
Imaging of DNA by Atomic Force Microscopy

Tracing the DNA molecules

Statistical Properties in 2 D: 

End-to-End Distance

Correlation Function

Distributions
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Atomic force microscopy
DNA deposition on mica in MgCl2 solution

Technique ensures 2D equilibration of  DNA
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Atomic force microscopy
DNA deposition on mica in MgCl2 solution
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Atomic force microscopy
DNA deposition on mica in MgCl2 solution

Technique ensures 2D equilibration of  DNA

Molecular paths extracted 
from images
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Atomic Force Microscopy

Tuesday, May 24, 2011



100 nm

Atomic Force Microscopy
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1 µm

100 nm

Atomic Force Microscopy
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1 µm

100 nm

Atomic Force Microscopy
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Deposition 
APTES                       Mg2+ or “GM”
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Deposition 
APTES                       Mg2+ or “GM”

Trapping

Strong interaction
DNA-surface
Uint>>kBT
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Deposition 
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Strong vs Weak Absorption
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Strong vs Weak Absorption
Trapping

Strong interaction
DNA-surface
Uint>>kBT

Equilibration
Weak interaction DNA-surface

Uint≤kBT

Tuesday, May 24, 2011



End-to-End Distance
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End-to-End Distance
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End-to-End Distance
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Distribution Functions
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Distribution Functions
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Previous Results on Linear DNA

� 

ξ = ξo
L
lo

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
ν 1

1+ L
lo

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
ν 2−ν 1

ξ

L

ν2 = 0.589±0.006

lo = 44±3 nm
ν1 = 1.030±0.017

[Valle, Favre, De Los Rios,
Rosa and Dietler, PRL, 95
158105 (2005)]

Trapping
Strong interaction DNA-surface

Uint>>kBT
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Circular dsDNA in 2D

Witz et al., PRL, 
101, (2008) 148103.

83 nm

240 nm

940 nm

1540 nm

2000-6000 nm
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Shape of ring polymers

DC

Drube F., Alim K., Witz G., Dietler, G. and Frey E., Nano Lett. 10, 1445-1449 (2010)

230 nm ring 2 microns ring Short rings adopt elliptical shapes, with a breathing 
movement. No SAW effects

Long rings are also clearly elliptical. SAW effects 
appear 

stiff semiflexible flexible

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0  5  10  15  20  25  30  35  40

Gaussian
Self-avoiding

Experimental data

=L/lp
 80  120

A

SAW effects appear in the semi!exible regime

Good agreement between numerical and experimental 
data 
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Weak Adsorption: 2D Knots

250 nm250 nm

                Unknot                                              Simple                               Complex

Ercolini et al., PRL, 98, 058102 (2007)

Tuesday, May 24, 2011



Polymer con!nement

Witz G., Rechendorff, K., Adamcik, J. 
and Dietler, G. , PRL, to appear.

250 nm 250 nm
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Polymer con!nement

Witz G., Rechendorff, K., Adamcik, J. 
and Dietler, G. , PRL, to appear.

250 nm 250 nm

Polymer con#nement generally 
studied by !uorescence microscopy

AFM offers much higher resolution

1500 nm DNA ring

Experimental system close to ideal 
2D polymer con#nement
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The Gauss Integral and
the control of gene expression
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DNA Model
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C G

T A

DNA base pairs
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3 DNA base pairs code for 
one amino acid in a protein

Tuesday, May 24, 2011



The cells use this codons to
synthetize the proteins

Wine Protein
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1. Denaturation temperature is 70 C !
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1. Denaturation temperature is 70 C !

2. How life can work at 37 C?
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1. Denaturation temperature is 70 C !

2. How life can work at 37 C?

3. Did Nature a mistake?
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Here topology and the Calugareanu-
White-Fuller Theorem comes into play

Lk(R) = Tw(R) +Wr(R)

Lk = Linking Number

Tw = Twist

Wr = Writhe
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The Gauss-Integral & the linking number 
of two curves

C1C2

I(r )

B(r )

r2
1r

2

1

Current
Loop
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Biot-Savart’s Law + Ampère’s Law

C1C2

I(r )

B(r )

r2
1r

2

1

Current
Loop

Lk(C1, C2) =
1

4π

�

C2

�

C1

(�r1 − �r2)× d�r1 · d�r2
|�r1 − �r2|3
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Biot-Savart’s Law + Ampère’s Law

C1

C2

I(r )

B(r )

r2
1r

2

1

Current
Loop

Lk(C1, C2) = 3× 2 = 6
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DNA double helix

Lk(C1, C2) = Tw =
Nbase pairs

10.4

Lk(C1, C2) = Tw

= 2686/10.4 = 258
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Topology of DNA

8
7

6

3
4

2

5

11

2

3

4

7

6

5

Ideal B-form DNA 
(here 10.4 bp/turn)

Underwound DNA 
(here 11.4 bp/turn)
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Topology of DNA

7
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Torsion or Bending ?

Torsion
7 twists
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Topology of DNA

7

6

3

4

2

5

1

Torsion or Bending ?

Relaxation of torsional stress

Torsion Bending
7 twists

8 twists
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Here topology and the
Calugareanu-White-Fuller Theorem 

comes into play
Lk(R) = Tw(R) +Wr(R)

Tw=8
Wr=-1

7

6
3

4

2

5

1

Tw=7
Wr=0

Tuesday, May 24, 2011



Illustration of the conservation of Lk
Viglasky et al., Electrophoresis, 24,  1703 (2003)
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Effect of supercoiling
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pUC19

2686 bp=
878 nm

Tw=258
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Conservation of the linking number
B-Form DNA of pUC19 = relaxed DNA -- Tw= 258

But Nature has chosen Lk = 242 (-6%)

Calugareanu-White-Fuller : Lk = Tw + Wr
Lk = 242 = 258 + Wr  ----  Wr = - 16

Tw=242 ; Wr=0 Tw=258 ; Wr=-16
A lot of torsional energy Mostly bending energy
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Conservation of the linking number

Tw=242 ; Wr=0 Tw=258 ; Wr=-16
A lot of torsional energy Mostly bending energy
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Experiments with pUC19

12.5 nm
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Theoretical prediction (R. Metzler)

b(Wr) = −Nls
Lk0

|Wr|+ |σ|Nls −
ldlsN3

4π2CtwLk
2
0

ε
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Topoisomers Distribution for PM2 
Plasmid (9850 bp)

Lk
From Depew & Wang, PNAS, 72, 4275 (1975)

Tuesday, May 24, 2011



Why only one bubble?

TATA Box

TATATA----
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What happen if the temperature is raised?

The opening of the double helix will be promoted!

How will the cell react ?
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Temperature dependence of the linking 
number
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Adamcik et la., Electrophoresis, 23, 3300 (2002)
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