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DeoxyriboNucleic Acid 

A 

G C 

T 

G C 

T A 

: : 

•  Double helix macromolecule 
 
•  Each strand consists of an oriented sequence of four 

possible nucleotides: 
 Adenine, Thymine, Guanine & Cytosine 

 
•  Complementary strands: 

 [A]=[T] & [G]=[C] over the sum of both strands 
 



Sequencing projects result in 4 letter texts : 
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Eukaryotic genome context 
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NET RESULT : EACH DNA MOLECULE HAS BEEN  
PACKAGED INTO A MITOTIC CHROMOSOME THAT  IS 

50.000x SHORTER THAN ITS EXTENDED LENGTH 

HIERARCHICAL STRUCTURE 
OF EUCARYOTIC DNA 



Long-range correlations in 
genomic DNA: 

A signature of the nucleosomal 
structure 













FRACTALS SIGNALS 
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FRACTAL SIGNALS 



Roughness exponent 

•  Root-mean square of the height fluctuations 

W(l) = rms [f(n+l)-f(n)] ~  l H 

H = roughness exponent    Df = 2 - H 

l 

•  Power spectrum 

Sf (k) ~ k –(2H+1) 

•  Correlation function 

Cf(!) = < "1f (n) "1f(n+ !) > - < "1f (n) > 2 

             ~ ! 2H-2 



Fractional Brownian motions : BH  

SYNTHETIC DNA WALKS 

H = 0.3  anti-correlated 

H = 0.5  uncorrelated 

H = 0.7 long-range correlated 

H = 0.9 long-range correlated 

n 





WAVELET ANALYSIS OF FRACTAL SIGNALS 

The wavelet transform allows us to LOCATE (b) the 
singularities of f and to ESTIMATE (a) their strength h(x) 
(Hölder exponent) 

Mathematical microscope 

 Singularity scanner  

g(x) : optics 

b : position 

a-1 : magnification 
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Fig. A.1. Set of analyzing wavelets ψ(x) that can be used in Eq. (A.1). (a) g(1) and (b) g(2) as defined in Eq. (A.3). (c) ψN as defined in Eq. (A.7) and used in
Section 6 to detect replication N-domains. (d) Box function φT used in Section 6 to model step-like skew profiles induced by transcription.

where x0 is the space parameter and a (>0) the scale parameter. The analyzing wavelet ψ is generally chosen to be well
localized in both space and frequency. Usually ψ is required to be of zero mean for the WT to be invertible. But for the
particular purpose of singularity tracking that is of interest here, we will further require ψ to be orthogonal to low-order
polynomials [457–459,696–702]:

� +∞

−∞
xmψ(x)dx, 0 ≤ m < nψ . (A.2)

As originally pointed out by Mallat and collaborators [699,700], for the specific purpose of analyzing the regularity of a
function, one can get rid of the redundancy of the WT by concentrating on the WT skeleton defined by its modulus maxima
only. These maxima are defined, at each scale a, as the local maxima of |Tψ [f ](x, a)| considered as a function of x. These
WTMM are disposed on connected curves in the space-scale (or time-scale) half-plane, called ‘‘maxima lines’’ (see Fig. B.1(e,
f)). Let us define L(a0) as the set of all the maxima lines that exist at the scale a0 and which contain maxima at any scale
a ≤ a0. An important feature of these maxima lines, when analyzing singular functions, is that there is at least one maxima
line pointing towards each singularity [458,699,700].

A.2. Analyzing wavelets

There are almost as many analyzing wavelets as applications of the continuousWT [29,36,40,458,459,694]. A commonly
used class of analyzing wavelets is defined by the successive derivatives of the Gaussian function:

g(N)(x) = dN

dxN
e−x2/2, (A.3)

for which nψ = N and more specifically g(1) and g(2) that are illustrated in Fig. A.1(a,b). Note that the WT of a signal f with
g(N) (Eq. (A.3)) takes the following simple expression:

Tg(N) [f ](x, a) = 1
a

� +∞

−∞
f (y)g(N)

�
y − x
a

�
dy,

= (−a)N
dN

dxN
Tg(0) [f ](x, a). (A.4)
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Nucleosome positioning 
local curvature 

Dnase I sensitivity 
Local flexibility 





Pdf of wavelet coefficient values of 
 “A” DNA walks 

H=0.59 
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H=0.50 
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Fig. 9. Local estimate of the rms σ (a, x) of the WT coefficients of the ‘‘A’’ DNA walk, computed with the Mexican hat analyzing wavelet g(2) (Appendix A,
Fig. A.1(b)). σ (a) is computed over a window of width l = 2000 bp, sliding along the first 106 bp of the yeast chromosome IV (a), E. coli (b) and a human
contig (c). log10 σ (a) − 2/3 log10 a is coded using 128 colors from black (min) to red (max). In this space-scale wavelet like representation, x and a are
expressed in bp units. The horizontal white dashed lines mark the scale a∗ where some minimum is observed consistently along the entire genomes:
a∗ = 200 bp for S. cerevisiae, a∗ = 200 bp for E. coli and a∗ = 100 bp for the human contig. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
Source: Adapted from Ref. [29].

Fig. 10. Probability distribution functions ofwavelet coefficient values of PNuc bending profiles. The analyzingwavelet is theMexican hat g(2) (Appendix A,
Fig. A.1(b)). (a) S. cerevisiae: log2(aHρa(aHT )) vs. T for the set of scales a = 12 (�), 24 (�), 48 (◦), 192 (�), 384 (�), and 768 (•) in nucleotide units; H = 0.60
(H = 0.75) in the small (large)-scale regime. (b) E. coli: same as in (a) but with H = 0.50 (H = 0.80) in the small (large)-scale regime.
Source: Reprinted from Ref. [14].

virus. This observation is consistent with our hypothesis and suggests that the genomic DNA of these viruses is submitted to
packaging process different from other animal viruses. Finally, bacteriophage genomes do not present any small-scale LRC
(Fig. 11 for T4 bacteriophage) as already observed for their eubacterial hosts (Table 2). Other classes of virus genomes like the









Figure 1. Consensus phylogenetic tree of the NCLDVs. Bayesian phylogenetic tree was constructed from a cured concatenated alignment of 4
universal NCVOGs (496 conserved positions), including CroV corresponding proteins: primase-helicase (NCVOG0023), DNA polymerase (NCVOG0038),
packaging ATPase (NCVOG0249), and A2L-like transcription factor (NCVOG0262). Bayesian posterior probabilities are mentioned near branches as a
percentage and are used as confidence values of tree branches. Only probabilities at major nodes are shown. Scale bar represents the number of
estimated changes per position for a unit of branch length. Abbreviated names for NCLDVs: b1_Helvi, Heliothis virescens ascovirus 3e; b1_Spofr,
Spodoptera frugiperda ascovirus 1a; b1_Trini, Trichoplusia ni ascovirus 2c; c1_Afrsw, African swine fever virus; l1_Aedta, Aedes taeniorhynchus
iridescent virus (Invertebrate iridescent virus 3); l2_Invir, Invertebrate iridescent virus 6; l3_Lymch, Lymphocystis disease virus - isolate China;
l3_Lymdi, Lymphocystis disease virus 1; l4_Infsp, Infectious spleen and kidney necrosis virus; l5_Ambti, Ambystoma tigrinum virus; l5_Frovi, Frog virus
3; l5_Singr, Singapore grouper iridovirus; m6_Masvi, Marseille virus; q1_Acatu, Acanthocystis turfacea Chlorella virus 1; q1_ParAR, Paramecium
bursaria Chlorella virus AR158; q1_Parbu, Paramecium bursaria Chlorella virus 1; q1_ParFR, Paramecium bursaria Chlorella virus FR483; q1_ParMT,
Paramecium bursaria chlorella virus MT325; q1_ParNY, Paramecium bursaria Chlorella virus NY2A; q2_Emihu, Emiliania huxleyi virus 86; q3_Ectsi,
Ectocarpus siliculosus virus 1; q3_Felsp, Feldmannia species virus; q6_Ostvi, Ostreococcus virus OsV5; u1_Bovpa, Bovine papular stomatitis virus;
u1_Canvi, Canarypox virus; u1_Crovi, Crocodilepox virus; u1_Deevi, Deerpox virus W-848-83; u1_Fowvi, Fowlpox virus; u1_Goavi, Goatpox virus
Pellor; u1_Lumsk, Lumpy skin disease virus NI-2490; u1_Molco, Molluscum contagiosum virus; u1_Myxvi, Myxoma virus; u1_Orfvi, Orf virus, complete
genome; u1_Rabfi, Rabbit fibroma virus; u1_Shevi, Sheeppox virus 17077-99; u1_Swivi, Swinepox virus; u1_Tanvi, Tanapox virus; u1_Vacvi, Vaccinia
virus; u1_Varvi, Variola virus (smallpox virus); u1_Yabli, Yaba-like disease virus; u1_Yabmo, Yaba monkey tumor virus; u2_Amsmo, Amsacta moorei
entomopoxvirus; u2_Melsa, Melanoplus sanguinipes entomopoxvirus.
doi:10.1371/journal.pone.0018935.g001.
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Influence of the DNA sequence on the 
formation and dynamics of nucleosomes 

H=0.5 

H=0.8 

LDNA = 3000 bp 



HIERARCHICAL STRUCTURE OF 
EUCARYOTIC DNA 



LRC favour nucleosome mobility 

Mean First Passage Time ! at distance N during 
the diffusion of a nucleosome (l=200) along a 

semi-flexible chain of length L >> l !
(2D elastic model)!

H=0.5 
H=0.8 

N=200 

N=100 



Probing long-range correlations in eukaryotic DNA with  
Atomic Force Microscopy 
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Atomic Force Microscopy 
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50 nm 

Highly curved DNA fragment (200 bp) 

Mica + ADN C1 (0.3ng/!l) 
+ MgCl2 10mM, Tris 10mM 
(-EDTA) pH=7.4, 2’, Argon  

S SSSCurved C CC

53° 
212° 

S
40 bp 40 bp 40 bp 40 bp 

Construction of an artificial DNA with very high curvature: 



500 nm 

AFM images of 800 bp straight DNA (no structural disorder, ! ~ 0) in 2D 



500 nm 

AFM images of 2200 bp virus DNA (uncorrelated structural disorder H =0.5) in 2D 



500 nm 

AFM images of 2200 bp human DNA from chromosome 21 (LRC, H~0.8)  in 2D 



Generalisation of the Worm Like Chain Model 
to LRC polymers 

H=0.5 H=0.8 H=0.5 

Straight DNA  -  800bp HCV DNA  -  2200bp Human DNA  -  2200bp 

WLC WLC GWLC lp = f(A, σo, H) !

Moukthar et al., Phys. Rev. Lett. (2007); J. Phys. Chem B (2010) 

Moukthar et al., Eur. Phys. Lett. (2009); Arneodo et al., Phys. Rep. (2011) 



Structure and dynamics of nucleosomes :  histone variants,  and 
      chromatin remodeling 

DNA sequence effects on the structural and mechanical properties 
of the double helix 
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DNA sequence effect on the nucleosomal 
organization of the eukaryotic chromatin fiber 



Genome-Scale Identification of Nucleosome Positions in 
S. cerevisiae (Yuan et al., Science 309) 

Hybridisation of nucleosomal DNA on chip 



Statistical characterization : I  Experiment  

Large-scale disorder of nucleosome positioning 

Small-scale periodic component at 160 bp 

Long-range correlations between 200 and 
1000bp with H~0.8 

Weak positioning: fat tail (exponential) statistics 

H =  0.74 

! = 2H-1 

Vaillant et al., Phys. Rev. Lett. (2007) 



1 helix 
turn 

~10 bp 

-!E 

PERIODIC DISTRIBUTION OF DNA BENDING SITES 

FAVORS NUCLEOSOME FORMATION 
Crothers, Travers, Trifonov, Widom 



Luger et al., Nature (1997)!

PERIODIC DISTRIBUTION OF DNA BENDING SITES 

Segal et al., Nature (2006)!

!  But it concerns only a small proportion of nucleosomes 
(15% according to Peckham et al., Genome Res. (2007)) 



Trinucleotidic structural tables based on experiments 

Nucleosome positioning 
local curvature 

Dnase I sensitivity 
Local flexibility 

trajectory of the 
double helix axis 



COMPUTING THE FREE-ENERGY NECESSARY TO BEND THE DNA DOUBLE HELIX  

TO FORM NUCLEOSOMES 
Vaillant et al., Phys. Rev. Lett. (2007) 

!E(s) 

Local polymer structure locally defined by 3 angles: 
and 3 flexibilities: 

Equilibrium configuration: 

: structural tables (crystallography, AFM, molecular dynamics) 



Statistical characterization : II One nucleosome model 

H =  0.74 

! = 2H-1 

H =  0.80 

One nucleosome energy landscape based on 
a simple sequence dependent helical model 

Radius      R = 4.19 nm 

Pitch        P = 2.49 nm 
Total length  l = 125bp 

Vaillant et al., Phys. Rev. Lett. (2007) 
Miele et al., Nucleic Acids Res. (2008) 



Modeling sequence effect on nucleosome organisation 



Parking phenomenon by excluding energy barriers 

Percus, J. Stat. Phys. (1976) 
Vanderlick et al., Phys. Rev. A (1986) 

Kornberg & Stryer, Nucleic Acids Res. (1988) 



Statistical characterization: III Many nucleosomes simulations 

H =  0.74 

! = 2H-1 

H =  0.73 

Many nucleosomes Grand Canonical Monte-
Carlo simulations of the nucleosomal array 

Chemical potential: 1nuc / 200bp 

Experimental evidence that long-range 
correlations influence nucleosomal organisation 

Vaillant et al., Phys. Rev. Lett. (2007) 



Physical modeling of in vitro and in vivo nucleosome occupancy 

Yeast chromosome 12 



Chevereau et al., Phys. Rev. Lett. (2009) 

Genome-wide prediction of nucleosome occupancy versus in vitro data 

in vitro data from Kaplan et al. Nature (2008). 

in vivo data from Lee et al. Nature Genetics (2007). 
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In vivo 
In vitro Energy landscape 

Physical model 

Chevereau et al., Phys. Rev. Lett. (2009) 
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ORC binding induces 
ordering of flanking 

nucleosomes 

NFR at ORC-ACS is coded in 
the sequence 

modeling 



Imaging nucleosome positioning along 
small DNA fragments using 

Atomic Force Microscopy in liquid 



Experimental evidence of sequence dependent 
nucleosome positioning 

AFM imaging in liquid 

Milani et al., PNAS (2009) 
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In vivo data 
Predicted profile 

One nucleosome: 
AFM data 
Predicted profile (sym.) 

Two nucleosomes: 
AFM data 
Predicted profile (sym.) 




