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human DNA per cell:     2 × human genome (2.9 × 109 bp) 

     = 2 m DNA in total   

     = 46 chromosomes of length ≈ 4 cm  
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chromatin: 

Hierarchical folding 
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Habe nun, ach! Philosophie, 

Habe nun, ach! Philosophie, 
Juristerei und Medizin, 
Und leider auch Theologie! 
Durchaus studiert, mit hei!em Bemühn. 
Da steh’ ich nun, ich armer Tor! 
Und bin so klug als wie zuvor; 
Hei!e Magister, hei!e Doktor gar, 
Und ziehe schon an zehen Jahr, 
Herauf, herab und quer und krumm, 
Meine Schüler an der Nase herum " 
Und sehe, da! wir nichts wissen können! 
Das will mir schier das Herz verbrennen. 
Zwar bin ich gescheiter als alle die Laffen, 
Doktoren, Magister, Schreiber und Pfaffen; 
Mich plagen keine Skrupel noch Zweifel, 
Fürchte mich weder vor Hölle noch Teufel " 
Dafür ist mir auch alle Freud’ entrissen, 
Bilde mir nicht ein, was Rechts zu wissen, 
Bilde mir nicht ein, ich könnte was lehren 
Die Menschen zu bessern und zu bekehren. 
Auch hab ich weder Gut noch Geld, 
Noch Ehr’ und Herrlichkeit der Welt; 
Es möchte kein Hund so länger leben! 
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Nucleosome 

INTRODUCTION 

nucleosome core particle: 

Luger et al., 97 

- 1 ¾ turns 
- 147 bp, 50nm 
- 14 binding sites 

protein 1 
protein 2 

DNA 

Chen et al., 98 

transcription factor 

✔ 

✗ 



BREATHING 

SLIDING 

PROOFREADING 

Overview 

INTRODUCTION 



Polach & Widom, J. Mol. Biol. 254 (1995) 130 

Site exposure mechanism 

BREATHING 
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Polach & Widom, J. Mol. Biol. 254 (1995) 130 

Probability for site open 

BREATHING 
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Critical force 
Prinsen & HS, Biochimie 92 (2010) 1722 

BREATHING 
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complexation energy: 

f > fcrit



Brower-Toland et al., PNAS 99 (2002) 1960 

Force-induced unwrapping 

BREATHING 
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Force-induced unwrapping 
Kulic & HS, Phys. Rev. Lett. 92 (2004) 228101 

BREATHING 

 DNA bending              external force    DNA adsorption 

total energy: 

: unwrapping angle 

: tilting angle       



Euler elastica 

Leonard Euler, Methodus, 1744: 

INTERMEZZO 



Kinetic analogy 

INTERMEZZO 
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Gustav Kirchhoff, 1859 

pendulum Euler elastica 

Hamiltonian (wormlike chain model): Lagrangian action: 
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Kinetic analogy 

INTERMEZZO 
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Energy landscape 
Kulic & HS, Phys. Rev. Lett. 92 (2004) 228101 

BREATHING 
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Simplified landscape 

BREATHING 

 tilting term                            barrier term 

leading terms: 
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Force-induced strengthening 

BREATHING 

Leonardo da Vinci: 

"The greater the weight held by this 
lifting tong, the better and stronger it 
will be supported.” 

        Madrid Ms. I (BNM), fol. 22r  
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Single nucleosome under tension 
Mihardja, Spakowitz, Zhang & Bustamante, PNAS 103 (2006) 15871 

Sudhanshu et al.,  
PNAS 108 (2011) 1885 

BREATHING 



The first-second round difference  

BREATHING 

Two turn design combines accessibility and stability: 
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  ≈ 205 bp DNA diffusion constant: 

Nucleosome sliding 
Pennings et al., J. Mol. Biol. 191 (1991) 220 

SLIDING 



Possible mechanisms 

intact „sliding“ 

loop defect twist defect 

SLIDING 



Energetics 

SLIDING 

DNA wrapping: 

adsorption energy per length > bending energy per length 

„pure“ adsorption energy:               ? 
bending energy: 

net adsorption energy: 

Polach & Widom, 1995 
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intact „sliding“ 

loop defect twist defect 

✗ 

Possible mechanisms 

SLIDING 

with 



intact „sliding“ 

loop defect twist defect 

✗ 

? 

Possible mechanisms 

SLIDING 



Twist defect in crystal structure 

SLIDING 

1bp missing! 

core particle reconstituted from histones and 146 bp DNA has twist defect, 
but with 147 bp DNA it has not (Davey et al. J. Mol. Biol. 319 (2002) 1097) 



Loop vs. twist defect 

SLIDING 

0bp 1bp 2bp 1bp 0bp 10bp 20bp 10bp 

�L = 10bp �L = 1bp



Rigid bp model for nucleosomal DNA 
Fathizadeh, Besya, Ejtehadi & HS, EPJE 36 (2013) 21 

SLIDING 



Twist, Roll, Slide: The base pair ballet 

SLIDING 

of ‘‘DNA-like’’ molecules with simplified interactions re-
solved at the base or base-pair level. In order to represent the
stacking interactions between the neighboring bases !base
pairs", we use a variant #36$ of the Gay-Berne !GB" potential
#37$ used in the studies of discotic liquid crystals. The sugar-
phosphate backbones are reduced to semirigid springs con-
necting the edges of the disks/ellipsoids. Using Monte Carlo
!MC" simulations, we explore the local stacking and the glo-
bal helical properties as functions of the model parameters.
In particular, we measure the effective parameters needed to
describe our systems in terms of stack-of-plates !SOP" and
wormlike chain models, respectively. This allows us to con-
struct DNA models which properly represent the equilibrium
structure, fluctuations, and linear response. At the same time,
we preserve the possibility of local structural transitions,
e.g., in response to the external forces.
The paper is organized as follows. In Sec. II, we introduce

the base-pair parameters to discuss the helix geometry in
terms of these variables. Furthermore, we discuss how to
translate the base-pair parameters in macroscopic variables
such as bending and torsional rigidity. In Sec. III, we propose
a model and discuss the methods !MC simulation, energy
minimization" we use to explore its behavior. In Sec. IV, we
present the resulting equilibrium structures, the persistence
lengths as a function of the model parameters, and the be-
havior under stretching.

II. THEORETICAL BACKGROUND

A. Helix geometry

To resolve and interpret the x-ray-diffraction studies on
DNA oligomers, the relative position and orientation of suc-
cessive base pairs are analyzed in terms of rise !Ri", slide
!Sl", shift !Sh", twist !Tw", roll !Ro", and tilt !Ti" #38$ !see
Fig. 1". In order to illustrate the relation between these local
parameters and the overall shape of the resulting helix, we
discuss a simple geometrical model in which DNA is viewed
as a twisted ladder in which all bars lie in one plane. For
vanishing bending angles with Ro!Ti!0, each step is char-
acterized by four parameters: Ri, Sl, Sh, and Tw #18$. Within
the given geometry, a base pair can be characterized by its

position r and the angle of its main axis with the n/b axis (n
points to the direction of the large axis, b points to the di-
rection of the small axis, and t, representing the tangent vec-
tor of the resulting helix, is perpendicular to the n-b plane as
it is illustrated in Fig. 1". At each step the center points are
displaced by a distance !Sl2"Sh2 in the n-b plane. The
angle between the successive steps is equal to the twist
angle, and the center points are located on a helix with radius
r!!Sl2"Sh2/#2 sin(Tw/2)$ .
In the following, we study the consequences of imposing

a simple constraint on the bond lengths l1 and l2 representing
the two sugar-phosphate backbones !the rigid bonds connect
the right and left edges of the bars along the n axis, respec-
tively". Ri is the typical height of a step which we will try to
impose on the grounds that it represents the preferred stack-
ing distance of the neighboring base pairs. We choose Ri
!3.3 Å corresponding to the B-DNA value. One possibility
to fulfill the constraint l1!l2!l!6 Å is a pure twist. In this
case, a relationship between the twist angle, the width of the
base pairs d, the backbone length l, and the imposed rise is
obtained:

Tw!arccos! d2#2l2"2Ri2d2 " . !1"

Another possibility is to keep the rotational orientation of the
base pair (Tw!0), but to displace its center in the n-b plane,
in which case Ri2"Sl2"Sh2%l2. With Sh!0, it results in a
skewed ladder with skew angle arcsin(Sl/l)/& #18$.
The general case can be solved as well. In the first step, a

general condition is obtained which needs to be fulfilled by
any combination of Sh, Sl, and Tw independently of Ri. For
nonvanishing Tw, this yields a relation between Sh and Sl:

tan!Tw"!
Sh
Sl . !2"

Using Eq. !2", the general equation can finally be solved as:

Sl!
1
!2 #cos! Tw2 " 2!sec! Tw2 " 2!2l2#d2#Ri2"$ . !3"

Equation !3" is the result of the mechanical coupling of slide,
shift, and twist due to the backbones. Treating the rise again
as a constraint, the twist is reduced for increasing slide or
shift motion. The center-center distance c between the two
neighboring base pairs is given by

c!!Ri2"Sl2#1"tan!Tw"2$ . !4"

For Tw!0 and a given value of Ri, the center-center dis-
tance is equal to the backbone length l, and for Tw
!arccos#(d2#2l2"2Ri2)/d2$ one obtains c!Ri.

B. Thermal fluctuations

In this section, we discuss how to calculate the effective
coupling constants of a harmonic system, valid within the
linear response theory, describing the couplings of the base-

FIG. 1. Illustration of all six base-pair parameters and the cor-
responding coordinate system.

MERGELL, EJTEHADI, AND EVERAERS PHYSICAL REVIEW E 68, 021911 !2003"

021911-2
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T ·K · (� � �0)

Rigid base pair model: 

6x6 stiffness matrix (bp-step dependent) 

Mergell, Ejtehadi & Everaers, Phys. Rev. E 68 (2003) 021911 

crystal structures: 
Olson et al. (1998) 
all atom MD simulation: 
Lankas et al. (2003) 
mixed parametrization: 
Becker, Wolff, Everaers (2006) 



Twist defect energy landscape 
Fathizadeh, Besya, Ejtehadi & HS, EPJE 36 (2013) 21 

twist defect energy energy landscape 

SLIDING 

crossing probability 

diffusion constant 



Fathizadeh, Besya, Ejtehadi & HS, EPJE 36 (2013) 21 

Effective diffusion constant 

SLIDING 
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5S rDNA positioning sequence 
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second genetic code 
Segal et al., Nature 2006 



Flaus et al., EPJE 36 (2013) 21 

SIN mutations 

SLIDING 

effect of point mutation 
at SHL 0.5 

energy landscape 



PROOFREADING 

Chromatin remodeller 

Actively pushing or pulling nucleosomes along DNA: 

Becker(2002) 



ISWI 
chromatin 
remodeller  

SWI/SNF 

Antagonistic roles 

✗ 

✔ 

Lanzani & HS, EPL 97 (2012) 38002 

PROOFREADING 
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Chromatin kinetic proofreading 
Blossey & HS, HFSP J. 2 (2008) 167 

Narlikar, Curr. Op. Chem. Biol. 14 (2010) 1 
Blossey & HS, Biophys. J. 101 (2011) L30 

increases discrimination ratio by factor 50 

PROOFREADING 
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