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outlines 

• Introducing DNA 
• Why DNA elasticity is important? 
• Coarse grained models of DNA. 
• DNA in base-pair level  
• From atomistic to BP 
• From macroscopic (continuum) to BP 
• Examples 

 



Deoxyribonucleic Acid (DNA) 



If it is free, behaves like an elastic 
rod with a persistence length of 
about 50 nm (150 bp). 

But it cannot be found  free 
easily. 



The basic problem is then how we can integrate the 
fast modes and to ignore irrelevant degrees of 

freedom.  
This process is known as coarse-graining. 

In any problem the same system can be 
described at different levels of detail, each 

characterized by its characteristic scale. 













Basically one has to do a standard quantum  
mechanical calculation, 
But it is practically impossible. 
A feasible approach is coarse-grained models. 
As coarse graining reduced the degrees of 
freedom of problem, it is only able to look at 
some aspects of problem. 
 

Coarse-Grained Models 



Coarse-Grained  Models 

Water Dimer (TIP3P) 

• Many interesting physical phenomena, such as novel phase transitions of complex 
materials, emerge from coarse-grained interactions 

 
– Water dimer model predicts phase transitions and thermodynamical quantities with 

high accuracy 
 

– Force fields describes proteins and nucleic acids with high accuracy 
 

– Coarse-grained models for liquid crystal 
mesogens (Hard rods, Hard plates, 
Gay-Berne, …) have been successfully 
employed to study LC phase transitions 
 

 

 



What is important in a coarse-grained model? 
• The length and time scale of the problem 
• The interesting details  
• the capacity and the power of study tools 

Coarse-Grained  Models 



You are already familiar with the concept: 

Quantum MD Classical MD 

Coarse-Grained  Models 



Benefits of coarse graining 

Reducing CPU per time step 



Benefits of coarse graining 

kT

m
L~Δtmax kT

m
L~Δt c

cmax

Larger physical 
time steps 



Simple coarse graining model of polymers: Bead spring 

Bead-spring Angle & dihedral interactions to 
add bending and twisting stiffness. 

Self avoiding 

r 



Spherical beads are not good always 



Perylene 

– Certain molecules (or parts of molecules) are effectively rigid 
in a wide range of temperatures 

 

– Rigid-Body Approximation 

• Reduced phase space 

 

– Coarse-graining 

• Effective theory 

• Simpler interactions 

Coarse-Grained   rigid-body  Models 



1536 atomistic interaction sites A single interaction site 

Rigid-Body Approximation 



Gay-Berne Gaussian Overlap Potential (Gay, Berne 1981) 

• A coarse-grained interaction potential for rigid, rod-like 
and non-polar molecules 
 

– Interaction between two Gaussian clouds of particles 
1û

2û

12r



Gay-Berne Gaussian Overlap Potential (Gay, Berne 1981) 

• Predicts I, N, SmA, SmB and CrB phases 

• Has been widely studied 

• Is easy to evaluate 

 

 

Isotropic Nematic 

Smectic A Smectic B 



Gay-Berne Gaussian Overlap Potential (Gay, Berne 1981) 

• Shortcomings and criticisms: 
 

– The adjustable parameters have unclear physical origin 

– The interaction is anisotropic in all orders 

 

• Alternative formalisms 
 

– Elliptic Contact Potential (Addresses the second issue) 

• Evaluation is time-consuming 
 

– RE-squared Potential (Addresses both issues)  

• Time consumption is comparable to that of Gay-Berne 

 

 



RE-squared potential (Everaers and Ejtehadi, 2003) 

• Based on a systematic approximation of the Hamaker integral 

– The parameters have clear interpretation 

– The interaction is isotropic at large distances 

– Fits better to the atomistic data in comparison to GB 

– Is applicable to biaxial particles and heterogeneous interactions 

What is Hamaker theory? 

1M

2M



RE-squared potential (Everaers and Ejtehadi, 2003) 

• Repulsive part: 

 

 

 

 

 

 

• Attractive part: 

1M

2M

1M

2M



The RE-squared interaction potential is implemented in LAMMPS 
And EMD which is a software that is developed in our group. 



Exact Ellipsoid-Substrate (EES) Potential 
(Babadi and Ejtehadi, 2007) 

• Exact evaluation of Hamaker integral for the interactions of ellipsoidal particles and 
flat substrates 

– Adjustable particle density inside the ellipsoid 

– The formalism is applicable to other pair-wise interactions (EM, gravitational, …) 

 



Simulations 



Stretching experiments 

Mark C. Williams et al, Proc. Natl. Acad. Sci. USA, Vol. 98, Issue 11, 6121-6126, May 22, 2001 



Stretching experiments 

Mergell, Ejtehadi, Everaers, Phys. Rev. E, (2003)  



Examples of CG models: 

       Tepper et al.,  

J. Chem. Phys. (2005)  

phosphate 

sugar 

Base pair 

        Knotts et al., 
 J. Chem. Pys. (2007) 

Sugar & phosphate beads 

Base beads 

    Mergell et al.,  

Phys. Rev. E, (2003)  

Backbone Base pair 

Some other Coarse-Grained models of DNA 



Simulation of DNA denaturation 

Results for a dCdG decamer: 

Long axis view Top view 

K. Drukker, G. Wu, G. C. Schatz, J. Chem. Phys., vol(114),579-590, 2001. 



Rigid base-pair models 

Becker & Everaers (2007) 

- Every base-pair is considered as a rigid 
object 

- Base-pairs only interact with their nearest 
neighbor 

- The interaction is harmonic and sequence 
dependent 



DNA Molecule at Base Pair Level 

Bases are contacted with flexible hydrogen bonds. So base pairs are not 
exactly coplanar. There are other degrees of freedom which usually are 
neglected in models. 

Dickerson, Nucleic acids research (1989) 



DNA Molecule at Base Pair Level 

Base pairs conformation: 

Dickerson, Nucleic acids research (1989) 

Translation: 

Rotation: 

-Several properties of DNA (especially mechanical properties) can be explained 
  just by considering base pairs stacking conformation and energies. 



Rigid base-pair chain 

- Harmonic energy functions: 

6 6

0

1 1

1

2
ij i j

i= i=

E E f Δθ Δθ  

Olson et al., PNAS (1998) 0( )i i i
Δθ = θ θ

fij ‘s are elastic constants. 

Interaction potential between base pairs: 

   

- Matrix form: 
1

2

T

0E E Θ FΘ 

Where Θ is a vector which its elements are relative deformations  Δθ i



Inverse Boltzmann 

- The stiffness matrix F is inversely proportional to covariance matrix of  

   relative deformations: 

1][  ijBTk FC

 ji C

           Finding 

 covariance matrix  

                 Finding  

equilibrium conformation 

           Finding 

    stiffness matrix  

          Potential 

           Energy  



Coupling terms 

Olson et. al, PNAS (1998) 



Rigid base-pair parameters are sequence dependent 

   

10 different set of parameters are required for considering sequence effect 

Rotating by  
180 degrees 



Parameterization methods 

Sequence dependency of equilibrium conformation: 

 

Olson et. al, PNAS (1998) 



Extracting coarse grain parameters from all-atom MD 

Simulation of 25 base-pairs of  poly(AT) DNA sequence, Mazur (2007)  

AT 



Nucleosomes  



Structure of Nucleosome 

and its binding sites are 

well understood with  

High resolution (1.9 

Angstrom) X-ray 

scattering. 

Davey( JMB, 2002) 

 

 

3D structure of one binding 

site with 4 phosphate 

groups involved 

 

Widom et al (JMB, 2006) 

tried many synthetic 

sequences and found a 

sequence called 601 to have 

highest affinity for 

nucleosome structure 



The position of a nucleosome is 
not fixed along DNA and given 

 enough time it moves along the 
DNA. 

 

Twist defect mechanism: 

 

 

Schiessel,  EPJE (2006) 



Simulations:  
 
A model is created based on the 
experimental B-factor. 

The model is coarse gained and 
sequence dependent. 

 



5S rDNA sequence 

601 sequence 

Telomeric sequences 

Effect of 
sequence on 
DNA 
positioning 



Effect of SIN mutations 

Because of this mutations, binding 
sites at middle part of the structure 

 become weaker 

 

Flaus et. Al, EMBO journal (2004) 

Fathizadeh, Arman, A. Besya, H. Schiessel, and MRE,  

EPJE 2013 



DNA Packaging  



Casjens, S. R. Nature Reviews Microbiology. 2011 

 



Different structures are 
proposed for equilibrium 

 

  

Petrov, (Journal of 

structural biology, 2007) 

 



DNA is injected 
inside the capsid by 
applying a force 

 



DNA packaging by 
radial contraction 



Distribution of base-pairs in the sphere 



Tennis ball: 

 
Fathizadeh, M. Heydari, MRE,  

JCP 2013 

 



Nematic order parameter analysis 

- The surface of sphere is divided to triangular regions 

- In each triangle the averaged director is calculated from  

nematic order parameter tensor. 

- The largest eigenvalue of the order tensors plotted as 

 a color scheme and shows the scalar order parameter. 



Radial contraction results  

16 nm 

20 nm 20 nm 

16 nm 

8 out of 10 2 out of 10 

10 out of 10! 



Injection results 

16 nm 

20 nm 20 nm 

16 nm 

8 out of 10 2 out of 10 

7 out of 10 3 out of 10 



Over twisted DNA loops  



Over twisting a 
chain results to 
supercoiling. 

 

In this way the 
cahin reduce its 
deformation 
energy by replacing 
its twist  (cost 
energy) by writhe 
(cost entropy)  



Higher level coarse graining: 1 bead = 6 bp 

Comparison of the local step parameters for coarse graining at base-pair level (green) 
and 6 base-pair level  



Over twisted DNA loops 

1
Tw

Tw



 

Li et al., Chemical comm. (2011) 

http://chemistry.umeche.maine.
edu/CHY431/Nucleic5.html 
 



Dynamics of over 
twisted DNA loops 



Phase space 

Number of beads (each bead=6 bp) 



Extracting geometrical parameters: 

Distribution of diameter of supercoil 



Distribution of local step parameters: all are uniform except for ROLL. 



Dynamics of the supercoils: 
Disappearance of the small coils 

Diffusion of the supercoils 



Second lecture 


