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Outline 
➢ multiscale simulations: 

1.     Adaptive Resolution Scheme (AdResS) 

2.     coupling to supramolecular coarse-grained models 

3.     Open Boundary Molecular Dynamics (OBMD) 

➢ biomolecular applications: 

1. DNA molecule in salt solution 

2. columnar phases of DNA 

3. OBMD of a DNA molecule 



Multiscale modeling & simulation



Multiscale simulation 
➢ atomistic simulation 

• large length and time scales are difficult to capture 

➢ coarse-grain simulation 
• atomistic details are lost  

➢ multiscale simulation 
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Adaptive Resolution Scheme (AdResS) 

➢ force between particle α and β:  

     w(r)… position dependent weighting function 
➢ above force coupling scheme obeys Newton‘s third law 

         

Praprotnik, Delle Site, Kremer; Annu. Rev. Phys. Chem. (2008)

𝐹𝐴𝑑𝑅𝑒𝑠𝑆
𝛼 = ∑

𝛽≠𝛼

𝑤( 𝑅𝛼 − 𝑅 )𝑤( 𝑅𝛽 − 𝑅 )𝐹𝐴𝑇
𝛼𝛽 + ∑

𝛽≠𝛼
[1 − 𝑤( 𝑅𝛼 − 𝑅 )𝑤( 𝑅𝛽 − 𝑅 )]𝐹𝐶𝐺

𝛼𝛽 − 𝐹 𝑇𝐷
𝛼 ( 𝑅𝛼 − 𝑅 )

         coarse-grained (CG)              hybrid (HY)             atomistic (AT) region



Multiscale 1M NaCl salt solution
➢ atomistic force field:  

TIP3P + Amber 03  

➢ coarse-grained force field:  
derived with Boltzmann inversion 

  

Bevc, Junghans, Kremer, Praprotnik; New. J. Phys. (2013) 
Zavadlav, Podgornik, Praprotnik; JCTC (2015)



Multiscale 1M NaCl salt solution
➢ derived CG potential 

  

Zavadlav, Podgornik, Praprotnik; JCTC (2015)



Multiscale 1M NaCl salt solution

➢ density profile 
➢ thermodynamic (TD) force  
on CG beads in HY region  
➢ calculated iteratively 

 

 

Zavadlav, Podgornik, Praprotnik; JCTC (2015)



Atomistic DNA in multiscale salt solution

  

Zavadlav, Podgornik, Praprotnik; J. Chem. Theory Comput. (2015)



➢ dielectric constant of DNA molecule 

DNA molecule in multiscale salt solution

  

Group ε (1.5 nm) ε (1.8 nm) ε (2.1 nm) ε (2.4 nm) ε (∞)

Phosphate 18.3 21.1 17.3 15.7 17.0
Sugar 2.7 2.8 2.7 2.4 2.6

Base 2.1 2.1 2.0 2.0 2.1

DNA 5.6 5.9 5.4 4.5 5.0

Zavadlav, Podgornik, Praprotnik; JCTC (2015)



➢ dielectric constant of water 

DNA molecule in multiscale salt solution

  

Zavadlav, Podgornik, Praprotnik; JCTC (2015)



Columnar phases of DNA arrays

Lyubartsev, Nordenskiöld, J. Phys. Chem. (1995), Yoo, Aksimentiev, J. Phys. Chem. Lett. (2011)

Durand, Doucet, Livolant, J. 
Phys. II France (1992)



Columnar phases of DNA arrays
➢ system of 16 DNA  
molecules 
➢ hexagonal/orthorhombic 
➢ Na+/Spd3+ 

Zavadlav, Podgornik, Praprotnik; Sci. Rep. (2017)

Durand, Doucet, Livolant, J. 
Phys. II France (1992)



Columnar phases of DNA arrays

Zavadlav, Podgornik, Praprotnik; Sci. Rep. (2017)

➢ osmotic pressure vs. DNA density



Columnar phases of DNA arrays

Zavadlav, Podgornik, Praprotnik; Sci. Rep. (2017)

➢ positional and orientational correlations



Columnar phases of DNA arrays

Zavadlav, Podgornik, Praprotnik; Sci. Rep. (2017)

➢ order parameters



DNA molecule in  
bundled-SPC/MARTINI salt solution

Zavadlav, Podgornik, Melo, Marrink, Praprotnik; EPJST (2016)



Free SPC/MARTINI water and DPD
➢ Algorithm SWINGER: 

• concurrently assembles, disassembles and reassembles water clusters  

➢ DPD: 
• supramolecular coupling of atomistic water with DPD  

  

 

Zavadlav, Marrink, Praprotnik; J. Chem. Theory Comput. (2016) 
Zavadlav, Praprotnik; J. Chem. Phys. (2017)



SWINGER algorithm
  

 

Zavadlav,  Marrink, Praprotnik; JCTC (2018)



Free SPC/MARTINI water 

Zavadlav, Marrink, Praprotnik; J. Chem. Theory Comput. (2016)



Free SPC/MARTINI water 
➢ SWINGER algorithm  

 

Zavadlav, Marrink, Praprotnik; J. Chem. Theory Comput. (2016)



MD/DPD water 

Zavadlav, Praprotnik; J. Chem. Phys. (2017)

MD:             DPD:



MD/DPD water 

Zavadlav, Praprotnik; J. Chem. Phys. (2017)

➢ conservation of linear momentum 
  

 



Coupling to CFD

  

 

Delgado-Buscalioni, Sablić, Praprotnik; Eur. Phys. J. Special Topics (2015) 
Walther et al.; J. Comput. Phys. (2012) 



Open Boundary Molecular Dynamics

  

Delgado-Buscalioni, Sablić, Praprotnik; Eur. Phys. J. Special Topics (2015) 
Sablić, Praprotnik, Delgado-Buscalioni; Soft Matter (2016) 
Delle Site, Praprotnik; Phys. Rep. (2017)



Thermodynamic systems

➢ isolated systems: 

1.     no exchange of matter and energy with the surroundings 

➢ closed systems: 

1. exchange of energy, no exchange of matter 

2. constant number of particles 

➢ open systems: 

1. exchange of matter and energy 

2. number of particles fluctuates 



Open Boundary Molecular Dynamics 
➢ system exchanges mass, momentum, and energy with its 

surroundings 

1. Insertion of molecules:  

2. Multiscale buffers -> facilitates insertion 

➢ external boundary condition 

1.  Linear momentum conservation 

2.  Additional force in buffers: 

➢ DPD thermostat:                                                             

➢ total force on each particle:  

𝐹𝑒𝑥𝑡 = 𝐽 ⋅ 𝑛𝐵𝐴 +
𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛

𝛥𝑡
+ ∑

𝛼

𝐹 𝑇𝐷
𝛼

𝛥𝑁𝐵 =
𝛥𝑡
𝜏𝑟

(𝛼⟨𝑁𝐵⟩ − 𝑁𝐵)

𝐹 𝑡h𝑒𝑟𝑚𝑜
𝛼 = ∑

𝑖∈𝛼,𝑗∈𝛽,𝛼≠𝛽

𝜎𝜔𝑅(𝑟𝑖𝑗)𝜁𝑖𝑗�̂�𝑖𝑗 − 𝛾𝜔𝐷(𝑟𝑖𝑗)(�̂�𝑖𝑗 ⋅ 𝑣𝑖𝑗)�̂�𝑖𝑗

𝜔𝐷(𝑟𝑖𝑗) = [𝜔𝑅(𝑟𝑖𝑗)]
2𝜎2 = 2𝑘𝐵𝑇𝛾

𝐹𝛼 = 𝐹𝐴𝑑𝑅𝑒𝑠𝑆
𝛼 + 𝐹𝑒𝑥𝑡

𝛼 + 𝐹 𝑡h𝑒𝑟𝑚𝑜
𝛼



Open Boundary Molecular Dynamics

  

Zavadlav, Sablić, Podgornik, Praprotnik; Biophys. J. (2018)



Open Boundary Molecular Dynamics

  

Zavadlav, Sablić, Podgornik, Praprotnik; Biophys. J. (2018)



Open Boundary Molecular Dynamics

  

Zavadlav, Sablić, Podgornik, Praprotnik; Biophys. J. (2018)



Conclusions

➢ OBMD: 
● Allows for simulation of open systems that can exchange mass, energy, and 

linear momentum with the environment. 
● Enables us to perform efficient molecular dynamics simulations of molecular 

liquids in the grand-canonical ensemble or under non-equilibrium flows. 
● In the explicit domain, the water molecules and ions are both overtly present 

in the system, whereas in the implicit water domain, only the ions are 
explicitly present and the water is described as a continuous dielectric 
medium. 

● Water molecules are inserted and deleted into/from the system in the 
intermediate buffer domain that acts as a water reservoir to the explicit 
domain, with both water molecules and ions free to enter or leave the explicit 
domain. 

● Our approach is general and allows for efficient molecular simulations of 
biomolecules solvated in bathing salt solutions at any ionic strength condition. 
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