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Outline 

 multscale simulatons:

1.     Adaptie Resoluton Scheme (AdResS)촁

2.     coupling to supramolecular coarse-grained models

3.     Open Boundary Molecular Dynamics (OBMD)촁

 biomolecular applicatons:

1. DNA molecule in salt soluton

2. columnar phases of DNA

3. OBMD of a DNA molecule



Multscale modeling & simulaton



Multscale simulaton 

 atomistc simulaton
• large length and tme scales are difcult to capture

 coarse-grain simulaton
• atomistc details are lost

 multscale simulaton

tme

le
n

gt
h



Adaptve Resoluton Scheme (AdResS) 

 force between partcle α and β: 

     w(r)촁… positon dependent weightng functon

 aboie force coupling scheme obeys Newton‘s third law

         coarse-grained (CG)촁    hybrid (HY)촁   atomistc (AT)촁 region

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

Fα
AdResS=∑

β≠α

w (|Rα−R|)w (|Rβ−R|)Fαβ
AT+∑

β≠α

[1−w (|Rα−R|)w (|Rβ−R|)]Fαβ
CG−Fα

TD (|Rα−R|)



Multscale 1M NaCsl salt soluton

 atomistc force feld: 
TIP3P + Amber 03 

 coarse-grained force feld: 
deriied with Boltzmann iniersion

 

Beic, Junghans, Kremer, Praprotnik; New. J. Phys. (2013)촁
Zaiadlai, Podgornik, Praprotnik; JCTC (2015)촁



Multscale 1M NaCsl salt soluton

 deriied CG potental

Zaiadlai, Podgornik, Praprotnik; JCTC (2015)촁



Multscale 1M NaCsl salt soluton

 density profle
 thermodynamic (TD)촁 force 

on CG beads in HY region 
 calculated iteratiely

 

 

Zaiadlai, Podgornik, Praprotnik; JCTC (2015)촁



Atomistc DNA in multscale salt soluton

 

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



 structural propertes of DNA molecule

   root-mean-square deiiaton root-mean-square fuctuatons

DNA molecule in multscale salt soluton

 

Zaiadlai, Podgornik, Praprotnik; JCTC (2015)촁



 structural propertes of the surrounding solient

DNA molecule in multscale salt soluton

 

Zaiadlai, Podgornik, Praprotnik; JCTC (2015)촁



 dielectric constant of DNA molecule

DNA molecule in multscale salt soluton

 

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

Zaiadlai, Podgornik, Praprotnik; JCTC (2015)촁



 dielectric constant of water

DNA molecule in multscale salt soluton

 

Zaiadlai, Podgornik, Praprotnik; JCTC (2015)촁



Csolumnar phases of DNA arrays

Lyubartsei, Nordenskiöld, J. Phys. Chem. (1995)촁, Yoo, Aksimentei, J. Phys. Chem. Let.  2011)

Durand, Doucet, Liiolant, J. 
Phys. II France (1992)촁



Csolumnar phases of DNA arrays

 system of 16 DNA 

molecules
 hexagonal/orthorhombic
 Na+/Spd3+ 

Zaiadlai, Podgornik, Praprotnik; Sci. Rep. (2017)촁

Durand, Doucet, Liiolant, J. 
Phys. II France (1992)촁



Csolumnar phases of DNA arrays

Zaiadlai, Podgornik, Praprotnik; Sci. Rep. (2017)촁

 osmotc pressure is. DNA density



Csolumnar phases of DNA arrays

Zaiadlai, Podgornik, Praprotnik; Sci. Rep. (2017)촁

 positonal and orientatonal correlatons



Csolumnar phases of DNA arrays

Zaiadlai, Podgornik, Praprotnik; Sci. Rep. (2017)촁

 order parameters



 multple AT molecules mapped to 1 CG bead

 motiaton :
• greater computatonal speed-up

• with 4-to-1 mapping the MARTINI force feld can be used

 bundled-SPC water model 
• half harmonic bonds between oxygen atoms

• diferent force constants ->  model 1 and 2

 

 

Marrink, Risselada, Yefmoi, Tieleman, de Vries; Phys. Chem. B (2007)촁
Fuhrmans, Sanders, Marrink,  de Vries; Theor. Chem. Acc. (2010)촁

Next step: supramolecular mapping



DNA molecule in 
bundled-SPCs/MARTINI salt soluton

Zaiadlai, Podgornik, Melo, Marrink, Praprotnik; EPJST (2016)촁



DNA molecule in 
bundled-SPCs/MARTINI salt soluton

Zaiadlai, Podgornik, Melo, Marrink, Praprotnik; EPJST (2016)촁



Bundled-SPCs water

 pros:
• enables multscale simulatons with mult-molecule mapping

• interactons with non-water molecules mostly unaltered

• can reproduce the free energy of hydraton of small molecules, the PMFs 
between pairs of amino acid side chains

 cons:
• bundling afects the self-interactons of the water molecules ->  altered water 

structure & dynamics

• slow-down in the kinetcs by factor of ca. 2

• for sensitie systems bundling can cause seiere structural distortons, loss of 
natie contacts, protein unfolding…

 

 Fuhrmans, Sanders, Marrink,  de Vries; Theor. Chem. Acc. (2010)촁
Gopal, Kuhn, Schäfer; PCCP (2015)촁



SWINGER algorithm

 

 

Zaiadlai,  Marrink, Praprotnik; JCTC (2018)촁



Free SPCs/MARTINI water and DPD

 Algorithm SWINGER:
• concurrently assembles, dissambles and reassembles water clusters 

 DPD:
• supramolecular coupling of atomistc water with DPD 

 

 

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



Free SPCs/MARTINI water 

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



Free SPCs/MARTINI water 

 SWINGER algorithm 

 

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



Free SPCs/MARTINI water 

 tetrahedral order
 

 

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



MD/DPD water 

Zaiadlai, Praprotnik; J. Chem. Phys.  2017)

MD:           DPD:



MD/DPD water 

Zaiadlai, Praprotnik; J. Chem. Phys.  2017)

 conseriaton of linear momentum
 

 



Open Boundary Molecular Dynamics

 

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



Open Boundary Molecular Dynamics 

 system exchanges mass, momentum, and energy with its 

surroundings

1. Inserton of molecules: 

2. Multscale bufers ->  facilitates inserton

 external boundary conditon

1.   Linear momentum conseriaton

2.   Additonal force in bufers:

 DPD thermostat:                                                            

 total force on each partcle:  

Fext=J⋅nB A+
Pout−P in

Δ t
+∑

α
Fα
TD

Δ N B=
Δ t
τr

(α ⟨N B ⟩−NB)

Fα
thermo= ∑

i∈α , j∈β ,α≠β

σωR(rij )ζij r̂ij−γωD(r ij)(r̂ ij⋅v ij ) r̂ij
ωD(r ij)=[ωR (r ij)]

2

σ2=2k BT γ

Fα=Fα
AdResS+Fα

ext+Fα
thermo



Open Boundary Molecular Dynamics

 

Zaiadlai, Sablić, Podgornik, Praprotnik; Biophys. J. (2018)촁



Open Boundary Molecular Dynamics

 

Zaiadlai, Sablić, Podgornik, Praprotnik; Biophys. J. (2018)촁



Open Boundary Molecular Dynamics

 

Zaiadlai, Sablić, Podgornik, Praprotnik; Biophys. J. (2018)촁



Csonclusions

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

linear momentum with the eniironment.
● Enables us to perform efecient molecular dynamics simulatons of molecular 

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

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

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

● Our approach is general and allows for efcient molecular simulatons of 
biomolecules soliated in bathing salt solutons at any ionic strength conditon.
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