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Computer modeling from 1 st principles to mesoscale
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The problem:    Larger scale   ÛÛÛÛ more approximations



Coarse-Graining: hierarchical approach

We need to:

1) Keep only “important” degrees of freedom and remove “unimportant”

2) For “important” degrees of freedom we need interaction potential 
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Formal solution:
N-body mean force potential
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Hamiltonian (potential energy) of the original (FG)  system:    

H(R1,R2,...RN, r1,r2,...,rn)

important unimportant

Partition function:

where 

is the effective N-body coarse-grained potential = potential of mean force = 
free energy of the non-important degrees of freedom 
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Problem with HCG(R1,...RN) :   simulation with N-body potential is 
unrealistic.   We need pair potentials!

Criteria for approximation:

a) best fit for the energy
b) best fit for the force (force matching)
c) RDF (can be fit exactly)
d) other properties, with any combination of above + variational principle

HCG(R1,...RN) : provides the same structural properties for the 
important (CG) degrees of freedom R1,...RN as the FG system, as well 
as thermodynamic properties
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Uniqueness theorem (Henderson 1974): 
Solution of inverse problem in terms of pair potentials is unique

g(r) � V(r) + const point-to point correspondence

How to solve:    Inverse Monte Carlo   (Newton inversion)  
A.P.Lyubartsev, A.Laaksonen, Phys.Rev.E, 52,3730 (1995)�

Similar to solution of multidimensional nonlinear equation by the Newton-Raphson method
(   Sa ~ r2g(ra) )

Inverse Monte Carlo
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Applications:

1. Atom-atom pair potentials from ab-initio (CPMD) simulations:
a) ab-initio derived water model
b) ion-water interactions (Li+ - H2O)

2. Ion-ion and ion-DNA solvent -mediated potentials

3. Coarse-grained lipid model

4. Effective potentials between charged colloids



Coarse-grained lipid model
(DMPC)

All-atom model
118 atoms

Coarse-grained model
10 sites 

We need interaction potential for the coarse-grained model !

Use IMC and RDFs from atomistic MD.



All-atomic molecular dynamics

All-atomic MD simulation was carried out:

16 lipid molecules (DMPC) dissolved in 1600 waters (6688 atoms)�
Box  size: 40x40x40 Å

Initial state - randomly dissolved
RDFs calculated during 30 ns after 5 ns equilibration 

Force field: modified (2008) CHARMM 27, water - flexible SPC



MD snapshot

16 DMPC lipids
1600 H2O

Extract RDFs between 
CG sites:

4 different sites = 
10 RDFs and 10 nonbonded 
pair potentials +
5 bonded potentials



Effective potentials:

Bond potentials
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Test for bilayer: comparison with atomistic MD

Coarse-grained MC All-atom MD 

Z

Periodic box

Density distribution



Vesicle formation
Start from a square plain piece of membrane, 325x325 Å, 3592 lipids: 

cut plane



Lipid Self-assembly

1. “Small” system:   400 DMPC lipids in box 200 Å
Start from random initial configuration

Formation of bicells:

Animation at 
http://www.fos.su.se/~sasha/lipids



Larger systems (1000 or more lipids) can form vesicles:

spherical vesicle
(cut in the middle)
formed by self-assembly
of 1000 DMPC lipids

Sometimes: “double bicell”
d-spacing
60-65Å



Formation of multilammelar
vesicles

Start from random
configuration, 
5000 lipids in 300Å

60-62ÅAfter 50 nsAfter 100 nsAfter 200 nsAfter 300 ns 

Phase separation on 
multilammelar phase with 
d-spacing ~ 60Å
(20 Å water layer between 
lipids = 30 H2O per lipid)
and bulk phase
(here nothing) 



Conclusions

•The multiscale approach based on the inversion of radial distribution 
functions provides a straightforward way to build effective potentials
to link different levels of modeling from ab-initio to mesoscale

•Implicit Solvent Coarse Grained models works well for description of 
lipid self-organisation


