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Definition of a model for a computer simulation

MOLECULAR

MODEL

Degrees of freedom: 

what are the elementary 

entities or “particles” 

Interactions or 

forces between 

“particles”

Boundary conditions

or interface to the 

outside world

Methods to generate 

configurations along

degrees of freedom

e.g. 
temperature

pressure
walls

external forces

For any system four choices have to be made

Interaction =
physico-chemical-

biological
knowledge

e.g. equations of motion
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Protein: Bovine Pancreatic Trypsin Inhibitor 
(BPTI) in vacuo:  58 particles (residues) 

(1976)

A rather simple, coarse-grained representation of a protein



W.F.van Gunsteren/Santiago de Chile 291117/5

Protein: HIV-protease plus inhibitor in water:
21000 atoms (1995)

Liu et al. J. Mol. Biol. 261 (1996) 454-469
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Level of resolution I II III IV V

Particles
Sub-nuclear 
particles:
nucleons + electrons

Sub-atomic 
particles:
nuclei + electrons 

Atomic 
particles

Supra-atomic 
particles

Supra-molecular 
particles

Mass of particle (amu) 10-3 - 1 10-3 - 102 1 – 102 10 – 102 10 – 102

Size of particle (nm) 10-6 10-6 – 10-5 0.03 – 0.3 0.5 – 1.0 0.5 – 1.0 

Interactions
Strong, Coulomb,
Pauli principle

Coulomb,
Pauli principle

bonded terms, Coulomb,
repulsive, van der Waals

Coulomb, repulsive, 
van der Waals

Scaling effort

Reduction number of 
degrees of freedom 
from previous level

10 – 100 10 – 100 2 – 5 2 – 10

Reduction
computational effort 
from previous level

≥ 103 ≥ 103 2 – 25 2 – 100

Different levels of resolution in modelling

Riniker et al. Phys. Chem. Chem. Phys. 14 (2012) 12423-12430
Meier et al., Angew. Chem. Intl. Ed.  52 (2013) 2-17

Quantum (statistical) mechanics Classical (statistical) mechanics

Coarse-graining from a finer-grained level to a coarser-grained level of resolution
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Level of resolution I II III IV V

Particles
Sub-nuclear 
particles:
nucleons + electrons

Sub-atomic 
particles:
nuclei + electrons 

Atomic 
particles

Supra-atomic 
particles

Supra-molecular 
particles

Mass of particle (amu) 10-3 - 1 10-3 - 102 1 – 102 10 – 102 10 – 102

Size of particle (nm) 10-6 10-6 – 10-5 0.03 – 0.3 0.5 – 1.0 0.5 – 1.0 

Interactions
Strong, Coulomb,
Pauli principle

Coulomb,
Pauli principle

bonded terms, Coulomb,
repulsive, van der Waals

Coulomb, repulsive, 
van der Waals

Scaling effort

Reduction number of 
degrees of freedom 
from previous level

10 – 100 10 – 100 2 – 5 2 – 10

Reduction
computational effort 
from previous level

≥ 103 ≥ 103 2 – 25 2 – 100

Different levels of resolution in modelling

Riniker et al. Phys. Chem. Chem. Phys. 14 (2012) 12423-12430
Meier et al., Angew. Chem. Intl. Ed.  52 (2013) 2-17

Quantum (statistical) mechanics Classical (statistical) mechanics

Coarse-graining from a finer-grained level to a coarser-grained level of resolution
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Quantum statistical mechanics (QM) Classical statistical mechanics (CM)

• Born-Oppenheimer approximation:
nuclei and electrons decoupled

• Bose-Einstein or 
Fermi-Dirac statistics (Pauli principle)

• Boltzmann statistics

Main differences between quantum and classical mechanics

as applied to molecular systems

Meier et al., Angew. Chem. Intl. Ed. 52 (2013) 2-17
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repulsive, van der Waals
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Quantum (statistical) mechanics Classical (statistical) mechanics

Coarse-graining from a finer-grained level to a coarser-grained level of resolution
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Modelling involves, at any level of resolution, 
coarse-graining:

• Combine selected sets of  particles into larger 

particles

Elimination of non-essential degrees of freedom and interactions

from a more fine-grained level of modelling
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Fine-grained versus coarse-grained models

Atomic (fine-grained) level Supra-atomic (coarse-grained) level

Loss of accuracy ?
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Why do coarse-graining?

• Fewer interaction sites → lower computational cost

• Smoother energy surface → longer time step

• But watch out:
• only appropriate when details are unimportant

• loss of  entropy

• modelling “style” depends on purpose:
• which properties are (inevitably) lost and

• which properties are to be kept

simulate larger systems for longer timescales

Riniker et al., Phys. Chem. Chem. Phys. 14 (2012) 12423-12430
Riniker & van Gunsteren, J. Chem. Phys. 134 (2011) 084110
Allison et al., J. Chem. Phys. 136 (2012) 054505
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Principles of coarse-graining I

When can particular degrees of freedom be eliminated ?

1. Eliminated degrees of freedom must be non-essential for the 

process or property of interest
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Principles of coarse-graining I

When can particular degrees of freedom be eliminated ?

1. Eliminated degrees of freedom must be non-essential for the 

process or property of interest

2. Eliminated degrees of freedom must be large in number:

computational gain must off-set loss of accuracy
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Principles of coarse-graining I
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4. Interaction governing the remaining degrees of freedom should be 
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Principles of coarse-graining I

When can particular degrees of freedom be eliminated ?

1. Eliminated degrees of freedom must be non-essential for the 

process or property of interest

2. Eliminated degrees of freedom must be large in number:

computational gain must off-set loss of accuracy

3. Interaction governing eliminated degrees of freedom should be 

largely decoupled from those governing the other degrees of 

freedom: decoupled motions

4. Interaction governing the remaining degrees of freedom should be 

simply representable

Examples:   conditions satisfied conditions not satisfied

- CH, CH2, CH3 united atoms - supra-atomic proteins

- bond-length constraints - implicit solvent model



The hydrophobic effect

What keeps proteins folded? 
Why does oil separate from water?
Why do people who do not know anyone at parties, end up together ?

Particles (blue ones) are driven together by favourable interactions
within the environment (yellow ones)

This interaction driving the blue particles together 
cannot be coarse-grained

Alan E Mark Sino-Swiss Practical Course in Biomolecular Modelling May 2010, Hefie China.

slide 19
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Modelling or simulating the hydrophobic effect

It is NOT true that hydrophobic particles do not like water,
rather the interaction of water with water is stronger.
Ions with unlike charges like water more than themselves.

Implicit solvent: 
- no aggregation of “hydrophobic” solutes
- too strong electrostatic interaction:

aggregation of unlike charges
- no entropy of solvent

Explicit solvent: 
- aggregation of “hydrophobic” solutes
- damped electrostatic interaction:

solvation of charges
- entropy of solvent

Implicit solvation models are missing the fundamental biomolecular 
interactions, which are automatically included in explicit solvent 

simulations

+ +

-

-
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Principles of coarse-graining II

What properties or processes should be maintained (important) ?

1.Molecular structure of the solute (e.g. protein) and structure of the 

solvent
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Principles of coarse-graining II

What properties or processes should be maintained (important) ?

1.Molecular structure of the solute (e.g. protein) and structure of the 

solvent

2.Thermodynamic properties that carry volume and energetic 

information: density, heat of vaporisation, excess free energy, surface 

tension. Thermodynamic properties that characterise a response to a 

change in state point are of less importance
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Principles of coarse-graining II

What properties or processes should be maintained (important) ?

1.Molecular structure of the solute (e.g. protein) and structure of the 

solvent

2.Thermodynamic properties that carry volume and energetic 

information: density, heat of vaporisation, excess free energy, surface 

tension. Thermodynamic properties that characterise a response to a 

change in state point are of less importance

3.Dielectric properties: static permittivity ε(0) governs the screening 

of Coulomb interactions
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Principles of coarse-graining II

What properties or processes should be maintained (important) ?

1.Molecular structure of the solute (e.g. protein) and structure of the 

solvent

2.Thermodynamic properties that carry volume and energetic 

information: density, heat of vaporisation, excess free energy, surface 

tension. Thermodynamic properties that characterise a response to a 

change in state point are of less importance

3.Dielectric properties: static permittivity ε(0) governs the screening 

of Coulomb interactions

4.Dynamic properties: diffusion, viscosity, relaxation times, are less 

important because most biomolecular processes are  

thermodynamically driven
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Level of 
resolution

I II III IV V

Particles
nucleons 
+ electrons

nuclei + electrons atoms supra-atomic 
beads

supra-molecular 
beads

Mass of bead (amu) 10-3 - 1 10-3 - 102 1 – 102 10 – 102 10 – 102

Size of bead (nm) 10-6 10-6 – 10-5 0.03 – 0.3 0.5 – 1.0 0.5 – 1.0 

Interactions
Strong, Coulomb,
Pauli principle

Coulomb,
Pauli principle

bonded terms, Coulomb,
repulsive, van der Waals

Coulomb, repulsive, 
van der Waals

Scaling effort

Reduction number 
of degrees of 
freedom 
from previous level

10 – 100 10 – 100 2 – 5 2 – 10

Reduction
computational 
effort 
from previous level

≥ 103 ≥ 103 2 – 25 2 – 100

Different levels of resolution in modelling

Quantum (statistical) mechanics Classical (statistical) mechanics

Coarse-graining from a finer-grained level to a coarser-grained level of resolution

Coarse-graining only pays off for: level II to level III (not for solvent)

level III to level IV (only for CHn united atoms)

level III to level V  (only for solvent)
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Development of a (FG or CG) model I

1. Choice of (FG or CG) degrees of freedom:

How many FG particles in one CG particle ?  Solvent: 2 – 5

How many interaction sites per (FG or CG) particle ? Solvent: at least 2

2. Choice of functional form of the (FG or CG) interaction:

van der Waals interaction:    r-6 attraction

Fermi-exclusion repulsion:  r-12 or exponential repulsion 

Coulomb interaction:           r-1 plus reaction field      

Dielectric permittivity in the cut-off sphere εcs depends on grain level

εcs (FG) < εcs (CG)

van der Waals parameters C12 and C6 depend on grain level

in multi-resolution models additional parameters are present:

permittivity εcs(FG-CG) and C12(FG-CG) and C6(FG-CG)

2
1

212 6

12 6 3
1 1 0

1 1
( ) ( )

4 2

i j RF ij RF
pot

i j ij ij ij RF RFcs

q q C rC C C
E

r r r R R  


    
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Development of a (FG or CG) model II

3. Calibration of model parameters: only for small molecules

1. Against experimental thermodynamic data for the compounds of 

interest (density, surface tension, heat of vaporisation, excess free energy)

2. Against dielectric properties of the compounds

3. Against structural data of the compounds

I. For single-resolution level models:

a. single compounds: water, methanol, DMSO, chloroform

b. mixtures of compounds: water + methanol, + DMSO

II. For multi-resolution level models:

a. FG + CG system of single compounds: FG water in CG water

b. FG + CG system of mixtures of compounds: FG protein in CG water

4. Testing of (FG or CG) models: mainly for large molecules

1. structural data e.g. protein structure 

2. energetic data e.g. stability, relative energy of protein structure

3. dynamic data e.g. (un)folding time of a polypeptide
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Multi-resolution simulation in biochemistry

1. Development of a supra-molecular model for biomolecular or organic solvents: 

a. Pure compounds: H2O, MeOH, DMSO, CHCl3

b. Mixtures of these compounds

2. Development of a multi-resolution model for biomolecular systems:

a. Pure compounds: H2O, MeOH

b. Testing for proteins in water: HEWL, CspA, protein G, chorismate mutase (CM)

1. structure (hydrogen bonding)

2. stability  (energetics)

c. Testing for peptides in methanol: three beta-peptides

3. folding   (structure, energetics, dynamics)

3.     Development of a supra-molecular model for lipids:

a. Lipid tails: n-alkanes
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Multi-resolution simulation in biochemistry
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Level of resolution I II III IV V

Particles
Sub-nuclear 
particles:
nucleons + electrons

Sub-atomic 
particles:
nuclei + electrons 

Atomic 
particles

Supra-atomic 
particles

Supra-molecular 
particles

Mass of particle (amu) 10-3 - 1 10-3 - 102 1 – 102 10 – 102 10 – 102

Size of particle (nm) 10-6 10-6 – 10-5 0.03 – 0.3 0.5 – 1.0 0.5 – 1.0 

Interactions
Strong, Coulomb,
Pauli principle

Coulomb,
Pauli principle

bonded terms, Coulomb,
repulsive, van der Waals

Coulomb, repulsive, 
van der Waals

Scaling effort

Reduction number of 
degrees of freedom 
from previous level

10 – 100 10 – 100 2 – 5 2 – 10

Reduction
computational effort 
from previous level

≥ 103 ≥ 103 2 – 25 2 – 100

Different levels of resolution in modelling

Riniker et al. Phys. Chem. Chem. Phys. 14 (2012) 12423-12430
Meier et al., Angew. Chem. Intl. Ed.  52 (2013) 2-17

Quantum (statistical) mechanics Classical (statistical) mechanics

Coarse-graining from a finer-grained level to a coarser-grained level of resolution
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An example of a sub-atomic water model:
The COS/D2 polarisable model

The simplest realisation of polarisation is the displacement of a 

charge qv at a virtual (massless) site which is restrained by a 

harmonic potential (a spring) to one of the real (atomic) sites or to a 
virtual site.

spring force constant 

energy:    
21

2

ho

i i iU r k r  

Oi ir r r  

 
2

i

v

iq



atom polarisability

virtual site
ir

+qv

q/2

-q - qv

q/2

i ii rq  

Kunz & van Gunsteren, J. Phys. Chem. A113 (2009) 11570-11579
Bachmann & van Gunsteren, J. Chem. Phys. 141 (2014) 22D515

Inducible electric dipole

• Four-site (FG) model
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An example of an atomic water model:
The Simple Point Charge (SPC) model

• Three-site FG model:

• encompasses 1 H2O molecule, 3 atoms

• 1 hard-core L-J interaction site, 3 charged sites

• explicit treatment of electrostatics

• rigid geometry → no intra-molecular polarisability

Berendsen et al., in “Intermolecular Forces”, B. Pullman ed., Reidel, Dordrecht (1981) 331-342

O2-

H+H+

-0.82e

0.41e 0.41e

0.1nm0.1nm

109.47°

SPC model
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An example of a supra-molecular (CG) 
water model

• Two-site CG model:
• encompasses 5 H2O molecules

• 1 hard-core L-J interaction site, 2 oppositely charged sites

• explicit treatment of electrostatics

• variation of length and orientation of “bond” connecting 
charged particles → polarisability

mCW, -q, C12, C6

mDP, +q

=

Riniker & van Gunsteren, J. Chem. Phys. 134 (2011) 084110
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Properties of liquid water at different levels of resolution 

Properties Experiment Sub-atomic level 
model 

(COS/D2, 1 H2O)

2014,  4 sites

Atomic level 
model 

(SPC, FG, 1 H2O)

1981, 3 sites

Supra-molecular 
level model 

(CG, 5 H2O)

2011, 2 sites

 (kgm-3)

density

997 999 972 995

ε(0) dielectric

permittivity

78.4 78.9 66.6 73.7

 (10-3 Nm-1)

surface tension

71.6 63.6 53.4 51.2

Cp (Jmol-1K-1)

heat capacity

75.3 88.9 68.9 83.2

p  (10-4 K-1)

thermal 
expansion

4.2 4.9 9.0 26.0

T  (10-5 atm-1)

Compressibility

4.6 4.4 4.7 11.1

D (10-9 m2s-1)

Diffusion

2.3 2.2 4.2 6.9

parametrised against p , κT, D 

too large
Overall “best” model γ, p , D 

are off
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Trade-off between levels of resolution

The process of coarse-graining may reduce the usefulness of the model 

in different ways:

1. The range of thermodynamic state points (temperature, pressure) at which the 

model may be applied is generally reduced
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Trade-off between levels of resolution

The process of coarse-graining may reduce the usefulness of the model 

in different ways:

1. The range of thermodynamic state points (temperature, pressure) at which the 

model may be applied is generally reduced

2. The transferability of model parameters between similar but not identical 

molecular fragments or compounds is usually reduced
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Trade-off between levels of resolution

The process of coarse-graining may reduce the usefulness of the model 

in different ways:

1. The range of thermodynamic state points (temperature, pressure) at which the 

model may be applied is generally reduced

2. The transferability of model parameters between similar but not identical 

molecular fragments or compounds is usually reduced

3. The accuracy of various properties may be reduced
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Trade-off between levels of resolution

The process of coarse-graining may reduce the usefulness of the model 

in different ways:

1. The range of thermodynamic state points (temeprature, pressure) at which the 

model may be applied is generally reduced

2. The transferability of model parameters between similar but not identical 

molecular fragments or compounds is usually reduced

3. The accuracy of various properties may be reduced

4. The physical basis of a particular property or process may be changed, leading to 

an unphysical mechanism of the process in the coarse-grained model
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Trade-off between levels of resolution

The process of coarse-graining may reduce the usefulness of the model 

in different ways:

1. The range of thermodynamic state points (temperature, pressure) at which the 

model may be applied is generally reduced

2. The transferability of model parameters between similar but not identical 

molecular fragments or compounds is usually reduced

3. The accuracy of various properties may be reduced

4. The physical basis of a particular property or process may be changed, leading to 

an unphysical mechanism of the process in the coarse-grained model

5. The reduction of entropy and energy in the system may lead to an unphysical 

balance between these two quantities in the coarse-grained model
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Energy-entropy compensation in liquids

Free energy Energy Entropy

Atomic-level, fine-grained (FG), (non-)polarisable models

Supra-molecular, coarse-grained (CG), polarisable models

Energy – entropy compensation:  TΔSvap ≈ ½ ΔHvap

The CG water has a higher entropy/enthalpy ratio than the FG water

and experiment

TΔSvap

0.45

0.50

0.46

0.58

vap

vap

T S

H





0.53

0.61

0.56

0.59

Huang & van Gunsteren, J. Phys. Chem. B 119 (2015) 753-763
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Trade-off between levels of resolution

The process of coarse-graining may reduce the usefulness of the model in different 

ways:

1. The range of thermodynamic state points at which the model may be applied is 

generally reduced

2. The transferability of model parameters between similar but not identical moieties or 

compounds is usually reduced

3. The accuracy of various properties may be reduced

4. The physical basis of a particular property or process may be changed, leading to 

an unphysical mechanism of the process in the coarse-grained model

5. The reduction of entropy and energy in the system may lead to an unphysical 

balance between these two quantities in the coarse-grained model

Conclusion:

The combined loss of usefulness on these five counts must be made up for 

by a much increased computational efficiency of the coarse-grained model

Challenge :   Development of more accurate energy functions (force fields) 

for biomolecular simulation, at any level of resolution
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Combining Different Levels of Resolution

QM description

Nuclei + electrons

Atomistic description

Atoms = point charges

Supra-molecular CG description

Multiple molecules = CG bead

Supra-atomic CG description

Multiple atoms = CG bead
Hybrid 

atomistic/coarse-

grained 

simulations

QM/MM simulations

Goal: 

Reduce computational effort while retaining details for region of interest
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Supra-Atomic versus Supra-Molecular

Supra-atomic Supra-molecular

CG bead multiple atoms multiple molecules

Pressure 

correction

no yes

Cut-off sphere εCS 1 > 1

Parametrisation

method

• Force matching

• Iterative Boltzmann

• Reverse Monte Carlo

• Fitting to thermodynamic properties 

(e.g. dielectric permittivity, density, 

surface tension)

Validation • Molecular properties 

(e.g. RDF, free energies, 

diffusion)

• System properties

• Other system properties

Examples • United atoms (CHx)

• 1:1-water models

• Most CG protein, lipid and 

ligand models

• Solvent models with higher 

mappings

• Ultra coarse-graining 

(e.g. lipid patches, polymers)

Technical issues
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Multi-graining or multi-resolution simulation

Combine different levels of resolution in one system:

1. Switching between levels of resolution for all particles of the system in time: 

multi-graining in time

a. Coarse-grained (CG) simulation => map particular 

configurations to the fine-grained (FG) level

b. A coupling parameter defines a path between FG and CG 

representations of particles: smooth switching (J. Chem. Phys. 124 (2006) 154106)

2. System contains a mixture of fine-grained and coarse-grained particles: 

multi-graining in space

a. Space is divided into fixed FG and CG regions with a buffer 

region in which particles change character between FG and CG

The resolution of particles changes with their position

b. Particles are either FG or CG and can freely mix (J. Chem. Phys. 137 (2012) 044120)

The resolution of the particles is fixed
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Multi-resolution simulation in biochemistry

1. Development of a supra-molecular model for biomolecular or organic solvents: 

a. Pure compounds: H2O, MeOH, DMSO, CHCl3

b. Mixtures of these compounds

2. Development of a multi-resolution model for biomolecular systems:

a. Pure compounds: H2O, MeOH

b. Testing for proteins in water: HEWL, CspA, protein G, chorismate mutase (CM)

1. structure (hydrogen bonding)

2. stability  (energetics)

c. Testing for peptides in methanol: three beta-peptides

3. folding   (structure, energetics, dynamics)

3.     Development of a supra-molecular model for lipids:

a. Lipid tails: n-alkanes
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Multi-resolution model for liquid H2O
Simulation of mixtures of atomic (FG) and supra-molecular (CG) water particles

Configuration of a 1:1 FG:CG mixture: 6400 FG molecules and 1280 CG beads

One bead

corresponds to

5 H2O molecules

Relative dielectric

permittivity in the

cut-off sphere:

εcs(FG-FG) = 1.0

εcs(FG-CG) = 2.3

εcs(CG-CG) = 2.5

Riniker & van Gunsteren, 
J. Chem. Phys. 137 (2012) 044120
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Multi-resolution model for liquid H2O
Simulation of mixtures of atomic (FG) and supra-molecular (CG) water particles

Properties as function of mole fraction xCG of CG particles (298 K, 1 atm)

exp.

exp.
exp.

exp.

Density ρ

Surface

tension γ

Static

dielectric

permittivity

ε(0) 

Diffusion

Constant D

Δ = CG

Ο = FG

In an ideal modelling world the properties should not change as function of mole fraction xCG
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Solute ∆Gsolv Exp.[1,2]

[kJ/mol]

∆Gsolv in FG[3]

[kJ/mol]

∆Gsolv in CG
[kJ/mol]

Methane 8.2 6.2 2.8

Ethane 7.5 7.4 5.3

Propane 8.2 8.6 6.7

Butane 8.8 8.7 8.6

Pentane 9.8 10.2 10.1

Hexane 10.5 11.5 12.2

[1] D. Juchli, Diploma Thesis at the Laboratory of Physical Chemistry, ETH Zurich (2000).

[2] S. Cabani, P. Gianni, V. Mollica, L. Lepori, J. Solut. Chem., 10, 563 (1981).

[3] L. Schuler, X. Daura, W. F. van Gunsteren, J. Comput. Chem., 22, 1205 (2001).

Free enthalpy of solvation ΔGsolv of an atomic level (FG) alkane solute 

in atomic level (FG) H2O or in supra-molecular (CG) H2O

Multi-resolution model for hydrophobic hydration

Riniker & van Gunsteren, J. Chem. Phys. 137 (2012) 044120

Multi-graining simulation: the FG-CG interaction is to be calibrated:

- 1. adaption of the van der Waals parameters C12(FG-CG) and C6(FG-CG)

- 2. adaptation of the dielectric permittivity εcs(FG-CG) in the cut-off sphere
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Multi-resolution simulation in biochemistry

1. Development of a supra-molecular model for biomolecular or organic solvents: 

a. Pure compounds: H2O, MeOH, DMSO, CHCl3

b. Mixtures of these compounds

2. Development of a multi-resolution model for biomolecular systems:

a. Pure compounds: H2O, MeOH

b. Testing for proteins in water: HEWL, CspA, protein G, chorismate mutase (CM)

1. structure (hydrogen bonding)

2. stability  (energetics)

c. Testing for peptides in methanol: three beta-peptides

3. folding   (structure, energetics, dynamics)

3.     Development of a supra-molecular model for lipids:

a. Lipid tails: n-alkanes
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Multi-resolution simulation of four atomic-level (FG) 

proteins in supra-molecular (CG) water

Hen Egg White Lysozyme

(HEWL)

Major cold shock protein

(CspA)

Chorismate mutase

(CM)

Protein G

(PG)
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Multi-resolution simulation of four atomic-level (FG) proteins 

in supra-molecular (CG) water

Five solvent models:

1. Fully atomic (FG)

2. Atomic layer 0.8 nm

3. Atomic layer 0.4 nm

4. Atomic layer 0.2 nm

5. Fully supra-molecular (CG)

Hydrogen bonding:

Left scale (bars):

total number of 

hydrogen bonds

Right scale (+): 

occurrence (%) of

hydrogen bonds

An 0.8 nm atomic (FG) solvent layer around the protein in supra-molecular (FG) water

suffices to reproduce the intra-protein hydrogen bonding in a fully (FG) atomic water



W.F.van Gunsteren/Santiago de Chile 291117/52

Multi-resolution simulation of four atomic-level (FG) proteins 

in supra-molecular (CG) water

Intra-protein energy:

Total potential energy

Vpot (upper panel)

Van der Waals energy

VLJ   (middle panel)

Electrostatic energy

VCRF (lower panel)

Five solvent models:

1. Fully atomic (FG)

2. Atomic layer 0.8 nm

3. Atomic layer 0.4 nm

4. Atomic layer 0.2 nm

5. Fully supra-molecular (CG)

An 0.8 nm atomic (FG) solvent layer around the protein in supra-molecular (FG) water suffices 

to reproduce the intra-protein van der Waals and electrostatic energies in fully (FG) atomic water
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Conclusions

Simulation of an atomic-level (FG) protein in supra-molecular (CG) water:

- Secondary structure is stable

- Intra-protein energetics: 

- protein slightly more stable than in fully atomic (FG) water 

- slightly more electrostatic and less van der Waals stabilisation

- Hydrogen bonding:

- backbone-backbone H-bonding as in fully atomic (FG) water

- much increased  backbone – side-chain and

side-chain – side-chain hydrogen bonding

- Simulation is factor 30 faster than in fully atomic (FG) water

Simulation of an atomic-level (FG) protein in supra-molecular (CG) water

with a 0.8 nm layer of atomic-level (FG) water around the protein:

- Secondary structure is stable

- Intra-protein energetics as in fully atomic (FG) water 

- Hydrogen bonding as in fully atomic (FG) water

- Simulation is factor 10 faster than in fully atomic (FG) water

Riniker et al., Eur. Biophys. J. 41 (2012) 647-661
J. Phys. Chem. B116 (2012) 8873-8879
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Ala deca-peptide in water: 
Differential stability of helices

W. Huang et al., J. Phys. Chem. B 118 (2014) 6424-6430
Z. Lin et al., J. Chem. Theory & Comput. 9 (2013) 1328-1333

GROMOS force field Solvent ΔGπα = Gπ - Gα ΔG310α
= G310 

– Gα (kJ/mol)

45A3 SPC 5.0±0.5 46.7±1.3

53A6OXY+N SPC 0.8±1.1 38.5±1.0

54A7 SPC 14.3±1.1 36.7±1.2

53A6 SPC 5.0±0.8 47.1±2.5

53A6 CG 7.6±0.7 37.4±1.5

53A6 SPC+CG 4.8±0.7 44.4±1.8  

Influence of solute force field and solvent model:

SPC = atomic model,   CG = supra-molecular coarse-grained model

1. Both solute and solvent model do determine the relative helical stability

2. Force fields 45A3 and 53A6 yield same values 

although having quite different force-field parameters

3.  Force field 53A6OXY+N yields too stable π-helix

4.  Supra-molecular (CG) water stabilizes helices having more hydrogen bonds

5.  Atomic solvent layer (0.8 nm) around solute redresses this effect
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Multi-resolution simulation in biochemistry

1. Development of a supra-molecular model for biomolecular or organic solvents: 

a. Pure compounds: H2O, MeOH, DMSO, CHCl3

b. Mixtures of these compounds

2. Development of a multi-resolution model for biomolecular systems:

a. Pure compounds: H2O, MeOH

b. Testing for proteins in water: HEWL, CspA, protein G, chorismate mutase (CM)

1. structure (hydrogen bonding)

2. stability  (energetics)

c. Testing for peptides in methanol: three beta-peptides

3. folding   (structure, energetics, dynamics)

3.     Development of a supra-molecular model for lipids:

a. Lipid tails: n-alkanes
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Multi-resolution simulation in biochemistry

1. Development of a supra-molecular  model for biomolecular or organic solvents: 

a. Pure compounds: H2O, MeOH, DMSO, CHCl3

b. Mixtures of these compounds

2. Development of a multi-resolution model for biomolecular systems:

a. Pure compounds: H2O, MeOH

b. Testing for proteins in water: HEWL, CspA, protein G, chorismate mutase (CM)

1. structure (hydrogen bonding)

2. stability  (energetics)

c. Testing for peptides in methanol: three beta-peptides

3. folding   (structure, energetics, dynamics)

3.     Development of a supra-molecular model for lipids:

a. Lipid tails: n-alkanes
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Development of thermodynamically calibrated fine-grained 

(FG) and coarse-grained (CG) models for alkane chains

1. Derive CG bonded interaction parameters from structural     

characteristics of the mapped FG configurational ensemble

2. Calibrate CG non-bonded interaction parameters against experimental 

thermodynamic data for liquid alkanes

Map 2, 3 or 4 FG

united atoms on to 

one CG particle

CG

Supra-atomic level model

e.g. 1 to 4 mapping

4 particles

Centre of mass 

A1 – A4

Centre of mass 

B1 – B4

Centre of mass 

C1 – C4

Centre of mass 

D1 – D4

A

B

C

D

FG

Atomic level model

(no hydrogens)

16 (CH2 or CH3) atoms

Eichenberger et al., J. Chem. Theory & Comput. 11 (2015) 2925-2937
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Multi-grained simulation of 25 hexadecanes in water

Time:     0 ps 8ps 25ps 100ps

8.5ps 25.5ps

CG + FG CG CG CG + FG

FG FG

CG level simulation with occasional switching to FG level 

enhances exploration of FG conformational space

Interactions at CG and FG levels should be thermodynamically consistent

M. Christen & W.F. van Gunsteren, J. Chem. Phys, 124 (2006) 154106
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Supra-Atomic CG Alkane Model

Why do alkanes matter ?

Lipid tails

Model:

• Number of CH2 groups per bead: 2, 3, or 4

• Parameters derived from mapped atomistic simulations

• Fitting to thermodynamic properties

• Different bead types for terminal beads and beads in the middle

• No electrostatic interactions

• LJ parameters averaged over different chain lengths (C4 – C16)

• Unconstrained bonds

• Torsional angle potential energy term present

2:1
3:1

4:1

Eichenberger et al., J. Chem. Theory & Comput. 11 (2015) 2925-2937
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Derivation of CG bonded interaction parameters from 
distributions of mapped FG simulated configurations

FG: dashed lines  CG: solid lines

Bond length Bond angle Torsional angle

FG: red lines CG: black lines

Eichenberger et al., J. Chem. Theory & Comput. 11 (2015) 2925-2937
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Comparison of FG simulated and experimental thermodynamic 
data for 18 liquid alkanes: density and heat of vaporisation

Deviations:  density < 1%    heat of vaporisation < 1.2 kJ/mol
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Comparison of CG simulated and experimental thermodynamic 
data for 14 liquid alkanes: density and heat of vaporisation

Deviations:  density < 1%    heat of vaporisation < 1 kJ/mol
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Comparison of CG simulated and experimental thermodynamic  
data for 14 liquid alkanes: 

hydration free enthalpy and excess free energy

Deviations (excluding pure bead sizes 2 and 4):  ΔGhydr < 1 kJ/mol   ΔFexc < 1 kJ/mol
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Comparison of CG simulated and experimental thermodynamic  
and dynamic data for 14 liquid alkanes: 

surface tension γ, viscosity η and diffusion D

γ generally bit too large     η too low and D too large
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Comparison of CG simulated and experimental secondary 
thermodynamic  data for 14 liquid alkanes: 

heat capacity Cp, thermal expansion αT and compressibility κT

heat capacity Cp too low     thermal expansion αT and compressibility κT are fine
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Supra-Atomic CG Alkane Model
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Eichenberger et al., J. Chem. Theory & Comput. 11 (2015) 2925-2937

Comparison with experimental data
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Supra-Atomic CG Alkane Model

2:1-mapping

Well reproduced properties

• RDF

• Surface tension

• Heat capacity

Less well reproduced properties:

• Free energy of hydration

• Diffusion coefficient

4:1-mapping

Well reproduced properties

• Free energy of hydration

• Diffusion coefficient

Less well reproduced properties:

• RDF  too structured!

• Surface tension

• Heat capacity

3:1-mapping is a good compromise

2:1
3:1

4:1
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Multi-resolution simulation in biochemistry

1. Development of a supra-molecular  model for biomolecular or organic solvents: 

a. Pure compounds: H2O, MeOH, DMSO, CHCl3

b. Mixtures of these compounds

2. Development of a multi-resolution model for biomolecular systems:

a. Pure compounds: H2O, MeOH

b. Testing for proteins in water: HEWL, CspA, protein G, chorismate mutase (CM)

1. structure (hydrogen bonding)

2. stability  (energetics)

c. Testing for peptides in methanol: three beta-peptides

3. folding   (structure, energetics, dynamics)

3.     Development of a supra-molecular model for lipids:

a. Lipid tails: n-alkanes
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Combining Different Levels of Resolution

QM description

Nuclei + electrons

Atomistic description

Atoms = point charges

Supra-molecular CG description

Multiple molecules = CG bead

Supra-atomic CG description

Multiple atoms = CG bead
Hybrid 

atomistic/coarse-

grained 

simulations

QM/MM simulations

Goal: 

Reduce computational effort while retaining details for region of interest
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Coarse-graining

Coarse-graining (CG) = reduction of degrees of freedom

Sub-atomic (QM)  atomistic  supra-atomic  supra-molecular

Supra-atomic vs. supra-molecular CG models

• Effect on parametrisation strategy

• Effect on properties that can be compared/reproduced (loss of information)

• Supra-molecular models: 

 Larger loss in entropy to compensated  in enthalpy

 Faster diffusion due to smoother energy surface

 Pressure correction

Combining levels of resolution

• Region of interest needs to include an atomistic solvent layer

• Fixed resolution: How to deal with boundary between atomistic and coarse-

grained solvent?

Goal: striking an appropriate balance between accuracy and computational cost

while maintaining a physically correct mechanism of the process of interest



W.F.van Gunsteren/Santiago de Chile 291117/71

Three-resolution level system simulated (5 nsec)

a.   First substrate: nuclei + electrons (QM, level II)

b.   Second substrate: atomic and supra-atomic (CM, levels III + IV)

c.   Protein  (dimer) atomic and supra-atomic (CM, levels III + IV)

d.   Solvent (water) supra-molecular (CM, level V)

Meier et al., Angew. Chem. Intl. Ed. 52 (2012) 2820-2834
Choutko et al., Protein Science 22 (2013) 809-822



W.F.van Gunsteren/Santiago de Chile 291117/72

I. Determine the important grain level(s)
with respect to the process of interest 

II. For each important grain level:

1) Detect the essential degrees of freedom for the properties of 

interest by considering experimental data + confounding variables

2) Make corresponding simplifications and approximations:

simplifications: keep essential interactions (≠ degrees of freedom)

approximations: keep inaccuracies balanced (overall accuracy

determined by worst approximation)

3) Decide which (experimental) data to use for calibration

4) Find other, independent experimental data for testing

III. Use multi-grained or multi-resolution simulation:

1) Switch between different grain levels in time or as function of a 

coupling parameter λ

2) Combine different grain levels in space, e.g.

electronic            atomic

atomic            supra-molecular

Different levels must be thermodynamically consistent

Quit 

modelling

or 

produce 

pretty 

pictures 

without 

physical 

meaning

not detectable

not known

accuracy too low

not available

not available No test

of model

possible

Choosing a model for simulating a particular process

Riniker et al. 
Phys. Chem. Chem. Phys. 14 

(2012) 12423-12430
Meier et al., 
Angew. Chem. Intl. Ed. 

52 (2013) 2-17
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Spatial distribution of licences 

GROMOS biomolecular simulation software

GROMOS = Groningen Molecular Simulation + GROMOS Force Field

Generally available: http://www.gromos.net


