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Molecular Dynamics 
Simulations

Molecular dynamics (MD): force fields
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Verlet/Leap Frog algorithm
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Molecular dynamics (MD): algorithms
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all algorithms are based on Taylor expansions of
atomic positions around a given time

this gives a discretization suitable for integration of the 
equations of motion
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analytical derivatives
in cartesian coordinates

Molecular dynamics (MD): algorithms

Verlet/Leap Frog algorithm
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Verlet/Leap Frog algorithm
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Molecular dynamics (MD): algorithms

computation scheme
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t is determined by the highest frequencies
of the system, typically X-H vibrations
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Molecular dynamics (MD): what happens

 trajectories  thermodynamic averages

Molecular dynamics (MD): boundary conditions
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three basic approaches:

dielectric continuum finite aperiodic infinite periodic

energetics?  structure?  dynamics?

Molecular dynamics (MD): boundary conditions
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macroscopic vs. microscopic solvation:
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Molecular dynamics (MD): boundary conditions

dielectric continuum models
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2 1/ 2/(4 )2,

1166 1
ij i j

i j
sol

ri j
ij i j

q q
G

r e     

     
  



Generalized Born can be combined with Langevin 
dynamics:
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hydrophobic effects?    e.g., surface area relationships

Hphobic SG A 

Molecular dynamics (MD): boundary conditions

finite aperiod models – usually spherical

full MD

restrained MD
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restraintsUfast and no artificial symmetry imposed

Molecular dynamics (MD): boundary conditions

periodic boundary conditions

Cube Hexagonal prismTruncated octahedron Rhombic dodecahedron

infinite no. of nonbonded interactions 
use cutoff or lattice (Ewald summation)

Molecular dynamics (MD): boundary conditions

periodic boundary conditions –
problems with artificial symmetry

true polarization PBC polarization

periodicity leads to underpolarization around a charge
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Microscopic models: treatment of long-range interactions

direct interactions within cutoff

long-range via multipole expansion
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Molecular dynamics (MD): program structure

atoms

molecules/
residues

sequence + coords
 topology

Upot
parameters

library of
building blocks

MD input
parameters

structural data program data

MD simulation

prediction of dynamis and structure

Applications of MD simulations

computational
enzymology

computational
drug design

Relation to thermodynamics
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Keq = equilibrium constant

Boltzmann rules!
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Free Energy Perturbation (FEP) and 
Thermodynamic Integration (TI) Methods

We consider two systems, A and B, described by potentials UA and UB

FEP (Zwanzig’s formula)
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Z, the configuration
integral

TI (integration formula)
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Free Energy Perturbation (FEP) and 
Thermodynamic Integration (TI) Methods

We consider two systems, A and B, described by potentials UA and UB
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Let U(=0) = UA and U(=1) = UB

Free Energy Perturbation (FEP) and 
Thermodynamic Integration (TI) Methods
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systems, A and B
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   Look, it obeys Born’s formula!
linear response
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With close spacing between -points FEP becomes equivalent to TI
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Free Energy Perturbations (FEP) simulations

w
mut

p
mutbindbindbind GGLGLGG  )()'(

thermodynamic cycle approach

Gbind(B)

Gbind(A)

Gp
mutGw

mut

one simulation
series in solution

and one in the
solvated receptor

 
1

1
1

1
ln exp ( )

n

B A m m m
m

G G G U U 







      

UA
UB

(1 )m m A m BU U U   

FEP/TI in practice: problems with vanishing (or appearing) atoms

 numerical problem with
infinite energies (and forces in MD)

 sampling problem – ”pin-ball” effect

 timescale problem with large     
conformational changes

What to do?

 transform LJ into softer potential
 shrink bonds to vanishing atoms
 use denser -spacing near end-points

Still, this limits FEP/TI to small perturbations...

FEP/TI in practice: problems with vanishing (or appearing) atoms

 use denser -spacing near end-points

 transform LJ into softer potential

 shrink bonds to vanishing atoms
(beware of pmf contribution)
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