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Why Molecular Dynamics?

Åaim: replicate experimental conditions, and 
observe the behavior of molecules at atomic level

ÅFirst attempts in early ô60 by S.Lifson (Weizmann 
Institute), H.Scheraga (Cornell) and N.Allinger 
(Wayne State Uni)
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structure and dynamics determine the function



Overview

ÅHow does it work? (~15 min)

ÅMD in practice (~15 min)

ÅWhat information can I get? (~10 min)
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HOW DOES IT WORK?
Some moleculardynamics fundamentals
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Exploring the conformational space
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conformationalspace: ensemble of possibleatomsarrangements

conformation : onearrangementof all atomsin the system

atom : spherewith associatedcharge, size, position x, velocityv

AIM: given a starting conformation, compute position and 
velocity of every atom after a certain time interval



Atoms exert forces on each other

ÅNeighbouring atoms interact in covalent and 
noncovalent ways

ÅOn every atom, the sum of all interactions generates 
a net force, affecting position and velocity
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Newtonôs
II law of 
motion 



Bonded interactions
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LIMITATIONS:

- connectivity (aka 
topology ) cannot 
change

- harmonic potential
approximates
conditions next to 
equilibrium

Ubond(r)=k1(r-r0)
2

Uangle(a)=k2( -̒ 0̒)
2

Udih.(d)=В Ὧ ρ ÃÏÓὲ˒ ˒

sometimes also Uimproper , UUrey -Bradley, é

U = Ubonded+ Unon-bonded



Non-bonded interactions

UVdW(r)=пʁ
ˋ
2

ˋ
Ò

12-6 Lennard-Jones

(otherΥ aƻǊǎŜΣ .ǳŎƪƛƴƎƘŀƳΣΧύ
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Ucoulomb(r)=

repulsion attraction

Distance cutoff : exclude
atoms being far away
(usually F Ÿ 0 when r>12Å)

(use large cutoff or Particle Mesh Ewald)

cutoff

U = Ubonded+ Unon-bonded



The Force Field

Constantsin equations(r0 , k1 , ̒ 0ΣΧύΥ

Ådetermineinteractionsstrengthand equilibrium
distancesfor specificgroupsof atoms

Åtuned to reproduce measurable quantities (known 
ōƻƴŘǎ ŀƴŘ ŀƴƎƭŜǎΣ ƘŜƭƛŎŀƭ ǇƛǘŎƘΣ ŀǊŜŀ ǇŜǊ ƭƛǇƛŘΧύ

Åcan be temperature sensitive
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equations and associated constants describing
atomic interactions



What happensin, say, 3 hours?

(x0,v0)
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?



What happensin, say, 3 hours?

(x0,v0)
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Å A trajectory is be decomposed in small uniform steps
Å Step size depends on energy landscape steepness

(x1,v1)

(x2,v2)

(xT,vT)



Uniform motion: Newton to the rescue

Åx0 : initial atom positions (e.g. 

X-ray structure )

Åv0 : initial atom velocities (e.g.

Boltzmann distribution)

Ådt : time interval
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v1=v0+F(x0)*dt/m

x1=x0+v0*dt

Åm : atoms ô mass 

ÅF : force on atoms (F= -dU/dx)v2=v1+F(x1)*dt/m

x2=x1+v1*dt

Χ



Samplingtime at atomicscale

The sharpestgradientdeterminesthe smallest timestep
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Å Timestep size is imposed by the fastest phenomenon we 
want to observe :

ïCovalent bond hydrogen -heavy atom (10 14 Hz): 0.5 fs

ïCovalent bond heavy atom -heavy atom : 1 fs

ïAngles fluctuations : 2 fs

Å restraining covalent bond distances allows to use 1 -2 
fs timesteps ( restraining methods : SHAKE, RATTLE, 
LINCS,é)



Thermostatsand barostats

ÅSimulations replicate a specific thermodynamic
ensemble ( typically nVT or nPT)
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ÅAddition of equations acting as thermostats (scaling
atom velocities ) and barostats (scaling positions)

ïNose-Hoover

ïBerendsen

ïParrinello -Rahman

ïLangevin piston



PeriodicBoundaryConditions
Needed for simulating bulk water and lipid bilayers (avoid boundary 
effects). Not necessary for vacuum.
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ΧΧ



An MDtimestep
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Set initial
conditionsfor  

x, v and box size
Compute forces

Compute new x 
and v for all atoms

Scale x and v with 
thermo/barostat

Update x and v 
(with boundary

conditions)

Applyrestraints
to bonds



Biasing your simulation
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1. rotation

2. rearrangement

Note: in presentation, these are movies!

ÅThe way forces are computed can 
be modified in order to:

ïEnhance the sampling    of rare 
events



Biasing your simulation
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steer loop
region

Note: in presentation, these are movies!

ÅThe way forces are computed can 
be modified in order to:

ïEnhance the sampling    of rare 
events

ïReproduce specific physical 
conditions (stretching, electrical 
ŦƛŜƭŘΣΧύ



Biasing your simulation

ÅThe way forces are computed can 
be modified in order to:

ïEnhance the sampling    of rare 
events

ïReproduce specific physical 
conditions (stretching, electrical 
ŦƛŜƭŘΣΧύ

ïdeform your models to match 
experimentaldata
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Note: in presentation, these are movies!



MD IN PRACTICE
Whichsoftware shouldi use? And force field? And computer?
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What do I needfor MD?

Atomic structure   (X-ray, 
NMR, model)
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Molecular 
Dynamics

Force Field

MD engineComputational
resources



PopularForce Fieldsfor Biomolecules

ÅAmber (Peter Kollmann, UCSF)

ïGlycamparameterscover mostsugars(Robert J. Woods, 
Universityof Georgia)

ÅCHARMM(Martin Karplus, Harvard)

ïPOPC, POPE, DPPC lipids

ÅOPLS(William Jorgensen, Yale)

ÅGROMOS (Wilfried van Gusteren, ETHZ)
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Most common force fields for biomolecules feature parameters for 
standard aminoacids, DNA, common ions, and water

there is no «best force field»!



PreparingǎȅǎǘŜƳΩǎtopology

ÅAtomic structure + Force Field =                 
topology + coordinates

ïmissing atoms added (hydrogens , termini,é)

ïextra bonds can be added (e.g. disulfide bridges)

ÅHow do I do it ?

ïdepending on chosen force field, dedicated tools
can be used (VMD, tleap , grompp é)

ïsometimes manual work is required
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MD ENGINES

ïNAMD

ïGromacs

ïAmber 
(pmemd )
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ïLAMMPS

ïCHARMM

ïDLPOLY

ÅCommon MD engines :

ïACEMD

ïHOOMD

Å YOU WANT: support for force field of choice, 
SPEED, easy usage, flexibility

Å Often come with additional programs helping
systems preparations or analysis



Simulationprotocol
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Å AIM: equilibrate your system
Å YOU WANT: constant volume, pressure and 

temperature, stable Root Mean Square Deviation, 
healthy Ramachandran plot, no exotic chemistry, bulk 
water (if used ), stabilization of whichever other quantity
you are interested about (e.g. Rgyr, é)

Å Example:
1. Minimize energy, 1000 steepest descent
2. Heat system from 0 to 300 K in 500 ps, nPT, 

Berendsen barostat 1 atm. -h carbon restrained with 

10 Kcal/mol harmonic potential. 2 fs timestep, 
SHAKE all bonds,

3. 1 ns nVT equilibration with Langevin dynamics, no 
atom constrained.

4. Production : 200 ns nPT, Nose -Hoover barostat



Computationalpower
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Thumb rule : peak
performance with around
500 atoms per processor

«on a supercomputer, 24/7, for severalweeks»

Execution time affected by:
Åprocessor power
Ånumber of processors
ÅInterconnect speed

Mooreôs law: things get steadily better



Size matters, time too
Åtypicalsystem sizes: 10.000-500.000 atoms (i.e. 300-400 

kDa protein in a water box)

Ådata production: 10-50 ns per day

Åtypicaltimescales: 10 ns-10 s˃ (long enough to at least 
reach equilibrium!)
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ÅCurrent cutting edge:

ï200 ˃ s,  K. Lindorff-Larsen et al, Structure and 

Dynamics of an Unfolded Protein Examined by 
Molecular Dynamics Simulation, JACS, 2012 

ï64mio atoms , G.Zhaoet al, Mature HIV-1 

capsid structure by cryo-electron microscopy 
and all-atom molecular dynamics,Nature, 2013



Timescales in biochemistry
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MD

QM



Sizes in biochemistry 
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MD

QM



WHAT INFORMATION CAN I 
ACTUALLY GET FROM IT?

hƪΣ L ƘŀǾŜ ŀ ǘǊŀƧŜŎǘƻǊȅΧ ŀƴŘ ƴƻǿΚ
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Typical quantities to measure

ÅCompute Root Mean Square 
Deviation (RMSD) and Root 
Mean Square Fluctuation (RMSF)
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Typical quantities to measure

ÅCompute Root Mean Square 
Deviation (RMSD) and Root 
Mean Square Fluctuation (RMSF)

ÅResidues properties: secondary 
structure, Ramachandran plot, 
hydrogen bonds, contact map
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Typical quantities to measure

ÅCompute Root Mean Square 
Deviation (RMSD) and Root 
Mean Square Fluctuation (RMSF)

ÅResidues properties: secondary 
structure, Ramachandran plot, 
hydrogen bonds, contact map

ÅSASA, Rgyr, CCS, Radial 
Distribution Function (RDF)
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IƛƎƘƭƛƎƘǘ ƳƻƭŜŎǳƭŜΩǎ Ƴƻǎǘ 
relevant motions
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decomposition in a linear 
combination of  eigenvectors

MD simulation

Principal 
Components 

Analysis

CƛǊǎǘ ŜƛƎŜƴǾŜŎǘƻǊǎ ǊŜǇǊŜǎŜƴǘ ǎȅǎǘŜƳΩǎ Ƴƻǎǘ ǊŜƭŜǾŀƴǘ ƳƻǾŜƳŜƴǘǎ
Note: in presentation, these are movies!


