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Molecular DynamicsMolecular Dynamics

AAnothernother Brief IntroductionBrief Introduction

What is MD?What is MD?

 MolecularMolecular dynamicsdynamics isis concernedconcerned withwith timetime
dependentdependent processesprocesses inin molecularmolecular systemssystems..

 EachEach dynamicdynamic processprocess (i(i..ee..,, motion)motion) hashas aa
characteristiccharacteristic timetime--scale,scale, amplitudeamplitude andand energyenergy
rangerange..

 CanCan bebe appliedapplied toto chemical,chemical, biochemicalbiochemical asas wellwell asas

solidsolid--statestate systemssystems
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Time scale in biosystemsTime scale in biosystems

Type of MotionType of Motion ExampleExample Functionality ExamplesFunctionality Examples Time and Amplitude Time and Amplitude 
ScalesScales

LocalLocal Atomic fluctuation Atomic fluctuation 
Side chain motion Side chain motion 

Ligand docking flexibility Ligand docking flexibility 
Temporal diffusion pathways Temporal diffusion pathways 

fs fs -- ps ps 
(10(10--1515 -- 1010--1212 s) s) 
less than 1 Aless than 1 A

Medium ScaleMedium Scale Loop motion Loop motion 
TerminalTerminal--arm motion arm motion 
RigidRigid--body motion (helices) body motion (helices) 

Active site conformation Active site conformation 
adaptation adaptation 
Binding specificity Binding specificity 

ns ns -- micro s micro s 
(10(10--99 -- 1010--66 s) s) 
1 1 -- 5 A5 A

Large Scale Large Scale Domain motion Domain motion 
Subunit motion Subunit motion 

Hinge bending motion Hinge bending motion 
Allosteric transitions Allosteric transitions 

micro s micro s -- ms ms 
(10(10--66 -- 1010--33 s) s) 
5 5 -- 10 A10 A

GlobalGlobal HeixHeix--coil transition coil transition 
Folding/unfolding Folding/unfolding 
Subunit associationSubunit association

Hormone activation Hormone activation 
Protein functionality Protein functionality 

ms ms -- h h 
(10(10--33 -- 101044 s) s) 
more than 5 Amore than 5 A

What we can compute?What we can compute?

H th t t f t h iH th t t f t h i How the structure of our system changes in How the structure of our system changes in 
time (conformational changes, phase time (conformational changes, phase 
transitions, etc…)transitions, etc…)

 Time Time dependent properties (diffusion)dependent properties (diffusion)

 Thermodynamic properties (energy heatThermodynamic properties (energy heat Thermodynamic properties (energy, heat Thermodynamic properties (energy, heat 
capacity, pressure, etc….)capacity, pressure, etc….)
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Historical PerspectiveHistorical Perspective

Some Remarks on StatisticsSome Remarks on Statistics

OO tt ii d ib dd ib d bb l i ll i l H ilt iH ilt i f tif ti ff

H = H(q,p) = K(p) + V(q) = p2/2m + V(q)

OurOur systemsystem isis describeddescribed byby aa classicalclassical Hamiltonian,Hamiltonian, aa functionfunction ofof
thethe coordinatescoordinates qq andand momentamomenta pp..

Each state of the system is thus characterized by the set (q,p); i.e.,Each state of the system is thus characterized by the set (q,p); i.e.,
each state of the system is a point in the space defined by both
coordinates and momenta. This space is called Phase Space.
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Boltzmann distributionBoltzmann distribution

ToTo computecompute thethe tthermodynamicshermodynamics averagesaverages overover aaToTo computecompute thethe tthermodynamicshermodynamics averagesaverages overover aa

canoniccanonic ensembleensemble ((N,VN,V,,T=constantT=constant)) itit isis necessarynecessary toto knowknow

thethe probabilityprobability forfor findingfinding thethe systemsystem atat eacheach andand everyevery

pointpoint (=state)(=state) inin phasephase spacespace..

P(q,p) = e-H(q,p)/kT / Z

Z = Canonical Partition Function

If thisIf this PP is knownis known an average of any of the system's dynamicalan average of any of the system's dynamical

Property average Property average 

If this If this PP is knownis known,, an average of any of the system s dynamical an average of any of the system s dynamical 
variable variable A(q,p)A(q,p) can be calculated can be calculated as as ensemble averageensemble average. . 

OfOf ii ii kk hh B lB l b bilib bili ffOfOf course,course, itit isis necessarynecessary toto knowknow thethe BoltzmannBoltzmann probabilityprobability forfor
eacheach andand everyevery statestate ofof thethe systemsystem simultaneouslysimultaneously..

Not an easy task at all!Not an easy task at all!
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Averages along a TrajectoryAverages along a Trajectory

 AnAn alternativealternative averagingaveraging approachapproach isis toto calculatecalculate averagesaverages AnAn alternativealternative averagingaveraging approachapproach isis toto calculatecalculate averagesaverages
alongalong thethe motionmotion ofof aa singlesingle pointpoint throughthrough phasephase spacespace..
SuchSuch anan averageaverage isis calledcalled aa dynamicdynamic averageaverage..

 TThehe twotwo averagingaveraging approachesapproaches areare reciprocalreciprocal::
ThermodynamicThermodynamic averageaverage TheThe averageaverage overover allall pointspoints ininyy gg gg pp
phasephase spacespace atat aa singlesingle timetime..
Dynamic averageDynamic average The average over a The average over a singlesingle points in points in 
phase space at phase space at allall times.times.

Equation of motionEquation of motion

 The motion of a single point through time is obtained The motion of a single point through time is obtained g p gg p g
by integrating the by integrating the equation of motionequation of motion of the system.of the system.

 Starting from the point Starting from the point {{qq((00), ), pp((00)})} the integration the integration 
yields a yields a trajectorytrajectory

{{qq((00), ), pp((00)})} {{qq(t), (t), pp(t)}(t)}

 Averages of any dynamical variableAverages of any dynamical variable A(q p)A(q p) can now becan now be Averages of any dynamical variable Averages of any dynamical variable A(q,p)A(q,p) can now be can now be 
calculated along this calculated along this trajectorytrajectory::

where where TT is the length of is the length of 
the simulationthe simulation
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Ergodic HypothesisErgodic Hypothesis

FF i fi it li fi it l ll t j tt j t thth blblFForor anan infinitelyinfinitely longlong trajectorytrajectory thethe ensembleensemble
averageaverage andand thethe dynamicsdynamics averageaverage areare
interchangeableinterchangeable

Ergodic HypothesisErgodic Hypothesis

TTwo assumptions:wo assumptions:

 The system is at a The system is at a stationary statestationary state (e.g., at equilibrium).(e.g., at equilibrium).
An infinitely long dynamic trajectory adequately covers An infinitely long dynamic trajectory adequately covers all of all of 
phase spacephase space, so that t, so that the trajectory passes through all possible system he trajectory passes through all possible system 
states. states. 

TheThe applicationapplication ofof "long""long" butbut finitefinite molecularmolecular dynamicsdynamics simulationssimulations
assumesassumes thatthat thethe systemsystem isis "ergodic""ergodic" andand thatthat thethe finitefinite simulationsimulation isis
"long"long enough"enough"..
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Equations of MotionEquations of Motion

ii d d S hd d S h di ' idi ' i ( )( ) TimeTime--dependent Schrdependent Schröödinger's Equationdinger's Equation (quantum)(quantum)

 Newton's EquationNewton's Equation (classical)(classical)

 Langevin’s EquationLangevin’s Equation (stochastic)(stochastic)

16431643--1727172718871887--19611961 18721872--19461946

Newton's Equation of MotionNewton's Equation of Motion

 The The Newton's second law of motionNewton's second law of motion

Anti

The The force force FFii is given as the derivative of the potential is given as the derivative of the potential V V 
(as computed by any Molecular Mechanics approach!!(as computed by any Molecular Mechanics approach!!))
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Hamilton equationHamilton equation

 Another more basic formulation of this equationAnother more basic formulation of this equation Another, more basic, formulation of this equation Another, more basic, formulation of this equation 
can be given in terms of the system's Hamiltoniancan be given in terms of the system's Hamiltonian

The combination of Newton andThe combination of Newton and
Hamilton equationHamilton equation

Some important properties ofSome important properties of Newton's equationNewton's equation of motion are:of motion are:

Properties of Newton’s equationProperties of Newton’s equation

Some important properties of Some important properties of Newton's equationNewton's equation of motion are: of motion are: 

Conservation of Conservation of energyenergy
Conservation of Conservation of linear momentumlinear momentum
Conservation of Conservation of angular momentumangular momentum
Time reversibility Time reversibility 

These properties are used to test whether the numerical solution of These properties are used to test whether the numerical solution of 
the equation (i.e., the molecular dynamics simulation) is the equation (i.e., the molecular dynamics simulation) is stable and stable and 
reliablereliable..
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Integration of Newton’s equationIntegration of Newton’s equation

Solving Newton's equation of motion requires a numerical solution of the g q q
differential equation. This procedure is called numeric integration. 
Numeric integration involves several components: 

Integration AlgorithmsIntegration Algorithms

 Verlet integratorVerlet integrator

 LeapLeap--Frog integratorFrog integrator

Initial conditionsInitial conditions

 Initial coordinatesInitial coordinates
 LeapLeap--Frog integratorFrog integrator

 Velocity Verlet integratorVelocity Verlet integrator
 Initial velocitiesInitial velocities

Mesaures for the stability of integrations Mesaures for the stability of integrations 

Finite Difference Methods.Finite Difference Methods.

 They They useuse the information available at the information available at timetime tt to predict the to predict the eyey useuse t e o at o ava ab e att e o at o ava ab e at t et e tt to p ed ct t eto p ed ct t e
system's coordinates and velocities at a system's coordinates and velocities at a time time t + dtt + dt

 based on a Taylor expansion of the position atbased on a Taylor expansion of the position at time time t + dtt + dt

rr(t+dt)(t+dt) = = rr(t)(t) + + vv(t) dt (t) dt + + aa(t) dt(t) dt22 /2 + .../2 + ...

oror in terms of the variables at step in terms of the variables at step nn and and n+1n+1. . 
++ dd ++ FF /2/2 dd 22 ++ O(dO(d 33))

The different integration algorithms vary The different integration algorithms vary in the wayin the way they implement they implement 
this basic expansion. this basic expansion. 

rrn+1n+1 = = rrnn + + vvnn dt dt + + FFnn/2m/2m dtdt22 + + O(dtO(dt33))
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Verlet integratorVerlet integrator

Two Taylor expansions, one forward and one backward y p ,

rn+1 = rn + vn dt + Fn/2m dt2 + ... 
rn-1 = rn - vn dt + Fn/2m dt2 - ... 

These two expansions are than added to give 
the basic Verlet integration formalism:the basic Verlet integration formalism: 

rn+1 = 2rn - rn-1 + Fn/m dt2 + O(dt4

Verlet integratorVerlet integrator

Advantages:Advantages:dva tages:dva tages:
 Integration does not require the velocities, only position Integration does not require the velocities, only position 

information is taken into account. information is taken into account. 
 Only a single force evaluation per integration cycle. Only a single force evaluation per integration cycle. 
 This formulationThis formulation is naturally reversible in time (a is naturally reversible in time (a 

property of the equation of motion). property of the equation of motion). 

Disadvantages:Disadvantages:Disadvantages:Disadvantages:
 Introduces rather large numerical errors. An Introduces rather large numerical errors. An O(dtO(dt22)) terms terms 

is added to an is added to an O(dtO(dt00)) term. term. 
 The velocities, which are required for energy evaluation The velocities, which are required for energy evaluation 

are calculated in an approximate manner only through the are calculated in an approximate manner only through the 
equation: equation: vvnn = (= (rrn+n+11 -- rrnn--11)/)/2 2 dtdt . . 
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Leap Frog integratorLeap Frog integrator

 VVelocities are evaluated at the midelocities are evaluated at the mid--point ofpoint of thethe VVelocities are evaluated at the midelocities are evaluated at the mid--point ofpoint of the the 
position evaluation and vice versa. position evaluation and vice versa. 

v(t+dt/2) = v(t-dt/2) + a(t) dt 
r(t+dt) = r(t) + v(t+dt/2) dt 

EEach integration cycle involves ach integration cycle involves threethree steps: steps: 
••CalculateCalculate aa(t) dt(t) dt (based on(based on rr(t)(t)))••Calculate Calculate aa(t) dt (t) dt (based on (based on rr(t)(t)) ) 
••Calculate Calculate vv(t+dt/2)(t+dt/2)
••Calculate Calculate rr(t+dt)(t+dt)

The The instanteneousinstanteneous velocity at time velocity at time tt is then calculated as is then calculated as 

vv(t)(t) = (= (vv(t+dt/2)(t+dt/2) + + vv(t(t--dt/2)dt/2)) / 2) / 2

Leap Frog integratorLeap Frog integrator

Advantages:Advantages:dva tages:dva tages:
 Improved evaluation of velocities. Improved evaluation of velocities. 

Direct evaluation of velocities gives a useful Direct evaluation of velocities gives a useful 
handle for controling the temperature in the handle for controling the temperature in the 
simulation.simulation.

Reduces the numerical error problem of the Reduces the numerical error problem of the 
Verlet algorithm. Here Verlet algorithm. Here O(dtO(dt11)) terms are terms are 
added to added to O(dtO(dt00)) terms. terms. 

Disadvantages:Disadvantages:
The velocities at time The velocities at time tt are still approximate. are still approximate. 
Computationally a little more expensive than Computationally a little more expensive than 

VerletVerlet. . 
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Initial CoordinatesInitial Coordinates

 InitialInitial coordinatescoordinates areare usuallyusually takentaken fromfrom
experimentsexperiments (x(x--ray,ray, NMR)NMR)..

 SinceSince experimentallyexperimentally determineddetermined structuresstructures dodo notnot
containcontain coordinatescoordinates forfor hydrogenhydrogen atoms,atoms, thethe firstfirst
stepstep isis toto addadd hydrogenhydrogen atomsatoms toto thethe modelmodel..

 InitialInitial minimizationminimization isis essentialessential toto removeremove badbad InitialInitial minimizationminimization isis essentialessential toto removeremove badbad
interactionsinteractions fromfrom thethe initialinitial structurestructure..

Initial VelocitiesInitial Velocities

 Since the only information regarding the veloSince the only information regarding the velooocities is the desired cities is the desired 
temperaturetemperature of the simulation, initial velocities (vof the simulation, initial velocities (vxx, v, vyy,v,vzz) are ) are 
randomly assigned according to a randomly assigned according to a Maxwellian distributionMaxwellian distribution::

P(vP(vii)dv = (m/2)dv = (m/2pipikkBBT)T)1/21/2 exp[ exp[ --mvmv22/2k/2kBBT ] T ] 

 TheThe instantaneousinstantaneous temperaturetemperature (necessary(necessary forfor heatingheating thethe system)system)
isis defineddefined basedbased onon equipartitionequipartition theoremtheorem asas

T(t) = (1/kT(t) = (1/kBB(3N(3N--n)) n)) ii (m(miivvii
22) ) 

wherewhere NN isis thethe numbernumber ofof atoms,atoms, andand nn isis thethe numbernumber ofof constrainedconstrained
degreesdegrees ofof freedomfreedom..
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Velocities and TemperatureVelocities and Temperature

Maxwell distribution of velocity of water at variousMaxwell distribution of velocity of water at various temperaturestemperaturesMaxwell distribution of velocity of water at variousMaxwell distribution of velocity of water at various temperatures temperatures 

Stability of integrationStability of integration

AnyAny numericalnumerical integrationintegration isis susceptiblesusceptible toto errorserrors andandAnyAny numericalnumerical integrationintegration isis susceptiblesusceptible toto errorserrors andand
maymay becomebecome unstableunstable.. ToTo ensureensure stabilitystability ofof thethe
simulationssimulations thethe propertiesproperties ofof Newton'sNewton's equationequation ofof
motionmotion,, representingrepresenting anan (N,(N, V,V, E)E) ensemble,ensemble, mustmust bebe
preservedpreserved

 Conservation of energy Conservation of energy

 Conservation of Linear Momentum

 Conservation of Angular Momentum

 Time reversibility
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Stability of integrationStability of integration

Conservation of energy
Newton's equation preserves energy Assuming the average energy fluctuationsNewton s equation preserves energy. Assuming the average energy fluctuations 
during a simulation at energy E are dE, a stable simulation will have: 

log10 (dE/E) < -4 

Conservation of Linear Momentum
Total linear momentum, P = i  Pi, must be conserved

Conservation of Angular Momentum
Total angular momentum, L =  qixPi, must be conserved

Time reversibility
Newton's equation is reversible in time. Numerical errors, however, hamper this 
reversibility introducing chaotic effects. Nontheless, for short periods of time a 

stable integration should exhibit apparent temporal reversibility.

MD in practiceMD in practice

Initial CoordinatesInitial Coordinates Minimize structureMinimize structureInitial CoordinatesInitial Coordinates Minimize structureMinimize structure

Assign Initial VelocitiesAssign Initial Velocities

Heating DynamicsHeating Dynamics EquilibrationEquilibration

ProductionProduction

Analysis of trajectoriesAnalysis of trajectories
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MD beginMD begin

Initial CoordinatesInitial Coordinates Minimize structureMinimize structureInitial CoordinatesInitial Coordinates Minimize structureMinimize structure

Cartesian, internal coordinatesCartesian, internal coordinates
Or different file formatsOr different file formats

Methods: NewtonMethods: Newton--Raphson (block diagonal), Raphson (block diagonal), 
steepest descent, conjugate gradient, others.steepest descent, conjugate gradient, others.

MD Initial VelocitiesMD Initial Velocities

Initial CoordinatesInitial Coordinates Minimize structureMinimize structureInitial CoordinatesInitial Coordinates Minimize structureMinimize structure

Assign Initial VelocitiesAssign Initial Velocities

Initial velocities at a low temperature are assigned to each atom Initial velocities at a low temperature are assigned to each atom 
d N t ’ ti i t t d t t th t id N t ’ ti i t t d t t th t iand Newton’s equations are integrated to propagate the system in and Newton’s equations are integrated to propagate the system in 

time.time.
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MD HeatingMD Heating

Initial CoordinatesInitial Coordinates Minimize structureMinimize structureInitial CoordinatesInitial Coordinates Minimize structureMinimize structure

Assign Initial VelocitiesAssign Initial Velocities

Heating DynamicsHeating Dynamics

newnew velocitiesvelocities areare assignedassigned atat aa slightlyslightly higherhigher
temperaturetemperature andand thethe simulationsimulation isis allowedallowed toto continuecontinue..
ThisThis isis repeatedrepeated untiluntil thethe desireddesired temperaturetemperature isis reachedreached

MD EquilibrationMD Equilibration

Initial CoordinatesInitial Coordinates Minimize structureMinimize structureInitial CoordinatesInitial Coordinates Minimize structureMinimize structure

Assign Initial VelocitiesAssign Initial Velocities

Heating DynamicsHeating Dynamics EquilibrationEquilibration

OnceOnce thethe desireddesired temperaturetemperature isis reached,reached, thethe simulationsimulation ofof
thethe systemsystem continuescontinues andand severalseveral propertiesproperties areare monitoredmonitored
((thethe structure,structure, thethe pressure,pressure, thethe temperaturetemperature andand thethe
energyenergy))..
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MD ProductionMD Production

The "production" phase is runned for the time length desired

Heating DynamicsHeating Dynamics EquilibrationEquilibration

(from several hundred ps to ns). The trajectories (coordinates
and velocities) are collected

Assign Initial VelocitiesAssign Initial Velocities

ProductionProduction

MD in practiceMD in practice

Using saved trajectories, thermodinamical properties (average Using saved trajectories, thermodinamical properties (average 
l ) t dl ) t d

Heating DynamicsHeating Dynamics EquilibrationEquilibration

values) are computedvalues) are computed
Structural (conformational) changes are observed Structural (conformational) changes are observed 

Assign Initial VelocitiesAssign Initial Velocities

ProductionProduction

Analysis of trajectoriesAnalysis of trajectories
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Gas-phase simulationGas-phase simulation

Amber Force FieldAmber Force Field
Alanine dipeptideAlanine dipeptide

Variables to monitorVariables to monitor
EEtottot, T,, T, , , 

 

Ramachandran mapRamachandran map
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RunningRunning

Simulation parametersSimulation parametersSimulation parametersSimulation parameters

TimeTime TemperatureTemperature

NVT simulationNVT simulation

Starting value Starting value ==180180°°, , ==180180°° ((--sheet)sheet)

AveragesAverages

E is conserved in average,E is conserved in average,
ill ti d d fi itill ti d d fi it

End of the heatingEnd of the heating
oscillations depend on finite oscillations depend on finite 
integration (same for T)integration (same for T)

gg
(after 1ps)(after 1ps)

 sheetsheet

PsiPsi
TT
EE

 helixhelix

EEtottot

Time (ps)Time (ps)
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Solvent in MD simulationsSolvent in MD simulations

Models for solventModels for solventModels for solventModels for solvent

Implicit modelImplicit model Explicit modelExplicit model

ScreeningScreening ofof thethe
electrostaticelectrostatic termterm

Just add water …..Just add water …..

effective dielectric constant 
eff)

Explicit modelExplicit model

112 water molecules112 water molecules

OOOO distance distance 21 21 ÅÅ OOOO distance 32 distance 32 ÅÅexplosionexplosionexplosion
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Periodic Boundary ConditionsPeriodic Boundary Conditions

Image boxesImage boxes

Primary boxPrimary box

Primary box is replicated in xyz directionsPrimary box is replicated in xyz directions
Each particle in the primary box interacts with Each particle in the primary box interacts with 
«« imageimage » particles throught a potential» particles throught a potential

RunningRunning

Initial configurationInitial configuration

Box 15 Box 15 Å of sideÅ of side
112 water molecules112 water molecules
Heat time 1 psHeat time 1 ps
Run time 5 psRun time 5 ps
Step sizStep siz 1 fs1 fs

Initial configurationInitial configuration

Starting T 0 KStarting T 0 K
Simulation T 298 KSimulation T 298 K
T step 5 KT step 5 K
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ResultsResults

End of the heatingEnd of the heating
Final configurationFinal configuration

End of the heatingEnd of the heating
(after 1ps)(after 1ps)

 sheetsheet


