
Theoretical and computational physical chemistry group

Molecular Dynamics Molecular Dynamics 
SimulationsSimulations of of ProteinsProteins

StructureStructure, Dynamics and , Dynamics and 
FunctionFunction
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SummarySummary

MethodMethod

What is Molecular Dynamics
Basis of the method
Present limits
Perspectives.

_______
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IncreaseIncrease of the computer power of the computer power 
in the in the lastlast 40 40 yearsyears
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HistoryHistory of Molecular Dynamics of Molecular Dynamics simulationssimulations

Year System Simulated
time

1957 Bidimensional rigid disks 10   ps

1964 Monoatomic Liquids   5   ps

1971 Molecular liquids 10   ps

1971 Melted salts 10   ps

1975 Simple polimers 20   ps

1977 Small protein in vacuo 20   ps
./.
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Year System Simulated 
time 

1982 Simple membrane model  20   ps 

1983 Protein crystal    2   ps 

1986 DNA in water 100   ps 

1989 Complex DNA-Protein 100  ps 

1993 Protein/DNA in solution 100  ps 

1996 Protein/DNA in solution   10  ns 

2000 Protein/DNA in solution 100  ns 

2004 Protein/DNA in solution    1  µs 

future Reactions 
Interactions between Macromolecules 
Protein folding 

 100  µs 

   1  ms  

100  ms 
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Development of different aspects of MD Development of different aspects of MD 
simulation in chemistry.simulation in chemistry.

Aspect Past (1980) Present
(2000)

Future

Accuracy of
atomic positions 0.3 nm 0.1 nm 0.05 nm

Force Field United
Atoms

All Atoms Polarizability

Environment Vacuo Solvent Membrane

Time length 10 ps 1-100 ns >100 ns

Dimensions 103 atoms 104-105

atoms
> 105 atoms
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MD ApplicationsMD Applications

•• Refininment of strucures obtained by experimental Refininment of strucures obtained by experimental 
data (Xdata (X--Ray or NMR)Ray or NMR)

•• Prediction of equilibrium quantities and Prediction of equilibrium quantities and relatedrelated
thermodynamicthermodynamic quantitiesquantities

•• Time Time evolutionevolution of the system. of the system. AdequateAdequate and and correctcorrect
samplingsampling isis crucialcrucial

•• MixedMixed QM/MM QM/MM methodmethod toto evaluateevaluate the the electronicelectronic
propertiesproperties
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MD MD ApplicationsApplications
Structural characterizationStructural characterization

Dynamics of the systems

Ligand-receptor interaction

Effects of mutations
_______________
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ModelsModels
Model Included

degrees of
freedom

Removed
degrees of
freedom

Predictable
quantities

Quantum Nuclei,
electrons

Nucleons Reactions

Polarizable
atoms

Atoms, dipoles Electrons Interactions
between
charged
ligands

All atoms Solvent and
solute atoms

Dipoles Idratation

Solute atoms Solute atoms Solvent
atoms

Gas phase
properties
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MethodMethod
The applied law The applied law isis::

FFii=m=maaii

Given Fi(t), vi(t), ri(t)

We obtain vi(t+∆t), ri(t+∆t)
(∆t is the time step)

We can thus calculate Fi(t+∆t) and proceed
iteratively

_________________
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QUESTIONSQUESTIONS

•• How can we obtain the initial positions and velocities?How can we obtain the initial positions and velocities?

•• How can we know the How can we know the forcesforces??

•• HowHow can can wewe solve the solve the equationsequations of of motionmotion??

•• How large can How large can ∆∆t be?t be?

•• How long can the simulated time be?How long can the simulated time be?

•• Which quantities (P, T, V ..) can be controlled during the Which quantities (P, T, V ..) can be controlled during the 
simulation?simulation?

•• How can the correctness of the simulation How can the correctness of the simulation bebe determineddetermined??

•• WhichWhich comparisonscomparisons withwith experimentalexperimental data are data are possiblepossible??

______________________________________________________
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Choice of the initial velocitiesChoice of the initial velocities

The initial velocities can be given by a The initial velocities can be given by a 
Maxwell distribution:Maxwell distribution:

TNk2
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2
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Choice of the initial coordinatesChoice of the initial coordinates
The conformational space  sampled in a The conformational space  sampled in a 

simulation is simulation is muchmuch smallersmaller thanthan the total the total 
accessibleaccessible spacespace..

•Sampled space

Accessible space
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ChoiceChoice of the of the initialinitial coordinatescoordinates

The initial coordinates can be The initial coordinates can be obtainedobtained byby::

Crystal structures

NMR Data
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The Force FieldThe Force Field

MD, MonteCarlo (MC) and Molecular MD, MonteCarlo (MC) and Molecular 
Mechanics (MM) can use the same force Mechanics (MM) can use the same force 
field.field.

The force acting on atom ‘ i ’  is obtained The force acting on atom ‘ i ’  is obtained 
byby
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A typical Force FieldA typical Force Field
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•• For the bond stretching the Morse potential is For the bond stretching the Morse potential is 
oftenoften usedused::

•• Some force Some force fieldsfields useuse the so the so calledcalled mixedmixed
termsterms::

[ ]{ }2
oe 1)bA(bexpDE(b) −−−=

))(b(bK
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Hydrogen Bond

The The hydrogenhydrogen--bondbond isis treatedtreated bothboth

•• asas anan electrostaticelectrostatic interaction interaction 

or or 

•• as an explicit term.as an explicit term.
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Choice of the parametersChoice of the parameters

•• The parameters are The parameters are determineddetermined empiricallyempirically toto
reproducereproduce correctcorrect valuesvalues of of vibrationalvibrational data, data, 
geometrygeometry of model of model compoundscompounds, , freefree energyenergy
differencesdifferences betweenbetween rotamersrotamers, , DebyeDebye--WellerWeller
factorsfactors, etc.... , etc.... 

•• ThereThere are are differentdifferent force force fieldsfields forfor differentdifferent
typestypes of of moleculesmolecules: : proteinsproteins, , nucleicnucleic acid, acid, 
inorganicinorganic speciesspecies..

____________________________
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ChargesCharges

•• A A veryvery common common choicechoice isis the the useuse of of pointpoint
chargescharges. . TheseThese are  are  generallygenerally obtainedobtained
byby quantum quantum calculationscalculations on model on model 
systemssystems, or , or byby empiricalempirical calculationscalculations
basedbased on the on the atomatom elecronegativityelecronegativity..

____________________________
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PolarizabilityPolarizability

PolarizabilityPolarizability isis notnot usuallyusually usedused becausebecause
of of itsits computationalcomputational requirementsrequirements..

ComputationalComputational time time increasesincreases byby a a factorfactor

22--3     3     

____________________________
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Interactions between non bonded atomsInteractions between non bonded atoms

The calculation of these interactions  The calculation of these interactions  isis the the 
mostmost time time consumingconsuming task (~ the 95% of the task (~ the 95% of the 
total total computationalcomputational time). time). 

The The mostmost simplesimple tecniquetecnique toto reduce the reduce the 
computationalcomputational time time isis givengiven byby the so the so calledcalled
cutcut--off off methodmethod..
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Interaction energiesInteraction energies
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Electrostatic interactionsElectrostatic interactions

•• Multipole expansionMultipole expansion: the interaction between : the interaction between 
two charged groups can be written as the two charged groups can be written as the 
product of two product of two multipolemultipole expansionexpansion: : monopolemonopole--
monopolemonopole (r (r --11), ), monopolemonopole--dipoledipole (r (r --22), ), 
monopolemonopole--quadrupolequadrupole and and dipoledipole--dipoledipole (r (r --44). ). 

•• ItIt allowsallows a a largelarge savingsaving of of computationalcomputational time.time.

__________________________
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Mean field
Treatment of  a Treatment of  a partpart of the system of the system asas a a 

continuum.continuum.

Explicit atoms

continuum
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Boundary conditionsBoundary conditions
The simplest choice is the vacuum The simplest choice is the vacuum 
conditioncondition. . ThisThis choicechoice isis correctcorrect forfor ideal ideal 
gasesgases onlyonly..
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VacuumVacuum boundaryboundary
conditionsconditions are are notnot correctcorrect

forfor liquidsliquids, , solutionssolutions or or 
solidssolids



Theoretical and computational physical chemistry group

PeriodicPeriodic boundaryboundary conditionsconditions
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CUTCUT--OFF OFF 
withwith periodicperiodic boundaryboundary conditionsconditions

Rc
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CUTCUT--OFF OFF 

withwith periodicperiodic boundaryboundary conditionsconditions
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ELECRTOSTATIC INTERACTIONSELECRTOSTATIC INTERACTIONS
EwaldsEwalds sumsum in in periodicperiodic boxesboxes

The sum of an infinite number of terms in a periodic
system can be converted in a fast converging form that does
not require a large computational effort.

_________________
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SphericalSpherical boundaryboundary conditionsconditions
Vacuum

Restricted motion

Free motion
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MD limitsMD limits
• Time step
–– 2 2 fsfs withwith constantconstant bondbond lengthlength simulationssimulations and and 

light light hydrogenshydrogens

–– 4 4 ––6 6 fsfs withwith constantconstant bondbond lengthlength simulationssimulations and and 
heavy heavy hydrogenshydrogens

–– 0.2 0.2 fsfs forfor variablevariable bondbond lengthlength simulationssimulations

• Size 104 -105 atoms

Sampling !!

• Simulated time 102-103 ns

• Sampled space

--------------
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In In anan attemptattempt toto avoidavoid
misleadingmisleading conclusionsconclusions......

Sampling
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ItIt isis importantimportant toto performperform
adequateadequate samplingsampling
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IncreaseIncrease of the sampled space:of the sampled space:
high temperature samplinghigh temperature sampling

Di Nola, A., Berendsen, H. J. C., and Edholm, O. (1984) Di Nola, A., Berendsen, H. J. C., and Edholm, O. (1984) 
MacromoleculesMacromolecules, , 1717, 2044, 2044

•• The advantage of MD with respect The advantage of MD with respect toto otherother
tecniquestecniques isis the the presencepresence of the of the kinetickinetic termterm
thatthat allowsallows toto overcomeovercome barriersbarriers of the of the orderorder
of of magnitudemagnitude of of kTkT..

•• High temperature simulation High temperature simulation enhancesenhances the the 
samplingsampling of the of the conformationalconformational space. space. 

____________________________
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ConstrainedConstrained dynamics (I)dynamics (I)

SHAKESHAKE (Ryckaert , Ciccotti and Berendsen) is an iterative (Ryckaert , Ciccotti and Berendsen) is an iterative 
methodmethod thatthat allowsallows toto performperform a simulation a simulation withwith constantconstant
bondbond distancesdistances..

•• AdvantagesAdvantages

–– ItIt isis possiblepossible toto increaseincrease the time the time stepstep 44--5 5 timestimes, up , up toto
∆∆tt 2 2 fsfs..

•• DisadvantagesDisadvantages

–– ConstraintsConstraints reduce the reduce the flexibilityflexibility of the system. of the system. ThusThus
some some propertiesproperties can can bebe affectedaffected..

–– SHAKE requires an iterative procedure which is difficult SHAKE requires an iterative procedure which is difficult 
to be implemented on parallel to be implemented on parallel codescodes..

--------------------------------------



Theoretical and computational physical chemistry group

ChoiceChoice of the time of the time stepstep ∆∆tt
The time The time stepstep mustmust bebe::

•• largelarge toto increaseincrease the total the total simulatedsimulated timetime

•• short short toto correctlycorrectly integrate the integrate the equationsequations
of of motionmotion. . 

It must be must set according to the most
rapidly varing forces (stretching)

∆t<<νmax
−1

__________________________
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Some Some valuesvalues ........
Time Event

10 fs Bond stretching and bending

40 fs Other bnnd forces and short range
non bonding interactions

1000 fs Long range bonding interactions

For these reasons:

• ∆t=0.2-0.5 fs with variable
bond distances

• ∆t= 1.0-2.0 fs with constant
bond distances

IMPORTANT !!!

The choice of ∆t depends on the atomic mass. For hydrogens a 
shorter time step should be used

_________________
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Multiple time Multiple time stepstep (MTS)(MTS)
Use of different time steps for

Different force types
Different atoms
Different distance between interacting atoms

AdvantagesAdvantages

-- All the degrees of All the degrees of freedomfreedom are are takentaken intointo accountaccount

-- Gain in Gain in computationalcomputational timetime

-- Easy implementation in a Easy implementation in a parallelparallel codecode

__________________________________
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Position Verlet integration schemePosition Verlet integration scheme

a(t)t∆t)∆r(t2r(t)t)∆r(t

 :givesorder  3rd  toup
 t)∆r(t and t)∆(t  ofexpansion Taylor 

2+−−=+

−+r

Velocities are given by

t∆2
t)∆r(tt)∆r(tv(t) −−+

=

____________________
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Leap Frog integration schemeLeap Frog integration scheme

The integration formula is:

)()
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Stochastic Dynamics (SD)Stochastic Dynamics (SD)
SD is an extension of MD. An SD SD is an extension of MD. An SD trajectorytrajectory isis obtainedobtained
integratingintegrating the the LangevinLangevin equationequation forfor eacheach atomatom::

dt
dr(t)γ

m
R

m
F

dt

r(t)d
2

2
−+=

With respect to the Newton’s equation there are 
two additional terms:
The stochastic force R
The friction term γ
Related by the following expression:

γ6mTkR B=
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PressurePressure and temperature controland temperature control

•• Constraint Constraint methodsmethods: T(t) : T(t) isis exactlyexactly rescaledrescaled toto
the the referencereference temperature Ttemperature T00, , operatingoperating on on 
velocitiesvelocities. The simulation . The simulation createscreates a a canonicalcanonical
distributiondistribution in the in the coordinatescoordinates butbut notnot in in 
velocitiesvelocities

•• StochasticStochastic methodsmethods: the : the velocityvelocity of of eacheach atomatom
are are randomlyrandomly modifiedmodified simulatingsimulating collisionscollisions
whithwhith a a particleparticle of the of the temperaturebathtemperaturebath in in 
whichwhich the the particlesparticles are are embeddedembedded
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PressurePressure and temperature control IIand temperature control II

•• Extended system Extended system methodsmethods: in : in thesethese methodsmethods
a new a new degreedegree of of freedomfreedom isis addedadded toto the the 
system, system, simulatingsimulating anan externalexternal temperature temperature 
bathbath. The . The metodmetod yieldsyields toto a a canonicalcanonical
distributiondistribution in the in the coordinatescoordinates and and velociesvelocies, , 
butbut isis veryvery sensitive sensitive toto the the choichechoiche of the of the 
parameterparameter thatthat governsgoverns the the heatheat exchangeexchange
betweenbetween system and system and bathbath..
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PressurePressure and temperature control IIIand temperature control III

•• Weak coupling Weak coupling methodmethod: in : in thisthis methodmethod
((BerendsenBerendsen, H. J. C., Postma, J. P. M., van , H. J. C., Postma, J. P. M., van 
Gunsteren, W., Di Nola, A. and Haak, J. R. Gunsteren, W., Di Nola, A. and Haak, J. R. 
(1984), (1984), J. J. ChemChem. . PhysPhys.,., 8181, 3684) the , 3684) the motionmotion
equationequation are are modifiedmodified toto allowallow a first a first orderorder
relaxationrelaxation of T(t) of T(t) toto TToo ThisThis isis a a stochasticstochastic
methodmethod withwith nullnull stochasticstochastic force and force and variablevariable
frictionfriction coefficientcoefficient..
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The The BerendsenBerendsen bathbath

•• The coupling with the external bath is The coupling with the external bath is 
obtained rescaling the velocity of each obtained rescaling the velocity of each 
single particle according to a parameter single particle according to a parameter 
λ. λ. The strength of  the systemThe strength of  the system--bath bath 
interaction is determined by a time interaction is determined by a time 
constant constant τ τ and follows an exponential and follows an exponential 
law: law: 

[ ]T(t)T1
dt
dT

0 −=
τ
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Isothermal Gaussian Isothermal Gaussian couplingcoupling

With this method the temperature is kept With this method the temperature is kept 
constante using the following motion equations:constante using the following motion equations:
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where γ is a friction coefficient given by
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Weak coupling methods applied to Weak coupling methods applied to 
pressure controlpressure control

•• The first order relaxation of P(t) to PThe first order relaxation of P(t) to P0 0 follows thefollows the
equation equation 

•• For an isotropic system the For an isotropic system the pressurepressure isis defineddefined

wherewhere VVboxbox(t) (t) isis the volume of the the volume of the computationalcomputational box box 
and and Θ(Θ(t) t) isis the the VirialVirial of the of the forcesforces::

τ
P(T)P

dt
dP(t) 0 −

=

(t)V
Θ(t)(t)E

3
2P(t)

box
kin −
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2
1Θ(t)
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EssentialEssential Dynamics of Dynamics of proteinsproteins

•• ThisThis methodmethod hashas beenbeen independentlyindependently
proposedproposed byby
–– A. Amadei, A. B. A. Amadei, A. B. LinssenLinssen, H. J. C. , H. J. C. BerendsenBerendsen

•• ProteinsProteins: : StructStruct. . FunctFunct. Gen. 17:412. Gen. 17:412--425 425 
(1993) (1993) 

– A. E. Garcia

• Phys. Rev. Lett. 68:2696-2699 (1992) 
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•• To define the essential To define the essential subspacesubspace one one needsneeds a long a long 
MD simulation of the MD simulation of the proteinprotein includingincluding solventsolvent

•• X(t) X(t) isis the 3Nthe 3N--dimensional dimensional vectorvector describingdescribing the the 
trajectorytrajectory withwith traslationstraslations of, and of, and rotationsrotations aroundaround
the center of mass the center of mass removedremoved

•• X(t)X(t)--<X> <X> isis the 3Nthe 3N--dimensional dimensional vectorvector of the of the 
atomicatomic displacementsdisplacements on on respectrespect toto the the averageaverage

•• ((XXii(t)(t)--<<XXii>)(>)(XXjj(t)(t)--<<XXjj>) >) isis the (i,j) the (i,j) elementelement of the of the 
covariancecovariance matrixmatrix CC

hh Λ=ΤΛ=Τ−−11CT or C=T CT or C=T ΛΛ TT--1 1 indicates a diagonal that yields indicates a diagonal that yields 
to the eigenvectors and eigenvaluesto the eigenvectors and eigenvalues
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DockingDocking

•• Docking is a metodology with which we try to Docking is a metodology with which we try to 
reproduce the interactions reproduce the interactions betweenbetween moleculesmolecules in in 
a a complexcomplex

The objective is to reconstruct a molecular complex starting
from dissociates molecules
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DockingDocking methodsmethods

–– Both protein and ligand rigidBoth protein and ligand rigid

–– Rigid protein and flexible ligandRigid protein and flexible ligand

–– Both protein and ligand flexibleBoth protein and ligand flexible

–– Explicit solvent moleculesExplicit solvent molecules
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Molecular Dynamics Docking (MDD)Molecular Dynamics Docking (MDD)

2
i

i
1kin vm

2
1E ∑=

A.  Di Nola,  D.  Roccatano,  H. J. C.  Berendsen, Proteins: Structure, Function, and Genetics, 19, 174-182 

(1994).
M. Mangoni, D. Roccatano and A. Di Nola, Proteins: Structure, Function, and Genetics,  35(2), 153-16
(1999).

The velocity can be decomposed as: The velocity can be decomposed as: 

M

m
 where

∑
=+= i

ii

CMCMic,i

v
   v vvv

vc,i is the velocity of the atom with respect to the center of 
mass 

vCM is velocity of the center of mass
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Molecular Dynamics Docking (MDD)Molecular Dynamics Docking (MDD)

The kinetic energy can be written as:The kinetic energy can be written as:

2
CM

2
c,i

i
i

2
i

i
ikin Mv

2
1vm

2
1vm

2
1E +== ∑∑

The last two terms corresond to the internal and c.o.m. 
kinetic energies, resp.

They can be coupled to two different thermal baths
_____________
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Molecular Dynamics Docking (MDD)Molecular Dynamics Docking (MDD)

So we have two So we have two differentdifferent temperaturestemperatures forfor
the the rigidrigid body body motionmotion and and forfor the the internalinternal

motionsmotions of the of the ligandligand

We can also have a different temperature for the protein and 
water molecules.

In solution it is also necessary to have a different weights for
the ligand-protein interactions

_____________
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DockingDocking of the of the phosphocholinephosphocholine toto
the the immunoglobulinimmunoglobulin McPC603 in McPC603 in 
solutionsolution
M. Mangoni, D. Roccatano and A. Di Nola, Proteins: Structure, Function, and Genetics,  35(2), 153-162 

(1999).
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SphericalSpherical boundaryboundary conditionsconditions
BrungerBrunger, A. T., Brooks, C. L., Karplus, M. K. (1985), , A. T., Brooks, C. L., Karplus, M. K. (1985), 
ProcProc. . NatlNatl. . AcadAcad. Sci., USA 82, 8458. Sci., USA 82, 8458

Restricted motion
Vacuum

Unrestricted
motion
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Position of the PC in the crystal complex
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Main interactions of the PC in the crystal
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Trajectory of the center of mass of the PC during the 180 ps simulation.

B is the staring position.

C is the PC position in the crystal
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Trajectory of the reference distances

Dashed lines represent the distances in the crystal
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Superimposition of the x-ray (thin) and 
MD (thick) structures
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The The freefree energyenergy problemproblem
We define

[ ]

[ ] [ ]
XX

XXX

X

 state  theofy probabilit  theis )P( and
)()(exp)(exp

 where
)(expln

PEE

EkTA

∑ +=+

+=

ββ

β

We can notice that the high energy states have low probability P 
but high exponential. So

• The free energy converges slowly

• A very long sampling is required

• The frequence is substituted to probability and thus all the 
quantities are calculated as an average.
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The The couplingcoupling methodmethod approachapproach

IfIf wewe suppose suppose thatha the the freefree energyenergy hashas a a 
dependencedependence on a on a parameterparameter λ, λ, wewe can can writewrite

A(A(λλ)=)=--kTlnZ(kTlnZ(λλ).).

ThreeThree differentdifferent methodsmethods useuse thisthis expressionexpression asas
the the startingstarting pointpoint of of freefree energyenergy calculationscalculations::

•• ThermodynamicThermodynamic integrationintegration (TI)(TI)

•• Perturbation Method (PM)Perturbation Method (PM)

•• Potential of Mean ForcePotential of Mean Force
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Thermodynamic IntegrationThermodynamic Integration

Starting from the simple relationStarting from the simple relation

we can easily arrive to the we can easily arrive to the followingfollowing expressionexpression

wherewhere the the subscriptsubscript λλ indicatesindicates anan ensemble ensemble 
averageaverage over the over the followingfollowing functionfunction

λ
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λ dAA ∫ ∂
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In this way we obtain the final relation of In this way we obtain the final relation of 
thermodynamic integration methodthermodynamic integration method

•• λ λ can be identified with volume, temperature, can be identified with volume, temperature, 
pressure changes , even if it is pressure changes , even if it is notnot restrictrestrict, ed , ed 
toto thermodynamicthermodynamic variablesvariables. In . In factfact, a , a lotlot of of 
analyticalanalytical continuationscontinuations betweenbetween initialinitial and final and final 
statesstates can can bebe used

( ) λ
λ

λ

λ

dXEA
N
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1
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•• ForFor exampleexample, ideal , ideal topologicaltopological transitiontransition
can can bebe associatedassociated toto λ:λ:
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