Chapter 6: Molecular Mechanics

Key Notes:

Fundamental Aspects:

Molecular mechanicsis the applicationof classicalmechanicsto molecules.
Classicalmechanicgs usedto describethe motion of macroscopimbjects. In
molecularmechanicsatomsare treatedas spheresvhosemassdependson the
element. Chemicalbondsaretreatedasspringswhosestiffnessdepend®n which
elementsare boundtogether,and whetherthe bondis single,double,or triple.
Othertypesof springsareusedto modelchangesn bondanglesdihedralangles,
etc. Eachof thesevarioustypesof springswill havespringconstantsassociated
with them. Experimentaland theoreticalmethodsare usedto determinethese
parameters Additional equationgrom classicalphysics,suchasCoulombOkaw,
areusedto handleany electrostatidnteractionspresentwithin a molecule. The
sumof all energytermsthatapply to a particularmoleculeareaddedtogetherto
define what is called the Osteric@&nergy, or total potential energy, of the
molecule. Theseenergiesare not externallyreferencede.g.energiesalculated
for different moleculescannotbe directly compared)and must be usedwith
caution. All of the equationsand associategparametersisedto calculateeach
energyterm are collectively called the OforceieldO. Different force fields have
beendevelopedior different moleculartypes(e.g. small organicmoleculesvs.
large biomolecules). Since molecularmechanicsdoesnot deal directly with
electronsandorbitals,we cannotstudychemicalreactionsor predictthe reactivity
of the molecules studied with this technique.

Applications:

In computationalterms, molecularmechanicss the leastexpensive(fastest)
method. It is especiallywell suitedfor providing excellentstructuralparameters
in termsof bond distancesangles,etc., for the most stableconformationof a

molecule. This so-calledOgeometrpptimizationQs often usedasthe first step

beforea calculationof anothertypeis performed. This is doneto insurethatthe

moleculeis in itsQlowestenergystateso that calculatedresultscanbe compared
to thosedone experimentally. Since molecularmechanicss computationally
inexpensiveijt is oftenthe only methodavailablefor usewith large molecules,
especially those of biochemical interest such as proteins.

Molecular Mechanics Methods:

Althoughalargenumberof differentmethodshavebeendevelopedthis text will

focuson three. For organicmoleculeswith a variety of functionalgroups,there
aretwo widely usedmethodsknownasMM2 andMM3. The MM2 methodis a
precursorof MM3. The parametersusedin thesemethodswere chosento
reproducethe experimentaktructureand conformationalenergydifferencesfor
individual molecules. The MM3 methodhasparameter$or moreatomtypesand
addresseknown problemswith the MM2 method. Thethird methodis knownas
OPLS-AA, an acronymfor Optimized Potentialfor Liquid Simulationsb All



Atom. This methodcanalsobe usedwith organicmoleculesbutis morewidely
usedin studiesof proteins focusingon reproducindiquid propertiessuchasheat
of vaporization and density.

Molecular Mechanics Software Tools:
Themolecularmechanicsoftwareprogramavailableon the North CarolinaHigh
School ComputationalChemistry Serveris known as Tinker. This program
currently utilizes the MM2, MM3, and OPLS-AA molecularmechanicdorce
fields as describedabove. The programalso has the ability to use other,
commercially available, force fields.

Advantages:

Perhapshe greatesadvantag®f molecularmechanicss its computationakpeed.
As the fastestcomputationathemistrymethod,this methodcanbe usedto study
large biomolecules(assumingthe requiredhardwareis in place!). For single
processosystemdike mostdesktopandlaptopmachinesgcalculationson a large
biomoleculewill still take a prohibitively long time. The main advantageof
molecularmechanicawith typical computerhardwareis in the areaof geometry
optimizationD finding the most stableconformerof a molecule. As long asa
goodforcefield is availablefor the moleculeunderstudy,structuralresultsfrom a
molecular mechanicscalculation will more closely match experimentally
determinedstructuresthan other computationalchemistry techniques. The
method is thus a good choice when studies of molecular geometry are undertaken.

Disadvantages:

Themaindisadvantagef molecularmechanicsandit is a seriousone,is thelack

of availableparametergor manycompoundypes. Approximately80% of known

compoundgdo not haveparameteravailable. This severelylimits the areasof

applicability of the method. Also, sinceelectronsandorbitalsarenot usedin the

method,we cannotstudy chemicalreactionsor predictreactivity of molecules.
Othermethodsthat involve more computationakxpensanustbe usedto study
these properties.

Fundamental Aspects:

The molecularmechanicssziew of a moleculehasspheresof different mass(atoms)connected
togetherby avariety of springs(chemicalbonds). If we canfind the coordinate®f all theatoms
at the placewhereall the springsare at their equilibrium length, this shouldcorrespondo the
lowestenergystateof the molecule. Dynamicbehaviorof the moleculecouldalsobe calculated
through application of the laws of classical mechanics.

In real moleculesthereare otherforcespresentthanjust thosebetweenbondedatoms. There
may be chargegresenthatcanrepelor attract. Repulsiondetweemonbondedatomsthatare
closetogetherin spacemight alsooccur. Theseforcesmay actto changebondanglesor cause



twisting aroundsinglebonds. To describethe energyof the systemwe haveto accountor all of

the different typesof interactionsthat are applicable. The sum of the energyof all of these
variouscomponentss the basisof a forcefield. A forcefield allows for calculationof all the

forces on the system which in turn gives the energy of the system.

In orderto createa forcefield, we needa mathematicaéquationfor eachenergytermaswell as
anyrequiredparametergconstantsjor theseequations.For examplejf we areusingspringsto
representhemicalbondsbetweenatoms,we will needto know the strengthof eachspring
(calledthe springconstant) andthe equilibrium distancebetweenmatoms for eachdifferenttype
of bondpresent.A C-N bondwill havea differentspringconstaneandequilibriumdistancehan
an O-H bond. So,theseforce fields containa hugenumberof equationsandparameters.The
equationscomefrom classicalphysics,andthe parametergomefrom eitherexperimentabata,
or from higherlevel quantummechanicscalculationswhich will be discussedn subsequent
chapters.

Some of the energy terms that need to be taken into account are:
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(6) Electrostatic interactions

Sincemolecularmechanicsriews chemicalbondsas springs,we usean equationfrom physics
called the harmonic oscillator approximation to describe this behavior:
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ks = spring constant|o = equilibrium bond length

Bond angle bending is treated with a similar equation:
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k = spring force constant;o = equilibrium bond angle

Rotationabouta single bond (torsion) changegshe dihedralangle () andinvolves a sum of
periodicfunctions. As the dihedralanglechangedrom 0O;j to 360, the energyprofile will begin
to repeat itself.
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torsion

V, = dihedral force constant; n = periodicitys dihedral angle
An exampleis shownbelowwith rotationaboutthe C-C bondin ethane. The eclipseddihedral

angleis takenasOj, andthe staggeredorm with its loweredstericcrowdingbetweenH atoms,
occurs at 60j:

HH
A Eclipsed @LH
o] }
E
H H
B Staggered H— H ! ! ! ! !
0 60 120 180 240 300 360
H H

Degrees of Rotation _

Neutralatomsundergoa long rangeattractivevan der Waals,or dispersionforce. At shorter
range the electroncloudsof atomswill beginto repeloneanother(Paulirepulsion). Thesetwo
effects are modeled using the Lennard-Jones, or O6-120 potential:

A = repulsive termB = attractive term

Hydrogenbonding is often handledin the van der Waals and electrostaticterms, but is
sometimes placed in a separate term. This O10-120 potential decays more rapidly with distance:

cC. D
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Electrostatic interactions are based on CoulombOs Law:
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electro

g, = atomic partial charge; = dielectric constant; = interatomic distance

Whatis calledthe stericenergy,or total potentialenergy,of the systemis givenby a summation
of all the energy terms:

Etotal = Estretch + E! + Etorsion + EvdW + EHB + Eelectro

Theforcefield parameter#n all of the aboveequationsaretypically determinedor anexample
set of molecules,all of similar type. In orderto achievegood resultsfrom a molecular
mechanicscalculation, the molecule of interestshould be similar to those usedin the
parameterizatioprocedure. Someforce fields were developedfor small organicmolecules,
while others apply better to proteins, or solid-state oxides, or inorganic molecules.

Applications:

As discussedbovethe applicationsof molecularmechanicswill dependon theforcefields one
hasavailable. The North CarolinaHigh SchoolComputationalChemistryServerusesa program
calledTinker to do molecularmechanicsalculations. This programincludesthe MM2, MM3,

andOPLS-AAforcefields. TheMM2 andMMS3 forcefields weredesignedor usewith organic
moleculesalthoughsomeparametersreincludedfor OnonorganicéementsuchasFe, Ni, and
Co. The MM3 methodwascreatedto dealwith someof the problemsthatbecameapparenin

the MM2 method. Someof theseproblemsinclude nonbondedH-H repulsionsthat weretoo
large, inaccurateenergy differencesin some dihedral angles,and troublesin handling
compoundsvith small (3-, or 4-memberedjings. Whendevelopedthe emphasiof both MM2

and MM3 was to model the structures,vibrational frequencies(e.g. infrared spectra),
conformationaknergiesandenergybarriers,andheatsof formationfor individual molecules.In

a laboratorysituationwhere studentsare performing calculationson organic molecules,the
speedof molecularmechanicscombinedwith the excellentstructuralparametersbtained
throughthe geometryoptimizationprocessmakethe MM2 andMM3 methodshighly attractive
for this application. Studentscould also investigateconformationalenergy changesof a
moleculeassingle bondsarerotated. The energieseportedby the programare not externally
referenced thatis, thereis no uniform Ozero©f energythatall calculatedresultsarecalibrated
by. Comparisonf energyresultsbetweendifferent moleculesis not likely to work well,

althoughlooking at conformationalenergydifferencesin the samemoleculecan give useful
information.

The OPLS-AA force field was designedto model organic moleculeswith an emphasison
proteinsandcondenseghaseg(liquid or solid) simulations. Unlike the MM2 andMM3 methods,
OPLS-AA can also be usedto model intermolecular (between molecules) as well as
intramolecular(within the samemolecule)interactions. So OPLS-AA is betterat condensed
phase modeling where intermolecular interactions become more important.



Molecular mechanicanethodsare widely usedto study interactionsin biomolecularsystems
becausef thelow computationatost. However,beforesuchataskis undertakerit is important

to notethatthe computationatime requiredfor thesecalculationancreasesassomethingclose

to N?, whereN is the numberof atomsin themolecule. Thecalculationspeedor asmallorganic

moleculewith a few dozenatomswill be quite differentthanthatfor a small proteinthat may

have severalthousandatoms. Calculationson large biomoleculesrequire multiprocessor
machinesn orderto speedhingsup. Evenwith the properhardware suchcalculationscantake

several days!

A typical applicationfor molecularmechanicss in understandinghe interactionsbetween
potentialdrug moleculesandthe sitesthey interactwith, usuallyin proteins. Changesanbe
madein the structureof a moleculeto seeif a strongerinteractionwith the targetsite is
produced. This is an essentialspectof drug design,and pharmaceuticatompaniesspenda
large amount of time and money on computational modeling of these interactions.

Finally, it is up to the userto decidewhich methodto usefor a givenapplication. A comparison
of structuralresultsfor the samemoleculeobtainedusingMM2, MM3, andOPLS-AA would be
a worthwhile endeavorgspeciallyif the actualexperimentatesultsareavailable. After some
practiceusingthe variousmethodswith differentmoleculesthe choiceof which methodto use
in a given situation will become apparent.

Molecular Mechanics Methods:

Both the MM2 and MM3 parametesets,developedoy the Allinger group at the University of

Georgia,aretargetedat small organicmoleculeswith a rangeof functionalgroups,and have
beenin wide usefor overtwenty years. Theseprogramsare parameterizedo provideaccurate
groundstategeometries.Of the variouscomputationamethodsmolecularmechanicgprovides
the Obest@eometricabatathatagreesvell with experimentallydeterminedyeometries.In fact,

molecularmechanicss oftenusedto first calculatethe optimizedgeometryof a givenmolecule
beforeanothettype of calculationis performed. This is donesothatthe moleculargeometrythat
the calculationis performedon will beascloseaspossibleto the experimentajeometry. If both

the calculationand experimentatiorare performedon a moleculewith the samegeometry the

calculated and experimental results should be directly comparable.

The OPLS/AA (Optimized Potentialfor Liquid Simulations/All Atom) parameterset was
developedby the Jorgensergroup at Yale University and is optimizedto fit experimental
properties of liquids, such as heat of vaporization and density.

Molecular Mechanics Software Tools:

The TINKER molecularmodeling program available on the North Carolina High School
ComputationalChemistryServerincludesMM2, MM3, andOPLS/AA. TINKER alsohasthe
ability to useothercommonparametesetssuchasAMBER, CHARMM, andAMOEBA, all of
which are commercially available.



Advantages:

The computationabpeeddf molecularmechanicgnakesthis the only viable methodfor studyof
large moleculesor solid-statematerialswith manythousandsf atoms. Calculationson large
systemsare tackledusing appropriatehardware typically a high-endmultiprocessomachine.
Force fields are available for a variety of molecules of interest.

Disadvantages:

In orderto performa molecularmechanicgalculation we musthavethe requiredparameters$or
the moleculeof interest. Theseparametergonsistof the setof the variousconstantfrom the
equationgiscussectarlier. To haveall of the constantsequiredfor any moleculethatwe might
wantto studyturnsout to be highly unlikely. To understandhe parameteproblem,letOsio a
crude calculation and see just how many parameters we might need.

The elementghatappeamostoftenin typical moleculesarea subsetf the PeriodicTablethat
includeseverythingup throughKrypton (atomicnumber36). Leavingoutthe Noble GaseqHe,

Ne, Ar, andKr) letOsretendthat eachof the remaining32 elementscould form a bond with

everyotherelementandthat eachelementcanalsoform a bondwith anotheratomof the same
type. So, with 32 elements we would have:

[32(32+1)]/2 = 528

We would need528 springconstantgo handleall of the singlebondsbetweernthese32 elements.
Of coursewe may also have multiple bondsbetweenelements. Oneway to look at this is to
considerdifferentatomhybridizations(sp’, sg, sp) for single,double,andtriple bondsbetween
each of our 32 elements. Now we have 96 different element types, which would lead to:

[96(96+1)]/2 = 4656

To handleall the bondswould require4656different springconstants! We would alsoneedto
know the equilibrium bond lengths(lp) for eachof thesebonds, giving a total of 9312
parameters.If we include otherthings we needto know, suchask and_g valuesfor every
possiblebondangle,variousdihedralangleforce constantgV, values),A andB valuesfor van
der Waalsforces,C and D valuesfor hydrogenbondingforces,atomic chargevalues(q,) and
dielectricconstanwalues(_,p) for electrostatianteractiongor everypossiblebondtype,etc.,we
would needsomethingon the orderof 10’ (10 million) parameters!And recall we left out the
other ~70 elements of the Periodic Table in our estimate.

The taskof experimentallydetermining(or usingtheoryto calculate)this many parameterss
daunting,to say the least! Various approximationsare madeso that the problembecomes
tractable. A simpleapproachs to havesomedistancecut-off for termsinvolving r. Another
way to is to limit thenumberof elementsncludedin agivenforcefield, asdiscussegbreviously.
Proteinsareoften simulatedvia Obead@odelsthat represeneachaminoacid usingtwo to four



particles, ratherthanindividual atoms. Evenwith theseapproximationsg¢a. 80% of all known
molecules do not have adequate parameters for molecular mechanics calculations.

The otherdrawbackof the methodis the inability to modelcertainthingsof interestto chemists,
suchaschemicalreactions. The harmonicoscillatorapproximationallows bondsto stretchand
compressput not breakandreform new bonds. Also, becauseve do not haveelectronsand
orbitals in the model, we also canOt use molecular mechanics to predict reactivity.



