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SUMMARY

Themolecularmotorprotein,myosin, convertschemicalenergy from ATP hydrolysisinto useful

mechanicalwork that is usedto translocatethe myosin �lament alongan actin �lament during

musclecontraction. The mechanisminvolved in the chemo-mechanicalcouplingnecessaryfor

myosin function is poorly understood.In this researchwork, a computationalattemptis being

madeto understandthe recovery-stroke mechanismin a myosinmoleculewhich is oneof the

fundamentalprocessesthatoccursduringmusclecontractionin living organisms.

During the recovery stroke, the myosinmotor is primedfor the next power stroke by

a 60+ rotation of its converter domain(which bearsthe lever arm). This reversiblemotion is

coupledto theactivationof its ATPasefunction throughconformationalchangesalongtherelay

helix, which runsfrom the Switch-2loop nearthe ATP to the converterdomain. This coupling

mechanismis determinedby computingminimumenergy pathways(MEP)betweenthecrystallo-

graphicend-statesof therecovery stroke, yielding a continuousseriesof optimizedintermediates

in atomicdetail. TheMEP revealsa two-phasemechanism,in which thesuccessive formationof

two hydrogenbondsby theSwitch-2loop is correlatedwith thesuccessive movementof thetwo

helicesthathold theconverterdomain:therelayhelix andtheSH1-helix.The�rst phaseinvolves

theformationof a hydrogenbond(betweenGly457,on theN-terminalof therelayhelix andthe

( -phosphateof ATP)which causesa “See-Saw” like motionof therelayhelix. Thesecondphase

is triggeredby theformationof anotherhydrogenbond(betweenSwitch-2andtheSer181of the

P-loop)whichcausesthewedgingof a loopagainsttheN-terminalendof theSH1-helix,resulting

in the longitudinaltranslationof theSH1-helixrelative to therelayhelix. Theconverterdomain

�rst respondsto the“See-Saw” motionof therelayhelix by rotating , 20+ , thento thetranslation

of theSH1-helixby rotatinga further40+ . Theproposedcouplingmechanismis consistentwith

xi



SUMMARY

theexistingmutationaldataandexplainstheroleof ahighly conservedloopstructure,calledhere

asthe“Wedgeloop”, whichwasrecognizedfor the�rst-time.

Moleculardynamicssimulationsof DictyosteliumdiscoideummyosinII in thetwo end

conformationsof therecovery stroke with differentnucleotidestates(ATP, ADP % Pi, ADP) reveal

thattheside-chainof Asn475(whichinitiatesthe�rst-phaseof therecovery-stroke) switchesaway

from Switch-2uponATP hydrolysisto make a hydrogenbondwith Tyr573(on theWedgeloop).

Thissensingof thenucleotidestateis achievedby asmalldisplacementof thecleaved ( -phosphate

towardsGly457whichin turnpushesAsn475away. Thesensingplaysadualroleby (i) preventing

the wastefulreversalof the recovery stroke while the nucleotideis in the ADP % Pi state,and(ii)

decouplingthe relay helix from Switch-2, thus allowing the power stroke to start upon initial

binding to actin while Gly457 of Switch-2keepsinteractingwith the Pi (known to be released

only later after tight actinbinding). The catalyticallyimportantsalt bridgebetweenArg238(on

Switch-1)andGlu459(on Switch-2),which covers the hydrolysissite, is seento form rapidly

whenATP is addedto the pre-recovery stroke conformerandremainsstableafter the recovery

stroke, indicatingthatit hasa role in shapingtheATPbindingsiteby induced�t.

xii



ZUSAMMENFASSUNG

DasmolekulareMotorproteinMyosinwandeltchemischeEnergieausderATPHydolysein mech-

anischeArbeit um,diedazugenutztwird umMyosin-undAktin-Filamentegegeneinanderzuver-

schiebenundsoz.B. die Muskelkontraktionzu ermöglichen.DerMechanismusdieserchemisch-

mechanischenKopplung,derfür die Funktionvon Myosin essenziellist, ist nur in Ansätzenver-

standen.In dieserArbeit wird ein rechnergesttzterAnsatzverwendetum denMechanismusdes

“recovery stroke” zu verstehen.Der “recovery stroke” ist einerder fundamentalenProzessebei

derMuskelkontraktionin lebenenOrganismen.

Währenddes“recovery stroke” wird der Myosin Motor für dennächstenKraftschlag

vorbereitedindemder Myosin-Kopf um 60+ relativ zur Konverter-Domäneund demHebelarm

gedrehtwird. Der Drehpunktist mit der Bindetasche,in der die ATP Hydrolyse statt�ndet,

durchdie sogenannteRelais-Helixverbunden. Währenddes”recovery stroke” �nden eineeine

Reihevon strukturellenÄnderungenlängsdieserHelix statt. In der vorliegendenArbeit wird

derKopplungsmechanismuszwischenderATPHydrolyseundderDrehbewegungmit Hilfe eines

Minimum-Energie Pfades(MEP) simuliert. Der MEP verbindetdie Röntgenkristallographischen

End-ZusẗandedesProzessesdurcheineKettevon geometrieoptimiertenintermedirenStrukturen.

Der ”recovery stroke” beruhtauf der Bildung zweier Wasserstoffbrückenbindungen durch die

”switch-2” Schleife, in Korrelation mit der Bewegung zweier Helices welche die Konverter-

Domänehalten: der Relais-Helixund der SH1-Helix. Der MEP zeigt dassdieserProzessaus

zwei Phasenbesteht. In der erstenPhasebildet sich eine Wasserstoffbrückenbindung zwis-

chenGly457 am N-terminalenEndeder Relais-Helixund dem ( -PhosphatdesATP, was eine

Kipp-BewegungderRelais-Helixzur Folgehat. Die zweitePhasewird durchdie Bildung einer

Wasserstoffbrückenbindung zwischender”switch-2” SchleifeundSer181derP-Schleifeinitiiert.
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Dadurchwird eineweitereSchleifeähnlicheinemKeil gegen dasN-terminaleEndeder SH1-

Helix geschoben,wodurchletztereparallelzurRelais-Helixverschobenwird. Die Kippbewegung

dererstenPhasebewirkt eineDrehungderKonverter-Domneum30,whrenddieVerschiebungder

SH1-HelixeineDrehungumweitere40+ zurFolgehat.DerhiervorgeschlageneKopplungsmech-

anismusist konsistentmit verfügbarenMutations-Experimentenund erklärt zum erstenMal die

RollederhochgradigSequenz-konservierten Schleife,diehier ”K eil”-Schleifegenanntwird.

In einemweiterenTeil derArbeit werdenMolekulardynamik-SimulationenvonMyosin

II desOrganismusDictyosteliumDiscoideumin beidenEnd-Zusẗandendes”recovery stroke”

mit verschiedenenNukleotid-Zusẗanden(ATP, ADP % Pi, ADP) durchgef̈uhrt. DieseSimulationen

zeigendassdie Seitenkettevon Asn475(welchedie erstePhasedes”recovery stroke” initiiert”)

sich durchdie ATP-Hydrolysevon ”switch-2” wegbewegt und eineWasserstoffbrückenbindung

mit Tyr573auf derKeilschleifebildet. DieseAbhängigkeit vom Nukleotid-Zustandwird erklärt

durcheinekleine Verschiebung desabgespaltenen� -Phosphatshin zu Gly457 welchesseiner-

seitsAsn475verschiebt.Die Sensitivität bez̈uglichdesNukleotid-Zustandesist wichtig für (i) die

Vermeidungeinerunproduktiven Umkehrungdes”recovery strokes” währenddesADP.Pi Zus-

tandes,und (ii) die Entkopplungder Relais-Helixvom ”switch-2”, wodurcherreichtwird, dass

derKraftschlagnachderinitialenBindunganAktin ausgelstwird, wobeiGly457von ”switch-2”

weiterhinmit demPi interagiert,welchesbekanntermaßenerstnachderBindunganAktin freige-

lassenwird. Es wird beobachtetdassdie katalytischwichtige Salzbr̈ucke zwischenArg238(in

”switch-1”) undGlu459(in ”switch-2”), welchedieBindetascheandderHydrolysestellebedeckt,

durchdieBindungvonATPandieStrukturvor dem”recoverystroke” schnellgebildetwird. Diese

Salzbrcke bleibt auchnachdem”recovery stroke” stabil,wasdaraufhindeuteddasssiedie Rolle

hatdieATP Bindetaschedurch”induced�t” zu formen.
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CHAPTER 1

INTRODUCTION

Molecularmotorsarebiological ”nano-machines”that are the essentialagentsof movementin

living organisms.Generallyspeaking,amotoris de�ned asadevice thatconsumesenergy in one

form andconvertsit into mechanicalwork. Protein-basedmolecularmotorsconvert thechemical

energy presentin ATP into mechanicalenergy and movement.8,9 This movementis essential

to the life of a biological cell, and it takes many forms, from cytoplasmicstreamingand the

growth of neuronesto the long distance�ight of thealbatrossor theexplosive performanceof a

sprinter.10 Fromthevantagepoint of biophysics,motorproteinsprovide fascinatingsystemsfor

understandinghow proteinsuseenergy from ATP to power non-spontaneouseventslike muscle

contraction.Threetypesof cytoplasmicmolecularmotorsareknown: myosins,whichmovealong

actin �laments, dyneinsandkinesins,which usemicrotublesastracks.Themechanismthey use

to convertchemicalenergy into mechanicalwork is bothsimpleandingenious.11 Interestin motor

proteinshasexpandedenormouslyin recentyears.Oneof themostextensively studiedmolecular

motorsarethemyosins,whichdrivesmusclecontraction(reviewedin refs2,12,13). In myosin,ATP

bindingandlaterhydrolysiscausesmallconformationalchangesin a globular motordomainthat

areampli�ed andtranslatedinto movementwith theaidof accessorystructuralmotifs.2,12

1.1 MYOSINS: A SUPER FAMILY

Myosinsconstitutea largesuper-family of proteinsthatsharea commondomainwhich hasbeen

shown to interactwith actin, hydrolyzeATP and producemovementin all casesexaminedto

date.1,14,15 The un-rootedphylogenetictreeof the myosinsuper-family (Figure1.1) is derived

from an alignmentof 139 membersof the myosinsuper-family. The alignmentcomparedthe
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coremotordomains(equivalentto residues88-780of chickenskeletalmyosinII) of eachmyosin,

usingdistancematrix analysisperformedwith theClustal-Wpackage.16,17 All myosinssharethe

commonfeaturethat they consistof a globular motor domain(the headdomain),an ) -helical

neckdomainthat binds two light chainsanda long ) -helical tail. Small structuralchangesat

thecatalyticsite in themotordomainareconvertedinto a largeswingof the light-chainbinding

domainthatthusservesasa leverarm.

Figure1.1: Un-rootedphylogenetictreeobtainedfrom themyosinmotordomainsequences
(Thispicturewastakenfrom reference1).

1.2 THE MYOSIN I I MOTOR

The myosin II classis alsoreferredto as“conventional” myosinssincethis wasthe only class

of myosinknown for decades.15,18 Membersof this classarehexamericenzymescomposedof

two heavy chainswith a molecularweight of 171-244kDa andtwo pairsof light chains. The

amino-terminalportion of the heavy chains(collectively referredto as the `head') containsthe

prototypicalmotor domainand two IQ motifs in the neck. The carboxyl-terminalhalf of the

heavy chainconsistsof coiled-coil forming sequencewhich homodimerizesto form the long rod

2
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(or tail) which usuallyterminatesin a shortnon-helicalsegment.18 Myosin II moleculeshave a

two-headedstructure,dueto thedimerizationof theheavy chainin the tail. The tails of myosin

self-associateto form �laments bothin vivo andin vitro at low ionic strength.

Myosin II can be proteolytically cleaved into discretefunctional domains. One site

of cleavageis at the junction betweenthe headandthe tail which producesa solublefragment

termedsubfragmentone(S1)andthetail fragmentwhich remainsa coiled-coildimerandretains

thesolubility propertiesof theparentmolecules.S1bindsto actinandnucleotidesandcontains

two light chains.Anothercleavagesiteof myosinII of thetail fragmentproducestwo fragments,

heavy meromyosin(HMM) andlight meromyosin(LMM). HMM, which is solubleeven at low

ionic strength,containstheheadregionandaportionof thecoiled-coilformingsequence(termed

subfragment2 or S2),which furtherdimerizesto producea two-headedfragment.LMM retains

thesolubility propertiesof theparentmolecule.Both S1andHMM have beencritical to kinetic,

biophysicalandstructuralstudiesof themyosinmolecule.2,12,19,20

1.3 GENERAL STRUCTURE OF MYOSIN S1

The �rst X-ray crystal structureof S1 was from chicken musclewithout nucleotidebut with a

sulfateion in placeof the � -phosphatein theactivesite.21 ThestructureshowstheS1in atadpole-

like conformationwith anelongatedheadconsistingof a7-stranded-� -sheetandaC-terminaltail

(Figure1.2).

All threefragments(25K, 50K, and20K) contribute to the7-strandedb-sheet.Numer-

ous ) -helicesthatsurroundtheb-sheetform a deepcleft extendingfrom thenucleotide-binding

site to theactin-bindingsite. In Figure1.2, theproteolyticfragmentsarecolor codedasfollows:

25K (N terminal),green;50K, red;and20K (C terminal),blue.The50K fragmentactuallyspans

two domains,calledas the 50K upperdomainandthe 50K lower domainor actin-bindingdo-

main.21 Theactin-bindingdomainhasbeencoloredgrey. Therestof the25K fragment,together

with the50K upperfragment,residues81-486,form onelargedomainthataccountsfor 6 of the

7 strandsof the � -sheetandconstitutesthebulk of themolecule.TheATP-bindingsite is in this

large domainnearthe 25K-50K fragmentboundaryandcontainsa characteristicP-loopsimilar

to that foundin many ATPasesandG-proteins.22 TheATP-bindingsite is about4.0nm from the

3



INTRODUCTION

Figure1.2: Myosin-S1: The regulatorylight chain(magenta)andthe essentiallight chain
(yellow). The proteolytic fragmentsarecolor codedas follows: 25K (N terminal),green;
50K, red;and20K (C terminal),blue.The50K fragmentspanstwo domains:the50K upper
domainandthe50K lower domainor actin-bindingdomain.Theactin-bindingdomainhas
beencoloredgrey. Figuretakenfrom.2

actin-bindingsite.

1.4 ATOMIC STRUCTURE OF F-ACTIN

Actin hastwo conformations,G (globular) andF(�brous). Crystalstructuresareonly availablefor

theG-form. Theonly highresolutiondataavailablefor F-actinis from �ber diffractionpatterns.23

A numberof attemptshave beenmadeto �t a helix of G-actin monomersto the observed F-

actin,�ber diffractionpatternby re�nementmethods.24,25 Sincethe�ber-diffractionpatternsare

of limited resolution(6 to 8 	A), the re�nement is underdetermined.As a result, thesevarious

methodsproducerelated,but differentstructures.Thefour sub-domainsof G-actinwereallowed

to moveasindependentsolidbodiessoasto minimizethedifferencebetweenthecalculated�ber

diffractionpatternandtheobserved�ber diffractionpattern.26 Thesub-domainswereconstrained

to remainconnected.After there�nement,thestereo-chemistryof residuesin thejunctionregions
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wasoptimizedusingtheCNSsoftware.27

Figure1.3: F-Actin. Figuretakenfrom reference.2

Thus constituted,thin �laments (F-actin) are helical polymerswhich have 13 actin

molecules(42kDa)arrangedon six left-handedturnsrepeatingevery36 nm. Therisepersubunit

is 2.75nm.28 The morphologyof the actin helix is, rather, two intertwined,steepright-handed

helices. Along eachof the morphologicalhelicesthe actin monomersarespacedby 5.5 nm.28

Thestructureof themonomer(G-actin)wassolvedby proteincrystallographyasa complex with

DNAaseI23 andhassincebeensolved in two othercomplexes.29,30 The structureshows actin

to consistof two similar domainseachof which containsa 5-stranded-� -sheetandassociated) -

helices.Thephosphatemoietyof anucleotide(ATPor ADP), togetherwith Mg -�. or Ca-�. (Mg -�.

is physiological),is boundbetweenthetwo b-sheetdomains.Eachof thedomainscarriesa sub-
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domain;oneis involved in actin-actininteractions,andtheotherin additionformsthetop of the

nucleotide-bindingpocket.

1.5 STRATEGIES FOR MOVEMENT

Differentmotorscanadoptdifferentstrategieson how to movealongtheir tracks.Whichstrategy

is useddependson the functionof themotor. Motor proteinscanmove alongtheir trackseither

processively or non-processively. Processivity is de�ned as the averagenumberof stepstaken

perdiffusionalencounterbetweena motorandits track.31 Anotherkey featurecharacteristicof a

speci�c motor is its directionality, i.e., in which directionit movesalongits track.10 Myosin II is

a classicalexampleof a non-processive motor thatdetachesfrom its trackat eachATP turnover.

This is adequatefor myosinII becausemany myosinII monomersself-assembleinto �laments

that slide relative to its track alongactin �laments. Unlike Myosin V, the cargo in the caseof

Myosin II is themyosin�lament itself.

Figure1.4: Lymn-TaylorCycle.
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1.6 LYMN-TAYLOR CYCLE

All membersof themyosinfamily interactcyclically with actin,therebymoving pasttheactin�la-

ments.Thecurrentview of how myosinandactininteractto producemovementnon-processively

is envisagedasthe Lymn-Taylor cycle2,19,32 depictedin Figure1.4 which outlinesseveral cou-

pling mechanismsthat link structuralchangesin different partsof myosin. Structuralchanges

associatedwith ATP binding to the myosin-rigorconformationof (StateI) substantiallyreduces

myosin-actinbinding af�nity 33,34 thusdissociatingit from actin (Figure1.4, StepI / StepII).

Myosin, thenactivatesits ATPasefunctionwhich is is coupledto the600 rotationof theconverter

domainthatis associatedwith the“Recoverystroke” (StepII / StepIII). 2,12,35–37 ATPhydrolysis

(StateIII / StateIII') increasesmyosin-actinbindingaf�nity which causesmyosinto rebindto

actin(StateIII' / StateIV). Actin bindingtriggerstheconformationalchangeassociatedwith the

back-rotationof theconverterdomainwhichbringsabouttherowing-like stroke referredto asthe

“Powerstroke” (StateIV / StateI) which returnsmyosinto its rigor-conformation.2,19

1.7 MYOSIN I I MOTOR IN Dictyosteliumdiscoideum

Dictyosteliumdiscoideumis a slime mold that grows asa unicellularamoebae.Becauseof its

uniquefeaturescombiningunicellularandmulticellularcharacteristics,Dictyosteliumdiscoideum

is chosenasa modelorganismsincethey form a multicellularmoundconsistingof up to 100,000

cells, quite easily. In addition,the localizationof speci�c proteinsin the living cell at different

stagesof thecell cyclecanbemonitoredusing�uorescenceconfocalmicroscopy.38 Thisorganism

hasbeenusedextensively to studythefunctionalityof myosins.

The headof the DictyosteliumdiscoideumMyosin II motor (henceforth,myosin)has

beencrystallizedin theabsenceof actinwith differentATP analoguesboundto theATPasesite,

(Mg % ATP% ( S,39 Mg % AMP % PNP,39 Mg % ADP % Be132 ,4 Mg % ADP % Al 15476 ,4 Mg % ADP %�8:9

5 etc.,) under

variousconditions(Pleasesee,Table1.1 for a list of all crystalstructuresof Dictyosteliumdis-

coideummyosin)Theconverter-domain,which bearsthe lever arm is found in two orientations,

in which thedomainrotatesby about60+ with respectto therestof thehead(Figures1.4, 1.6A

& 1.6C,left panels).Thetwo orientationsof theconverterdomainarethoughtto betheendori-

entationsof the power-stroke (or the recovery-stroke).2,4,5 Myosin is alsocrystallizedin State
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Table1.1: Crystalstructuresfor DictyosteliumdiscoideummyosinII motor.

PDBID Resolution[ 	A] Construct� Ligand State�

1D0X 2.00 759 m-nitrophenyl C/O,StateII
aminoethyl.PPi.BeF3

1D0Y 2.00 759 o-nitrophenyl C/O,StateII
aminoethyl.PPi.BeF3

1D0Z 2.00 759 p-nitrophenyl C/O,StateII
aminoethyl.PPi.BeF3

1D1A 2.00 759 o,p-dinitrophenyl C/O,StateII
aminoethyl.PPi.BeF3

1D1B 2.00 759 o,p-dinitrophenyl C/O,StateII
aminoethyl.PPi.BeF3

1D1C 2.30 759 N-methyl-o-nitrophenyl C/O,StateII
aminoethyl.PPi.BeF3

1FMV 2.10 759 Empty C/O,StateII
1FMW 2.15 759 Mg.ATP C/O,StateII
1G8X 2.80 761. Mg.ADP C/O,StateII

) -actinin-R238E
1LVK 1.90 759. Mg.BeF3.mantADP C/O,StateII

Q760L,R761P, I762N
1MMA 2.10 759. Mg.ADP C/O,StateII

Q760L,R761P, I762N
1MMD 2.00 759. Mg.ADP.BeF3 C/O,StateII

Q760L,R761P, I762N
1MMG 1.90 759. Mg.ATP.( S C/O,StateII

Q760L,R761P, I762N
1MMN 2.10 759. Mg.AMPPNP C/O,StateII

Q760L,R761P, I762N
1MND 2.60 690. Mg.ADP.AlF4 C/C,StateIII

Q760L,R761P, I762N
1MNE 2.70 759 Mg.PPi C/O,StateII

Q760L,R761P, I762N
1Q5G 1.90 Myosin Empty O/O,StateI

fusedto dynamin
1VOM 1.90 747 Mg.ADP.VO4 C/C,StateIII
REF1 - 759 Mg.ADP.BeF3 C/C,StateIII

� Thelastresolvedaminoacidis given.Mutationsareindicated.
� Theconformationalstatesof switch-1/switch-2areindicated.“O” refersto theopenstate,while
“C” refersto theclosedstate.
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I (Rigor conformationor near-rigor conformation)in both Myosin V33 and Dictyosteliumdis-

coideumMyosin II34 with nonucleotideboundto theATPsite(apostate).Thechangein orienta-

tion of theconverterdomain(residues692-748)is associatedto a changein theconformationof

the“Relay-helix” (residues466-498)which spansfrom theconverterdomainto theATP binding

site.TheN-terminusendof therelay-helixrespondsto thepresenceof ATPwhich in turn triggers

theC-terminusend(which is tightly boundto theconverter-domain)to undergo a tilt in its helical

axisandcausealocalunwindingbetweenthetwo endsof therecoverystroke(compareFigure1.6

A & Figure1.6C).

1.8 NUCLEOTIDE BINDING SITE

Thenucleotidebindingsiteis locatedat theinterfacebetweenthe50kDaandtheN-terminalsub-

domains(Figures1.2,1.5& 1.6). It is composedof threeloopsthatareconservednotonly among

motor proteinsbut alsoamongthe G-proteins. Theseare the P-loop that is a commonfeature

of a large numberof enzymesthat bind nucleotides,22 the switch-1loop andthe switch-2loop.

Togetherthey form theso-called“Phosphatetube” (Table1.2). Theswitch-1andswitch-2loops

arelocatedin theupperandlower 50 kDa domains,respectively, whereastheP-loopbelongsto

theN-terminal25 kDa domain. The two switch loopsgot their namesfrom theobservation that

they canadoptdifferentconformations,thusservingasa switch for informationtransductionby

changingtheir conformation.37 The nucleotidebinding site undergoesconformationalchanges

uponATP binding.33,34 Betweenthe two endsof the recovery stroke, the switch-2 loop closes

uponthe ( -phosphateof ATP so that theamidegroupof a well-conserved Gly45740 canmake a

hydrogenbondwith oneof theoxygensof the ( -phosphatewhich is consideredto beessentialfor

enablingATPasefunction.2,36,37

1.9 CRYSTAL STRUCTURE CLASSIFICATION

Thepositionsof theswitch-1andswitch-2canbeusedto classifydifferentconformationalstates

of myosinin theLymn-Taylorscheme.19 Conformationscorrespondingto switch-1open/ switch-

2 open(O/O),is assignedto StateI, switch-1closed/ switch-2open(C/O),to StateII andswitch-1

closed/ switch-2closed(C/C) to StateIII 33,34,41 (referTable1.3).

9
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Figure1.5: TheNucleotideBindingSite.
Legend:P-loopin Orange;Switch-2in green;Switch-1in purple.Phosphorusatomsof ATP
in yellow andmagnesiumin green.

Table1.2: Consensussequences.

Loop Consensus� Dictyosteliumdiscoideum residues�

P-loop GESGAGKT GESGAGKT 179-186
Switch-1 NxNSSR NNNSSR 233-238
Switch-2 DxSGFE DISGFE 454-459

� Conservedin at least80 outof 82 myosins1
� Residuenumbersof DictyosteliumdiscoideummyosinII areusedherethroughout.

All states,except StateIV (Pre-power-stroke conformation)have beenidenti�ed by

crystallography. Thestatesarecharacterizedby a well-de�ned ( -phosphatebindingsite thatcan

be occupiedeither by phosphateitself or by ( -phosphateanalogssuchas vanadate,beryllium

�uoride, or magnesium�uoride.42 Table 1.1, lists crystal structureswith different nucleotides

boundto theactive siteandtheconformationsadoptedby switch-1andswitch-2loops.

Recently, Holmesandco-workers41 comprehensively classi�ed all the stateswith the

availabledatafrom electron-densitymaps,43 cryo-electronmicrographs41 andX-ray crystallog-

raphy. They includeddatafrom P-loopconformationalongwith the conformationsof the relay

10
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helix, central-� -sheet,converterdomainandwhethertheactin-bindingcleft is openor closed(See

Table1.3). They proposethattwo conditionsarerequiredfor attainingthepre-power stroke con-

formation:switch2 closedand � -sheetnot twistedto have therelayhelix kinked.Relaxingeither

of theseconditionsallows therelayhelix to straightenandrotatetheconverterdomain.Thusboth

therigor-like andthepost-rigorstructureshave a straightrelayhelix. This ability of themyosin

cross-bridgeto respondto two (or maybemore)input parametershaspromptedCoureuxandco-

workers33 to refer to the the � -sheet,which accordingto their notationis distorted(twisted) in

rigor andrelieved in postrigor, alongwith otherstructuralelementsthatallow this distortionas

“The Transducer”andproposethatthis is the“centralprocessor”of themotor.33,44

Table1.3: Assignmentto thestatesin theLymn-Taylorcycle.

State Switch-1 Switch-2 Actin- � - P-loop Relay- Converter
binding Sheet Helix domain
Cleft

I Open C & Shut Maximum Up Straight Down
(Rigor) twist

(apo-state)

II Closed Open Open No- Down Straight Down
(Pre-recovery) twist
(ATPbound)

III Closed C
-

Open No- Down Kink Up
(Post-recovery) twist
(ATPbound)

IV closed C
-

closed No- Down Kink Up
(Strongly twist

attachedto
actin)

(ADP % Pi)

The valuesof the seven movableelementsthat have beenidenti�ed for the statesde�ned in the
Lymn-Taylor cycle. C & andC

-

are two forms of closed conformationfound in the rigor and
thepre-power-stroke states.Theassumedpropertiesof conformation(shown in “bold” italic) are
extrapolatedfrom theadjoiningstatesin theLymn-Taylorcycle.
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Figure1.6: Structuralelementsof myosininvolvedin therecovery-stroke.
Legend: P-loop in Orange;Switch-2 in green;Relayhelix in cyan; SH-1 helix in purple;
SH-2 helix in pink; converterdomainin green;lever arm in yellow. In the right panel,the
importantresiduesandbonddistancesinvolved in the recovery stroke are indicated. The
See-saw andthewedgephasesmovementsareshown with solid arrows.

1.10 COUPLING MECHANISMS IN MYOSIN I I

The Lymn-Taylor cycle is madefunctionalby several mechanismsthat link structuralchanges

in different partsof myosin. A small structuraldifferencebetweenhaving ATP/Mg-�. versus

12
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ADP % Pi/Mg-�. boundto thenucleotidebindingsite,myosincontrolstheconformationof its actin

bindingregion thatdetermineswhetherthebindingaf�nity for actinis low in StateI / II or high

in StateIII' / IV.13,33,34,45 TheATPasefunction in myosinis shown to beactivatedonly when

the Gly457/Ser456peptidegroup, belongingto the Switch-2 loop, closesto make a hydrogen

bondwith the ( -phosphate.45,46 This hydrogenbondis absentin StateII andpresentin StateIII

andis thoughtto occurduringtherecovery-stroke transition.2,12,36 However, it wouldbewasteful

if the Switch-2 loop could freely closeandre-openwith the lever arm still in the pre-recovery

orientation,allowing ATP hydrolysisandan unproductive productrelease.This suggeststhat a

mechanismis requiredto coupletheclosingof Switch-2loopwith theorientationof theconverter

domainto ensurethatATPis hydrolyzedonly whentheconverterdomain/lever armis in thepost-

recovery orientation.OnceATP is hydrolyzed,a “locking mechanism”mustprevent thereversal

of the recovery stroke while the nucleotideis in the ADP % Pi statein StateIII' andnot boundto

actin.Rebindingto actinafterthereversalof therecovery stroke would bewastefulsinceit could

leadto thereleaseof thehydrolysisproductswithoutgeneratingforce.

It is extremely dif�cult to study the mechanismsinvolved from StateI / StateII

andStateIII' / StateIV sinceStateI andStateIV requirecrystalstructureswith myosinand

actin boundtogether. Thereare no suchhigh-resolutionX-ray crystal structureswith myosin

andactinboundtogetheranddatafrom �uorescenceexperiments,47 electron-densitymaps43 and

cryo-electronmicrographs41 areunreliabledueto their low resolution.However, thereare2 X-ray

crystalstructuresavailablefor Myosin II 34 andMyosin V33 which arethoughtto representState

I (Rigor conformation). On the otherhandthereare , 20 structuressolved for statesII andIII

(theendsof therecovery stroke). Hence,a lot of researchwork hasbeendoneto understandthe

recovery stroke mechanismwhich is thetopicof interestin this thesis.36,37

1.11 RECOVERY STROKE COUPLING MECHANISM

TheMyosin headundergoesa reversibleconformationaltransitioncalledthe“Recovery Stroke”

or theReturnstroke (StateII ; StateIII), in which theconverterdomain(which bearsthe lever

arm)rotatesby , 60+ . Simultaneously, myosinalsoactivatesits ATPasefunction,sincehydrolysis

of theboundATPis requiredfor strongactinbinding.45 TheATPasefunctionin myosinis shown

13
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Figure1.7: Threedifferentviewsof theMyosin in theend-statesof therecoverystroke.
Legend: Switch-2in green;Relayhelix in cyan; SH-1 helix in purple;SH-2 helix in pink;
leverarmin yellow. A. See-saw view; B. Wedgeview; C. P-loopview.
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to beactivatedwhentheGly457/Ser456peptidegroup,belongingto theSwitch-2loop,closesto

make a hydrogenbondwith the ( -phosphate.45,46 This hydrogenbondis absentin StateII and

presentin StateIII andis thoughtto occurduringtherecovery-stroke transition.2,12,36 However,

it wouldbewastefulif theSwitch-2loopcouldfreelycloseandre-openwith thelever armstill in

thepre-recovery orientation,allowing ATP hydrolysisandanunproductive productrelease.This

suggeststhata mechanismis requiredto coupletheclosingof Switch-2loop with theorientation

of theconverterdomainto ensurethatATP is hydrolyzedonly whentheconverterdomain/lever

armis in thepost-recovery orientation(i.e., readyto performthepower stroke).

In Figure1.7,we have threedifferentorientationsof StateII andStateIII (theendsof

therecovery stroke. Figure1.7A is theSee-saw view wheretheN-terminusof therelayhelix is

neartheATP sitewhile theC-terminusis connectedto theconverterdomain. The relayhelix is

seento have a “kink” in thepost-recovery conformationwhile in thepre-recovery conformation

its a straighthelix. Figure1.7B, is theWedgeview, wheretheWedgeloop (red)pushesinto the

N-terminalendof theSH1-helix(purple)andlongitudinallytranslatesit outward.Figure1.7C,is

theP-loopview, wheretheformationof two key hydrogenbondsaroundtheATPsitewhichrotate

thelever-arm(yellow) at theback.

1.12 QUESTIONS ADDRESSED IN THIS THESIS

In the presentwork, the return-stroke mechanismin myosin is investigatedby performing

minimumenergy pathway calculationsusingansemi-empiricalmolecularmechanicsforce-�eld.

Basedon the calculations,unresolved questionsregardingthe return-stroke mechanismand its

couplingto themechanicaleventswill beaddressed.

Thefollowing questionswill beaddressed:

1. How do the interactionswith ATP in StateII contribute to the couplingbetweenATPase

activation and the swinging of the lever arm during the recovery stroke? (Addressedin

Chapter3)

2. How doesATPhydrolysisin thepost-recoveryconformationaffectthestructureof theactive

site?(Addressedin Chapter4)
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3. How do thesechangespreventthereversalof therecovery stroke while thenucleotideis in

theADPPistate?(Addressedin Chapter4)

4. Cantheavailablemutationaldataberationalized? (Addressedin Chapters3 & 4)

1.13 OUTLINE FOR THE THESIS

In thefollowing chapters,thetheoryandmethodsthatwereappliedto answertheabove question

will be �rst introduced.Oncethebackgroundis well-understood,the �rst questionwill be then

addressedto rationalizea modelasto how ATPaseactivationandtherecovery-stroke of thecon-

verterdomainarecoupled. The remainingquestionswill be addressedin the following chapter

whichelaboratesaboutawell-conservedloopstructurewhichwas�rst the�rst timerecognizedto

explain nucleotide-sensingmechanismthatcontrolstherecovery stroke. Thethesisis concluded

with anoutlook.
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CHAPTER 2

THEORETICAL ASPECTS

Ideally, if onewereto addressprojectsinvolving understandingproteinfunction usingin-silico

methods,quantummechanicswould be the the �rst choice. Unfortunately, quantummechanical

methodsthatdealwith electronsbetweeneachnucleiin thesystemcouldbehighly timeconsum-

ing andnot practical.On theother-hand,force-�eld methods(alsocalledMolecularMechanics)

ignoretheelectronicmotionsandcalculatetheenergy of thesystemasa functionof nuclearposi-

tionsonly. Thesemethodswork quitewell dueto thevalidity of severalassumptions.The�rst and

themostimportantis the“Born-OppenheimerApproximation”.48,49 Thebasisto thisapproxima-

tion thatthenucleiaresomuchmoremassive thantheelectrons,theelectronsmustinstantaneous

relaxor rearrangeto thecon�gurationof thenuclearpositions.

Hence,under the Born-Oppenheimerapproximationthe total wave-function for the

moleculecanbewritten in thefollowing form:
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Further, molecularmechanicsis baseduponasimplemodelof theinteractionswithin a

systemwith contributionsfrom processessuchasstretchingof bonds,theopeningandclosingof

angles,therotationsaboutsinglebondsandnon-bondedinteractionslike theelectrostaticandvan

derWaalsforcesbetweeneachpair of atoms.Simplefunctions(like theHooke's law) areoften

usedto describethesecontributionsandthemethodperformsquiteacceptably. Anotherfeatureis

thetransferabilityasa setof parametersdevelopedandtestedon a relatively smallmoleculescan

bedirectlyappliedto studylargemoleculessuchaspolymersandproteins.
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THEORETICAL ASPECTS

2.1 A MOLECULAR MECHANICS FORCE FIELD

A Molecular mechanicsforce �eld can be interpretedin terms of a relatively simple two-

componentpicture of bondedand non-bondedinteractionswithin the system. The bonded-

interactionsare modeledas energetic penaltiesthat are associatedwith the deviation of bonds

andanglesaway from their “equilibrium” or referencevalues.A functiondescribesthechangein

energy whenbondsarerotatedor stretchedfrom theequilibriumposition. In simpleforce-�elds,

non-bondedinteractionsaremodeledasa Coulombicpotentialtermfor electrostaticinteractions

andLennard-Jonespotentialfor vanderWaalsinteractions.
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The�rst termin theenergy functionaccountsfor thebondstretcheswherek � is thebond

forceconstantandb - b
0

is thedistancefrom equilibriumthat theatomhasmoved(Figure2.1).

Thesecondtermin theequationaccountsfor thebondangleswherek
[

is theangleforceconstant

and
�

-
�

0

is theanglefrom equilibriumbetween3 bondedatoms.Thethird termis for thedihedral

(a.k.a.torsionangles)wherek
^

is thedihedralforceconstant,n is themultiplicity of thefunction,

� is thedihedralangleand
i

is thephaseshift. Thefourth termaccountsfor theimpropers,thatis

outof planebending,wherek
m

is theforceconstantand n - n

0

is theoutof planeangle.TheUrey-

Bradley component(cross-termaccountingfor anglebendingusing1,3non-bondedinteractions)

comprisesthe�fth term,wherek ? is therespective forceconstantandu - u
0

is thedistancebetween

the1,3atomsin theharmonicpotential.Non-bondedinteractionsbetweenpairsof atoms(i,j) are
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THEORETICAL ASPECTS

Figure2.1: Hypotheticalatomsto illustratetheenergetictermsincludedin theforce-�eld.
An Moleculecomprisesof atoms1-5. Internaltermsthatoccurin moleculearethe bonds,
b, betweenatoms1 & 2, 2 & 3, 3 & 4; anglesy , involving atoms1-2-3 and2-3-4 anda
dihedralor a torsionalangle z , describedby atoms1-2-3-4. Atom 5 is involvedin a ”Non-
bonded”interactionwith atoms1, 2, 3, & 4. Theenergy of this interactionis determinedby
thedistance,r {�| betweenatom5 andrestof themolecule.

representedby the last two terms.By de�nition, thenon-bondedforcesareonly appliedto atom

pairsseparatedby at leastthreebonds. The van Der Waals(VDW) energy is calculatedwith a

standardLennard-Jonespotentialandtheelectrostaticenergy with a Coulombicpotential. In the

Lennard-Jonespotentialabove, the R�
�

�Zu
��� term is not the minimum of the potential,but rather

wherethe Lennard-Jonespotentialcrossesthe x-axis (i.e. wherethe Lennard-Jonespotentialis

zero)(Figure2.2). In orderto performminimization,calculateminimumenergy pathways(MEP)

or run the MD simulations,we needto be surethat a parameter�le that hasall the parameters

speci�ed in theenergy functionwe areusing(i.e. theequationspeci�edabove) andthetopology

�le describingthedistribution of differentatomsaroundeachaminoacidis well-de�ned.
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THEORETICAL ASPECTS

Figure2.2: Lennard-Jonespotentialto accountfor vanDerWaals(VDW)

2.1.1 TREATMENT OF THE NON-BONDED ENERGY TERMS

The most time consumingpart of an energy minimizationor a moleculardynamicssimulation

is thecalculationof thenon-bondedtermsin thepotentialenergy function,e.g.,theelectrostatic

andvanderWaalsforces.In principle,thenon-bondedenergy termsbetweenevery pairof atoms

shouldbeevaluated;in thiscase,thenumberof increasesasthesquareof thenumberof atomsfor

apairwisemodel(N - ). Tospeedupthecomputation,theinteractionsbetweentwo atomsseparated

by adistancegreaterthanapre-de�neddistance,thecutoff distance,areignored.Severaldifferent

waysto terminatethe interactionbetweentwo atomshave beendevelopedover the years;some

work betterthanothers(seeFigure2.3).

Truncation:theinteractionsaresimplysetto zerofor inter-atomicdistancesgreaterthan

thecutoff distance.This methodcanleadto large �uctuations in theenergy. This methodis not

oftenused.

TheSHIFTcutoff method:thismethodmodi�es theentirepotentialenergy surfacesuch

that at the cutoff distancethe interactionpotentialis zero. The drawbackof this methodis that

equilibriumdistancesareslightly decreased.

The SWITCH cutoff method:This methodtapersthe interactionpotentialover a pre-

de�ned rangeof distances.The potentialtakes its usualvalueup to the �rst cutoff andis then
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Figure2.3: Effectof truncationschemeson theenergy of a givenconformation

switchedto zerobetweenthe �rst andlast cutoff. This modelsuffers from strongforcesin the

switchingregion which canslightly perturbtheequilibriumstructure.TheSWITCH function is

not recommendedwhenusingshortcutoff regions.

2.1.2 LONG-RANGE ELECTROSTATIC INTERACTIONS

In recentyears,a numberof modelshave beenintroducedwhich permit the inclusionof long-

rangeelectrostaticinteractionsin moleculardynamicssimulation.For simulationsof proteinsand

enzymesin a crystallinestate,the Ewald summationis consideredto be the correcttreatment

for long rangeelectrostaticinteractions.50 Variationsof the Ewald methodfor periodicsystems

includetheparticle-meshEwaldmethod.51,52

2.1.3 THE EXTENDED ELECTROSTATICS MODEL

TheExtendedElectrostaticsmodelapproximatesthe full electrostaticinteractionby partitioning

theelectricpotentialandtheresultingforceson theatomat R � into a ”Near” andan”Extended”

contribution. The ”Near” contribution arisesfrom the charged particleswhich fall within the

spherede�ned by the cutoff distanceR ��?! , while the ”Extended”contribution, arisesfrom the

particleswhich arebeyond the cutoff distanceR ��?@ . The ”Near” contribution is calculatedby a

conventionalpairwisesumand the ”Extended”contribution to the potentialat R � is calculated

usinga multi-poleapproximation.53
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2.1.4 TREATMENT OF SOLVENT IN COMPUTER SIMULATIONS

Solvent,usuallywater, hasafundamentalin�uenceonthestructure,dynamicsandthermodynam-

ics of biological molecules,both locally andglobally. Oneof the mostimportanteffectsof the

solvent is the screeningof electrostaticinteractions. The electrostaticinteractionbetweentwo

chargesis givenby Coulombs law,

O


 � 
 �JI

w

�q%

w

�

s�
�}!} %

C

���

(2.5)

whereq� , q� arethepartialatomiccharges,
se
�}!}

is theeffective dielectricconstantand

r �t� is the relative distancebetweenthe two particles.It is importantto includesolvent effectsin

ancomputersimulations.This canbedoneat several levels. Thesimplesttreatmentis to simply

includeadielectricscreeningconstantin theelectrostatictermof thepotentialenergy function.In

this implicit treatmentof the solvent, watermoleculesarenot includedin the simulationbut an

effective dielectricconstantis used.Oftentheeffective dielectricconstantis takento bedistance

dependent,
s�
�}@}

= r ����%
s
, where

s
rangesfrom 4 to 20. Althoughthis is acrudeapproximation,it is

still muchbetterthanusingunscreenedpartialcharges.Otherimplicit solventmodelshave been

developedthatrangefrom therelatively simpledistance-dependent dielectricconstantsto models

thatbasethescreeningonthesolventexposedsurfaceareaof theprotein.Thedistance-dependent

dielectriccoef�cient is the simplestway to includesolvent screeningwithout including explicit

watermoleculesandit is availablein mostsimulationprograms.Recently, severalimplicit solvent

modelsbasedoncontinuumelectrostatictheoryhave beendeveloped.54–61

2.2 CONTINUUM ELECTROSTATICS

The Solvation free energy ( ~€•‚•_�>� ) is the free energy change,that occurs,whenyou transfera

moleculefrom vacuumto a solventof high dielectric
s
. This Solvation freeenergy ( ~€•€•\��� ) has

threecomponents

~€•ƒLN�>�„I…~€•



�



�
Q

~€•‡†
��ˆ‰Q

~€•

����† (2.6)

The electrostaticcomponent~€•



�



� , is particularly importantfor polar and charged
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solutesdueto thepolarizationof thesolventwhich is modeledasa uniform mediumof constant

dielectric
s
. TheVanderWaalsinteractionterm ~€•‚† ��ˆ

canfurtherbesplit into attractive term,

~€•

�� 	 anda repulsive term, ~Š•

� 
 � . The ~€•

�N��† is the free energy requiredto form the solute

cavity within thesolvent. ~€•

����† is positive anddescribestheentropicpenaltyassociatedwith the

reorganizationof thesolventmoleculesaroundthesolutetogetherwith thework doneagainstthe

solventpressurein creatingthecavity.

To gettheaccurateevaluationof ~€• 
 � 
 � (Theelectrostaticcomponentof Solvationfree

energy) for examplethemoleculein �gure 1, onecanfollow oneof thefollowing methods:

1. UsingsimpleCoulombelectrostatics

2. Solutionto thePoisson-BoltzmannEquation.

3. GeneralizedBornMethods.

Figure2.4: A moleculein aheterogeneousdielectricmedium.

2.2.1 SIMPLE COULOMB ELECTROSTATICS

Coulomb's law describestheinteractionforcebetweentwo staticpointcharges.Supposewehave

two charges
w

& and
w

-

, thenthesetwo chargesinteractwith eachotherwith a forcegivenby the

Coulombequation:
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Where
‹

is the force of interactionbetweenthe charges
w

& and
w

-

, Œ is a constant

which is given by &

4�•EŽh•>Ž

and C is the magnitudeof the distancebetweenthe two charges. The

permittivity of vacuum,
s I

a

, i.e.,whenthechargesareplacedin vacuum.

For Evaluating~Š• 
 � 
 � , usingtheCoulombmodel,wedo not accountfor thechangein

dielectricwhenonemovesfrom thesoluteenvironmentto thatof thesolvent.Usuallythecharges

arescreenedby solventandthis effect is not consideredin this simpletreatment.This modelalso

ignoresthereaction�eld of thesolvent.

2.2.2 THE POISSON-BOLTZMANN EQUATION

A Brief Derivation

To describetheelectrostaticcomponentof Solvationenergy ~€•



�



� in molecules,like

the onedepictedin �gure 2.4, with completeaccuracy, the PoissonEquationcanbe used. The

Poissonequationrelatesthe variationof the potential • within a mediumof uniform dielectric

constants to thechargedensity‘ .
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ThePoissonEquationis thusa second-orderpartialdifferentialequation.For a setof

point chargesin constantdielectricmedium,the Poissonequation(equation2.8) reducesto the

simpleCoulombslaw equation(equation2.7).

If thedielectric s is not constant,but changeswith position “

C thenthePoissonequation

adoptsthefollowing form:
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If mobileionsareintroducedinto themedium,theirdistribution in responseto theelec-

tric potentialcanbeaccountedby thePoissonEquation.Theionsarepreventedfrom congregating

at thelocationsof extremepotentialdueto therepulsive interactionswith theeachotherandnatu-
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ral thermalmotionin thesolvent.Theion distribution in thesolventis describedby theBoltzmann

distribution of thefollowing form:

gJAe“
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Where
gJAl“

C

G is thenumberdensityof ionsat a particularpoint “

C , ˜ is thebulk number

densityand
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G in themean-�eldapproximation;( • Al“

C

G : themeanelectric�eld produced

by thechargedistribution) is theenergy changeto bring theion from in�nity to theposition
“

C ,
V

p

is theBoltzmannConstantand
¡

is thetemperature.

Whentheseeffectsareincorporatedinto thePoissonequation(equation2.9),weobtain

thePoisson-BoltzmannEquation
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Where
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is relatedto theDebye-Ḧuckel inverselength
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, by:
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Where® is theionic strengthof thesolutionand
ª€¬

is theAvogadro's Number.

Equation2.11is anon-linearpartialdifferentialequationandcanbewritten in analter-

native form by expandingthehyperbolicsinefunctionasa Taylorseries

’

%
s@Al“

C

G

’

•
Ae“

C

G

Bj¢¤£

•
Ae“

C

Gq°

a

Q

•
Ae“

C

G�-

±
Q

•
Al“

C

G

4

a!²E¯

Q
%l%l%�³´I

B

”_•

‘
Ae“

C

G (2.13)

ThelinearizedPoisson-BoltzmannEquationcanwrittenby takingonly the�rst termin

theTaylorexpansion,as
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Equation2.14 is a partial differential equationand cannotbe solved analytically for

complex geometries.Hence,the Poisson-BoltzmannEquationis solved by a numericalmethod

called“The Finite DifferenceMethod”, in which theprotein(solute)is put in a cubicgrid along

with the “implicit solvent”. Valuesof the the electrostaticpotential,charge density, dielectric

constantand ionic strengthare assignedto eachgrid point. The atomic chargesusually don't
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Figure2.5: Partof thegrid usedto solve thePBEQ

coincidewith thegrid points.Thechargeallocationto eachof theeightgrid pointsis donein such

a way that thecloserthecharge to thegrid point thegreaterproportionof its total charge that is

allocated.The derivatives in the Poisson-Boltzmannequationarethendeterminedby the �nite

differenceformula.Many Poisson-Boltzmannsolversarenow available61–65

Thepotentialat a grid point shown in �gure 2.5having a charge
w

0

associatedwith the

grid point is givenby
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Where ¦ is the grid spacingandthe function
¹

A
•

0

G in the denominatorhasthe value

1 for thelinearizedPoisson-BoltzmannEquationandis equivalentto theTaylor seriesexpansion
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2.2.3 FOCUSING

Thereis a problemat the bordersof the grid, sincethe grid pointsat the borderhave lessthan

six neighboringpoints. So if the grid is much larger than the moleculethe bordergrid points

arefar away from the molecule,that • outsideof the grid canbe setto zero. If onehasa huge

grid the computationalcostgetsvery expensive becausemorethe numberof grid points,more

is thecomputation.Soonecouldusea low resolution,hugegrid andinterpolatetheelectrostatic

26



THEORETICAL ASPECTS

potentialfrom thiscalculationtoahighresolution,smallgrid. Suchfocusingstepscanberepeated,

if necessary.

2.2.4 GENERALIZED BORN METHODS

BORN-ONSAGER MODELS

Importantcontributionsto theelectrostaticcontribution to thefreeenergy of Solvationweremade

by Born66 andOnsager.67 Bornderivedtheelectrostaticcomponentof freeenergy of Solvationby

placinga chargewithin a sphericalsolventcavity. In Born's model, ~€•»º


 � 
 �N¼

of theion (a charge

in theasphericalsolventcavity) is equalto thework donein transferringthechargefrom vacuum

to mediumof high dielectric,
s
. In otherwords, ~€•

º



�



�S¼

is equalto thedifferencein work done

to chargetheion in thesetwo differentenvironments.Onsagerextendedthis modelto a dipolein

asphericalcavity.

Bornshowedthatthework to chargetheion in amediumof dielectricconstant
s

is equal

to
w

-
 

²

s�½ , where
w

is thecharge on the ion, ½ is the radiusof the ion (theradiusof thecavity in

themedium)and s is thepermittivity of themedium.Theelectrostaticcomponentof freeenergy

of Solvationis thedifferencein thework donein charging theion in mediumof high dielectric s

andin vacuum.
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2.2.5 THE GENERALIZED BORN EQUATION (GB EQUATION)

Considera systemof particles,eachwith a radii ½
� andcharge

w

� . The total electrostaticfree

energy of suchasystemis givenby thesumof coulombenergy andtheBornenergy of Solvation

in the mediumof relative permittivity
s
. (This is just the correctionto the coulombenergy in

which the chargesarescreenedaccordingto theBorn equation.If
s

I

a

asin vacuum,we end

with normalCoulombelectrostaticsin vacuum)
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The�rst termof theabove equationcanbewrittenas
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On rearrangingthisequationweget,
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SubstitutingEquation2.20 back into Equation2.18,we obtainthe GB Equationasa

sumof threeterms,
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Now wetake thedifferenceof theaboveequationin asolventwith permittivity of s and

in vacuum( s
I

a

). For thesituationin vacuumthesecondandthethird termin Equation2.21go

to Zerobecauses
I

a

in vacuumandwewill haveonly the�rst termof Equation2.21left behind

for thesituationin vacuum.

Sowe canwrite,
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Which resultsin,
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If we noticeequation2.23carefully, for just onecharge (ion), C

�t�ÊI

¯

andthe above

equationreducesto the familiar Born equation(Equation2.17). So theBorn equationfor single

ion is generalizedto asystemhaving
ª

charges.Sothename“Generalized Born Equation”

Still andco-workers,57 combinedthe two termsin equation2.23into oneterm

andre-wroteEquation2.23asfollows
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The function
ÚÜÛNÝ

�t�_ÞeßÂ�t��á
dependson the inter-charge distance,

Ý

���
andthe Born

radii, ßà��� of eachion. Onecanseekthis functionto beusedin theEquation2.24,suchthat

in theself ( â‡Íäã ) terms,it actsasthe“Effective Born Radii” andin thepair-wiseterms

( âæå Íçã ), it actsasan“Effective Interactiondistance”.Themostcommonform chosenis
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(2.25)

Where,
ë

� and
ë

� is the “Effective Born Radii” of atom â and ã respectively,

whichnotonly dependson ß¤� and ß_� but alsoontherelativepositionsof all otheratoms.If

wehave
Ý

���
Íùø , i.e.,wearelookingatthecasewhereâ=Íçã , thenthefunctioninterpolates

to radiusof thatparticularion. (
Û

ë

-

�

á
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) andwhenwe have two ions far apartthen
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tendsto ø when
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���
becomeslarge,sothefunctioninterpolatesin this

caseto
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Ideally,
ë

� (effective Born radii) shouldbesochosenthat if onewereto solve

thePoissonEquationfor asinglecharge

Ù

� placedatpositionof atom â , andthedielectric

boundarydeterminedby all themolecule'satomsandtheirrespectiveradii with nocharge

on them,thentheself energy of thecharge â in this reaction�eld,
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Obviously, this procedurepersewould not have a practicaladvantageover the

GB methodsif onewere to solve the Poisson-BoltzmannEquationto get the effective
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Born radii. To �nd a morerapidway to calculatetheeffective bornradii, we canturn to

theformulationof electrostaticsin termsof energy densityý

Û�ü Ý

á
.

2.2.6 ANALYTICAL CONTINUUM ELECTROSTATICS (ACE)

ACE68 approachto the descriptionof electrostaticcomponentof Solvation free energy
Ë‰Ì
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 � is de�ning Electrostaticfree energy in a particularmedium,
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 � , is in terms

of energy density ý

Û�ü Ý

á . The energy density ý

Û�ü Ý

á of an electrostatic�eld generatedby

a charge distribution þ

Û�ü Ý

á canbe expressedin termsof the electricdisplacementvector
ÿ

Û�ü Ý

á , where
ÿ

Û�ü Ý

á is de�ned as
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Writing ý
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á
in termsof theelectricdisplacementvector
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á , wehave,
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By integratingthe energy densityover full space,69,70 the electrostaticenergy
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� canbewrittenas
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Now wecansplit this integralexpressioninto two parts,oneover thevolumeof

thesolute(for eg. protein) 


�

with a low dielectric
Ö

� andtheotheris the integral over

theremainingvolumeof thesolvent 
3• with ahighdielectric
Ö

L .
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Wecanintroduce,whatis calledthe“ReducedDielectric”,
Ë

Ö

andde�ne it as,
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(2.31)

Since
Ö

���

Ö

L , the reduceddielectric constant
Ë

Ö

is always positive. Using

30



THEORETICAL ASPECTS

this “ReducedDielectricconstant”in Equation2.30,we canrewrite it extendingthe�rst

integral over the full space
 by addingandsubtracting Ð

���

Ö

L

��� 
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to Equation

2.30,wehave,
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We could combinethe �rst and the third term andwrite the integral over the

wholevolume, 
 . Thesecondandthefourth termcanbecombinedto givetheexpression

with the“ReducedDielectricConstant”,
Ë

Ö

over thesolutevolume 
„� . Thenwehave,
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This expressionis still exact. No approximationsaredoneso far. An approxi-

mationcanbeintroducedby assumingthatthe�rst termcorrespondsto thesituationin a

homogeneousdielectricmediumanddescribethedielectricdisplacement
ü

ÿ

Û�ü Ý

á by simple

Coulomb�eld. This is what is called“Coulomb Field Approximation” . This assump-

tion is notexactsincethedielectricdisplacement
ü

ÿ

in boththeintegralsof equation2.33

shouldsatisfythe boundaryconditionson the electric�eld at the interfacebetweenthe

soluteandthesolvent,i.e.,thetangentialcomponentof theelectric�eld
ü

�

Í

ü

ÿ

ò

Ö

andthe

normalcomponentof thedielectricdisplacement
ü

ÿ

do notchangewhenpassingthrough

thesolute-solventboundary.

This assumptionis shown to introducea smallpercentageof errorof at mosta

few percentin theElectrostaticfreeenergy.71 Qualitatively, we canjustify this assump-

tion. If thesoluteis small,all thechargesarehighly exposedto thesolvent.Sothereis a

very smallchangefrom theCoulomb�eld. If, on theotherhand,thesoluteis large,say

aprotein,mostof thecontribution to theElectrostaticfreeenergy comesfrom thesecond

integral andthe error introducedis small in the calculationof Electrostaticfree energy
Ì



�



� . Sucha kind of approximationis not possiblefor the secondintegral in Equation

2.33,which is moredif�cult to evaluate.
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Onecannow write Equation2.33usingtheCoulombField Approximation.We

could now split the Electrostaticfree energy
Ì


 � 
 � into Self Energy term,
Ì

• 
 � }

�

, the in-

teractionof atomswith themselvesandInteractionEnergy term,
Ì��
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���

, the interactionof

atom â with atom ã
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Whereboth the termsrun up to the total numberof atoms,� . Now rewriting

Equation2.33usingthecoulomb�eld approximationfor the�rst integral,
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Theself energy
Ì

L



�
}

�

for a point chargeyieldsa diverging energy contribution.

So the atomis no longerconsidereda point charge, but a spherewith radius
ë

�
. This

pointchargeis evenlydistributedover thesurfaceof thissphereandtheElectrostaticfree

energy is givenby theBornenergy termasin equation2.17.

2.2.7 SOLVATION FREE ENERGY

Weknow thatSolvationfreeenergy,
Ë‰Ì



�



� is formally writtenasthedifferencebetween

theelectrostaticfreeenergy in theheterogeneousdielectricmedium
Ì



�



� (boththesolute

andthesolvent),accordingto equation2.34andtheelectrostaticfreeenergy in homoge-

neousdielectricmedium,
Ì

]
��� . Formallyonecanwrite it as:
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Thepartitioningof theelectrostaticfreeenergy into vacuumandsolvatedcase

is simpleif oneassumesthatthesoluteinteriorhasadielectricconstantof
Ð

suchthatthe

solutein vacuumconstitutesasystemwith homogeneousdielectricwheretheBorn'sSelf
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energy andCoulomb's law arevalid. Sowecanwrite
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Again we cansplit the electrostaticfree energy into a self energy term anda

interactionenergy term:
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UsingEquations2.35,2.36& 2.38in theequation2.37wehave,
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and
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Usingtheexpressingfor reduceddielectric
Ë

Ö

asin Equation2.31,wecanwrite

theaboveequationas

Ë‰Ì

L



�
}

�

Í Î

Ù

-

�

Ò

Ë

Ö

ë

�

ê

Ð

���

Ë

Ö

���



ü

ÿ

�

-

Û�ü Ý

á

ü

�
Ý

(2.42)

Ë‰Ì

�
�� 

���

Í

Ù

�

Ù

�

Ë

Ö

�

üÝ

���
�

ê

Ð

���

Ë

Ö

�
��


ü

ÿ

�

Û�ü Ý

á

ü

ÿ

�

Û�ü Ý

á

ü

�
Ý

(2.43)

We will usetheGeneralizedBorn equationfor calculatingtheinteractionener-

giesof thecharges(equation2.43).Wenow needa integralapproachto calculatetheSelf

energiesin Equation2.42.

2.2.8 SUB-DIVISION OF SOLUTE VOLUME

Toevaluatetheintegralin Equation2.42,weintroduceamoleculardensityfunction  •

Û�ü Ý

á

describingthesolutevolumeaccordingto
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 Ü•
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is insidethesolutevolume
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(2.44)

andrewrite Equation2.42,with thisMoleculardensityfunction  •
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Now we introducea atomicdensityfunction  &%

Û�ü Ý

á by splitting the Molecular

densityfunction  Ü•

Û�ü Ý

á into a sumof atomicdensityfunctions. For each ' , thereis one

densityfunction  (%

Û�ü Ý

á describingthevolumedistributionof theatom ' . Wewrite,
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Thecontributionof eachatom ' to theselfenergy of atom â ,
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is givenby:
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In Equation2.47, the self energy of atom â is givenby its Born self energy in

the solvent dielectric
Ö

L plus a sum of � Î

Ð

integral terms
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involving all other

soluteatoms ' åÍ â . This integral is inverselyproportionalto the factor
Ë

Ö

, which is

characteristicof a transferfrom thedielectric
Ö

L to
Ö

� . In otherwords,
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is theenergy

requiredto replacethesolventdielectricby thesolutedielectricwithin thevolumeof atom

' , providedthatthereis only thechargeof atom â availableto generatetheelectric�eld.

In the normalcaseof a solventwith a high dielectricconstantthanthe solute,

both &

*

Ž

and
Ì
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arepositive. Sincethe dielectricdisplacement
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decreases

with increasingdistancefrom thecharge â ,
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representsaneffective,repulsiveinterac-

tion betweenthecharge â andatom ' of thesolutebecausetheatom ' preventsthecharge

â from anenergeticallyfavorableinteractionwith thesolventdielectricwithin thevolume

of atom ' .

Therearetwo limiting casesto the self energy,
Ì
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: the �rst correspondsto
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a singleion in solutionandthesecondto a chargedatomembeddedin an in�nite solute

with uniform dielectric
Ö

� . For anion in solution, only the�rst termremainsin equation

2.45. In the secondcase,if the charge on the atom â is uniformly distributed on the

surfaceof the spherewith the Van der Waalsradius
ë

�
and the sumof the integration

volumes
Ø

%�+ ¶„�

 ,% representsall the spaceexceptthe Van der Waalssphereof atom â , the

integral &

-

•

*

Ž

� ��


ü

ÿ

�

-

Û�ü Ý

á  )%

Û�ü Ý

á

ü

� Ý

Í

Ø

%�+ ¶„�

Ì

L 
 � }

� %

in equation2.45& 2.47,mustyield theBorn

transferenergy,
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thecorrectBornself energy term
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in thesolutedielectric..

In practice,its noteasyto �nd asuitablewayto �nd theatomicdensityfunctions
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Û�ü Ý

á . By representingtheatomicvolumesby sphere,leadsto overlapof bondedpairs

andtherearecavities betweenneighborednon-bondedatoms. Insteadof having a very

discontinuoussolutedielectricmedium,boththechargedistribution of atom â
Þ

þ
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á
and

theatomicdensityfunctionof atom '
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á
, arerepresentedby 3-DimensionalGaussian.

þ
�

Û�ü Ý

á
Í

Ù

�

�


/.10

-32

ë


/.

�

í�îÂï

�

Î

Û�ü Ý

Î

üÝ

��á

-

2

ë

-

�

� 4

2

ë

�
Í

ë

�

5

�

ò

Ò

(2.48)

 ,%

Û�ü Ý

á
Í

ó

6/7 �98

.

í�îÂï
Î

Û�ü Ý

Î

üÝ

��á

-

Û

8�:

ë

%
á

-

(2.49)

Where
ë

�
is theVanderWaalsradiusof atom â , thewidth parameter 2

ë

� of the

charge distribution is chosensuchthat the Born self energy of the Gaussian-distributed

chargeis thesameasif thechargewasevenlydistributedon thesphereof radius
ë

�
. The

width parameter
:

ë

% of thevolumedistribution is theeffective atomradiusderivedfrom

the averagesolvent-inaccessiblevolumecontribution
:


�% of differentatom typesin the

solute.

TheGaussianarenormalizedsuchthat
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(2.50)

and
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Thevolumeparameter
:


	% doesnot dependon thesmoothingfactor
8

, which is

introducedto controlthewidth of theindividualatomicfunctions ;%

Û�ü Ý

á
.

2.2.9 COULOMB FIELD APPROXIMATION TO THE THE SELF ENERGY

To evaluatethe volume integral in Equation2.47, the dielectric displacement
ü
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Û�ü Ý

á
at

a given point
üÝ

due to a charge â at
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�
can be approximatedby the Coulomb �eld
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� � for a point charge.Theadvantageof this approximationis that we

canintegratetheenergy densityof theelectric�eld without prior knowledgeof theelec-

trostaticpotentialandintroducetheelectrostaticpotentialby a iterativeprocedure.72

Sincethe reaction�eld is de�ned asthenon-Coulombiccontribution in an in-

homogeneousdielectric,theCoulomb�eld approximationassumesthatthereaction�eld

contribution to theenergy densityof theelectric�eld canbeneglected.In theusualcase

the polarizability of the solvent is higherthanthe solutepolarizability ( <

Ö

L>=

Ö

� ), the

reaction�eld leadsto the focusingof the �eld lines towardsthesolventanddecreasein

magnitudeof thedielectricdisplacementin thesoluteinterior. Therefore,omissionof the

reaction�eld whenintegrating
ü

ÿ

� overthevolumeof eachatom ' in theinteriorof a large

solutecanbeexpectedto anover-estimationof theenergy
Ì
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In applicationsto biological molecules,in particularsmall solutesandsolutes

with highdegreeof solventexposure,theoverestimationerroris expectedto besmall.

2.2.10 SELF ENERGY APPROXIMATION

In a homogeneousdielectric,
Ö

, the potential
ú·�

of the Gaussiancharge distribution þ
�
,

usingEquation2.48,is
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where
£ £

í

ÝWÚ

£ £

denotesthe error function. Basedon the Coulomb�eld approxi-
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mation,thedielectricdisplacementof theGaussianchargedistribution is
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UsingEquation2.53andEquation2.48into Equation2.47,wehave,
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Again, this integral is notanalyticallysolvable.However, asuitableapproxima-

tion canbe usedif
Ì

L



�
}

�
%

is �nite andmonotonicallydecreasingwith the distance�
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This assumptionfails in thelimit
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is larger thana crit-

ical valuethat is closeto unity. By numericallyintegratingthe above equation,it turns

out thatat shortrange
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á at long range.Thisbehavior leadsto thefollowing FHGJI
ßLKNM .
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Theparameters
O

�
% and P

�
% determinetheheightandwidth of theGaussianthat

approximates
Ì

L



�
}

�
%

in theshort-rangedomain.The �rst termof Equation2.55becomes

negligible for large �

üÝ

�
%/� andthesecondtermvanishesat �

üÝ

�
%S�·Í ø dueto theparameter

Q

�
% . Theparametersin Equation2.55aredeterminedby calculatinganalyticallytheexact

value for
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Thelongrangeparameter
Q

� % is determinedby makingsurethatthevalueof the

Born energy termof a charge

Ù

� in a homogeneousdielectricmediumwith thedielectric

constant
Ö

� is maintained.this yields
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2.2.11 INTERACTION ENERGY APPROXIMATION:

For calculatingtheinteractionenergy betweentwo solutecharge â and ã , theGeneralized

Bornequationis used.Thismethodtakesinto accountof theeffectof bothcharge-charge

distance,
Ý

���
and the degreeof solvent exposureof the interactingcharges. Onecould

de�ne a parameterl
�

which re�ects thedegreeof charge burial of solutecharge â . This

valueis chosensuchthattheatomicSolvationenergy
ËûÌ
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of thechargeis equalto the

BornSolvationenergy of aspherewith identicalcharge,

Ù

� , andradiusl
� calledthe“Born

Radii”. Since
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� is alreadycalculated,theeffectivebornradii l
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rearranging,wehave
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In thesameway asabove,we couldwrite
ËûÌ

L 
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canbewritten in termsof an

effective interactiondistance
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takinginto accountthesolutevolumeas:
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puttingtogetherEquations2.60& 2.61wegetto our familiarGeneralizedBorn

Equationalongwith theself energy of thesolutecharge â :
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As before,theeffective interactiondistance
ë

LS��� †

���

is givenby thefunction(refer

to theGeneralizedBornMethods)
ë

LS�>��†

���

Í

5

�

üÝ

�t�
�

-

ê

l
�

l
�Hí�îÂï

Û

Îm�

üÝ

���
�

-

ò\ó

l
�

l
��á .

2.2.12 OPTIMIZATION OF ACE

The Born radius thus, de�nes the extent of solvation of the charge while calculating

the electrostaticsolvation energy for a collection of charges. The smaller the Born

radius,thehigherthesolvation.57,58,68 Previousstudieshave indicatedthat theaccuracy

of Born radius is the limiting factor for accuratecalculationof electrostaticsolvation

energies.73 Default ACE parameterswhich were previously obtained using small

peptidesgive errors in the born-raddievalution. So the parameterswere optimized

here by benchmarkingthe interactionenergies for eachpair of charges in the ACE

modelwith the Poisson-Boltzmann(PBEQ)model.61 The benchmarkingwasdoneby

comparingtheInteractionenergy of PBEQwith thatof ACEusingthefollowing protocol.

To gettheInteractionenergy in PBEQ,

1. First anatom,i, with achargeq� is chosen.

2. All the other charges in the protein are assignedto zero and the potential
ú5�

is

calculatedateverypoint in space.
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Figure2.6: Optimizationof ACEparametersfor usewith minimumenergy pathwaycalcula-
tionsusingCPR3

3. Thenanothercharge on an atom,j, is put on andthe interactionenergy (IE
� p«$on

)

betweenatom,j andatom,i is calculatedusingtherelation:
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Í
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� (2.64)

To gettheinteractionenergy in ACE,

1. First the self-energy of atom, i with a charge q
� is chosenand its self-energy is

computedby putting“off ” all otherchargesin thesystem(IE ¸

f ).

2. Then the self-energy of atom, j with a charge q� is chosenand its self-energy is

computedby putting“off ” all otherchargesin thesystem(IE ¸ts ).

3. Next, theself-energy is computedwith bothcharges,i andj “on” while restof the

chargesareput “off ” (IE ¸

f

u

¸us ).

Theninteractionenergy is computedusingtherelation:
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(2.65)
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Now thedifferencebetweenIE
� p«$on

andIE
¬�v

$

wasminimizedwhile changing

the variableMXBSOLV, for de�ning the maximumborn radii allowed during the elec-

trostaticenergy evaluationusing MATLAB 74 (This constraintwas includedto prevent

singularitiesduring theevaluationof self energy for eachcharge andwasoptimizedfor

smallpeptides68). We obtaineda higherMXBSOLV valueof 20 	A (default = 14 	A) (see

Figure2.6).

2.3 CLASSICAL MECHANICS

Themoleculardynamicssimulationmethodis basedonNewton'ssecondlaw or theequa-

tion of motion,F = m r a,whereF is theforceexertedontheparticle,m is its massandais

its acceleration.Froma knowledgeof theforceon eachatom,it is possibleto determine

theaccelerationof eachatomin thesystem.Integrationof theequationsof motion then

yieldsatrajectorythatdescribesthepositions,velocitiesandaccelerationsof theparticles

asthey varywith time. Fromthis trajectory, theaveragevaluesof propertiescanbedeter-

mined.Themethodis deterministic:which impliesthatoncethepositionsandvelocities

of eachatomareknown, thestateof thesystemcanbepredictedatany time in thefuture

or thepast.

Newton'sequationof motionis givenby

x

�
Í�[

�qr_ßà� (2.66)

whereF
�
is theforceexertedon eachparticle â , m

�
is themassof particle â and

a� is theaccelerationof particle â .

Theforcecanalsobeexpressedasthegradientof thepotentialenergy V as

x

�
Í Î

?

�

;y (2.67)

Combiningequations2.66& 2.67,yields
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whereV is thepotentialenergy of thesystem.Newton'sequationof motioncan

thenrelatethederivative of thepotentialenergy to thechangesin positionasa function

of time.

2.3.1 INTEGRATION ALGORITHMS

The potentialenergy is a function of the atomicpositions(3N) of all the atomsin the

system.All theintegrationalgorithmsassumethepositions,velocitiesandaccelerations

canbeapproximatedby aTaylor seriesexpansion:

Ý„Û

K

ê{z

K�á
Í

Ý„Û

K�á

êR|

Û

K�á

z

K

ê

Ð

Ò

ß

Û

K�á

z

K

-

ê

r�r�r (2.69)

Due to the complicatednatureof this function, thereis no analyticalsolution

to the equationsof motion andthey mustbe solved numerically. Numerousnumerical

algorithmshave beendevelopedfor integrating the equationsof motion. Someof the

mostimportantarelistedhere.

i Verletalgorithm

ii Leap-frogalgorithm

iii VelocityVerlet

iv Beemans algorithm

In choosingwhichalgorithmto use,thefollowing criteriawereconsidered

1. Thealgorithmshouldconserveenergy andmomentum.

2. It shouldbecomputationallyef�cient

3. It shouldpermita long time stepfor integration.

4. Must bestableandallow computationsuptonano-secondtime-scales
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2.4 STATISTICAL MECHANICS

In a moleculardynamicssimulation,oneoftenwishesto explore themacroscopicprop-

ertiesof a systemthroughmicroscopicsimulations,for example,to calculatechanges

in the binding free energy of a particulardrug candidate,or to examinethe energetics

andmechanismsof conformationalchange.The connectionbetweenmicroscopicsim-

ulationsand macroscopicpropertiesis madevia statisticalmechanicswhich provides

therigorousmathematicalexpressionsthat relatemacroscopicpropertiesto thedistribu-

tion andmotionof theatomsandmoleculesof theN-bodysystem;moleculardynamics

simulationsprovide themeansto solve theequationof motionof theparticlesandeval-

uatethesemathematicalformulas.With moleculardynamicssimulations,onecanstudy

both thermodynamicpropertiesand/ortime dependent(kinetic) phenomenon.The goal

is to understandandto predictmacroscopicphenomenafrom thepropertiesof individual

moleculesmakingup the system.The systemcould rangefrom a collectionof solvent

moleculesto asolvatedprotein-DNA complex.

In statisticalmechanics,averagevaluesarede�ned asensembleaverages.The

ensembleaverageis givenby
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where,A (p
Ã

, r
Ã

) is theobservableof interestandit is expressedasa function

of themomenta,p, andthepositions,r, of thesystem.Theintegrationis overall possible

variablesof r andp. while, þ (p
Ã

, r
Ã

) is theprobabilitydensityof theensemble,givenby
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whereH is the Hamiltonian,T is the temperature,kB is Boltzmann's constant

andQ is thepartitionfunction
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This integral is generallyextremelydif�cult to calculatebecauseonemustcal-

culateall possiblestatesof thesystem.In amoleculardynamicssimulation,thepointsin

the ensemblearecalculatedsequentiallyin time. So, to calculatean ensembleaverage,

themoleculardynamicssimulationsmustpassthroughall possiblestatescorresponding

to theparticularthermodynamicconstraints.

Anotherway, asdonein anMD simulation,is to determinea timeaverageof A,

which is expressedas
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wheret is thesimulationtime, M is thenumberof time stepsin thesimulation

andA(p
Ã

,r
Ã

) is theinstantaneousvalueof A.

Theproblemnow is to calculatetime averagesby moleculardynamicssimula-

tion while theexperimentalobservablesareassumedto beensembleaverages.Resolving

thisleadsusto oneof themostfundamentalaxiomsof statisticalmechanics,The Ergodic

Hypothesis, whichstatesthatthetimeaverageequalstheensembleaveragei.e.,
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Thebasicideais, if oneallowsthesystemto evolvein timeinde�nitely, thenthat

systemwill eventuallypassthroughall possiblestates.Onegoal,therefore,of amolecular

dynamicssimulationis to generateenoughrepresentative conformationssuchthat this

equality is satis�ed. If this is the case,experimentallyrelevant informationconcerning

structural,dynamicandthermodynamicpropertiesmaythenbecalculatedusingafeasible

amountof computerresources.Becausethesimulationsareof �x edduration,onemust

becertainto sampleasuf�cient amountof phasespace.
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Someexamplesof timeaverages:

Averagepotential energy
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Averagekinetic energy
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whereM is thenumberof con�gurationsin thesimulation,N is thenumberof

atomsin thesystem,m� is themassof theparticle â andv � is thevelocityof particle â .

2.4.1 SIMULATING IN DIFFERENT ENSEMBLES

MD simulationsgenerateinformationon the microscopiclevel. The microscopicstate

of a systemis de�ned in a
@

� -dimensionalspace,consistingof the momenta,p, and

spatialcoordinatesr of the � particles.Thethermodynamicstateof a systemis usually

de�ned by a small setof parameters,for examplethe temperature„ , the pressure, ,

andthenumberof particles,� . Otherthermodynamicpropertiescanbederivedfrom the

equationsof stateandotherfundamentalthermodynamicequations.75

StatisticalMechanicsrelatesthemicroscopicinformationto macroscopicprop-

erties(i.e. pressure,internalenergy, etc.). This is achievedthroughtheuseof statistical

ensembles.An ensembleis a collectionof points in phasespacesatisfyingthe condi-

tionsof aparticularthermodynamicstate.Ensemblesdescribeacollectionof all possible

systemsthat canhave differentmicroscopicstatesbut areidenticalmacroscopically(or

thermodynamically)state. A summaryof differentstatisticalensembleswith different

characteristicsaregivenbelow.76

2.4.2 M ICRO-CANONICAL ENSEMBLE

In the micro-canonicalensemblethe threeconstantparametersare �
Þ



Þ

�

, i.e. number

of particles,volume and energy of the system. This is the natural ensemblefor MD
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simulations,wheretheNewtonianequationsof motioncanbeappliedunchangedto the

system.To convert to otherstatisticalensemblesonehasto integrateotherequationsin

placeof Newton'sequationsin suchawaythatsamplingisperformedin anotherstatistical

ensemble.

2.4.3 CANONICAL ENSEMBLE

In thecanonicalensemblethe�x edparametersare � Þ 
 Þ�„ , i.e. numberof particles,vol-

umeandtemperatureof thesystem.Sincethetemperaturehasto bekeptconstantin this

ensemble,a thermostathasto beintroducedandtheHamiltonianof thesystembecomes:
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whereK is thekinetic energy of thesystem,V is thepotentialenergy of thesystemand
–

L and 
§L arethekineticandpotentialenergiescoupledto thethermostat.

2.4.4 NOSÉ-HOOVER CONSTANT TEMPERATURE ALGORITHM

Theequationsof motion for constanttemperatureor Nośe-Hoover thermostatequations

arethefollowing:77 š
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where œ and ï�› arethe thermostatpositionandmomentumand „ is the temperatureat

which the systemis to be regulated. � being the numberof atomsin the system, '

Boltzmann's constantand
�

the numberof spatialdimensions.Theparameter
U

, given

by
U

Í

�

��'
„Ž•

- , determinesthetime scaleof the thermostatmotionvia the time scale

parameter
•
, which shouldbechosenin correspondenceto a characteristictime scaleof
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thesystem,e.g., avibrationalperiod.

TheNośe-Hooverschemehastheadvantageousfeaturethatit approximatesthe

canonicaldistribution of temperaturepresentin physicaltemperatures,i.e. thetempera-

tureof thesystemis not �x edat a giventemperaturebut oscillatesaboutit, asexpected

for smallsystems.

2.4.5 ISOBARIC-ISOTHERMAL ENSEMBLE

In this ensemble,pressureandtemperaturearekeptconstantin thesystem,i.e. thecon-

stantparametersare � Þ  Þ�„ . The Newtonianequationsof motion becomeeven more

complicatedin this ensemblebecauseof the introductionof anadditionalbarostatto the

system.

2.4.6 CONSTANT TEMPERATURE AND PRESSURE

Simultaneousregulationof temperatureandpressurecanalsobe taken careof through

theequationsof motions:theisothermal-isobaricequationsof motion:78
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where
ï«Ž

is a momentumconjugateto the logarithmof the volume,
ž

is its associated

massparameter,
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2N¡
is the externally appliedpressure,and  

9 Ÿ1¡
is the

instantaneousinternalpressureof thesystemgivenby:
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Thus,thevariableï Ž actsasa 'barostat',which drivesthesystemto thesteady

state
}

 int ~™Í© ext. In this way, both temperatureand pressureare regulatedso as to

reproduceexactcanonicaldistributions.

2.5 DETERMINATION OF REACTION PATHS

A conformationalchangeinvolvesachangeof therelativepositionsof thenucleiinvolved

andthe associatedchangein the structureof the system.To describethe motion of the

nuclei it is necessaryto know the potentialenergy surface(PES)on which the nuclei

move. Mathematically, thePESis a functionof the3N - 6 internaldegreesof freedomof

a non-linearmolecule.If themultidimensionalPESis completelyandaccuratelyknown

the conformationaldynamicscanbe determinedby solving the equationsof motion of

thenucleimoving alongthePES.In suchascenario,thereactantconformationandprod-

uct conformationaredescribedby regionsaroundminimaon thePESthatarethermally

accessibleat a giventemperature.The transitionstateis de�ned asthedividing surface

thatseparatestheedductandtheproductstateswhich arede�ned by a �rst-order saddle

pointsconnectingtheminima.

2.5.1 DETERMINATION OF A MEP IN SYSTEMS WITH MANY DEGREES OF FREEDOM

The optimizationof a point into a minimum on a multidimensionalsurfaceis a mathe-

matically well-describedproblemthat canbe solved usinga numberof algorithms(see

Ref.79). Theoptimizationof areactionpathto aMEP, however, requiresthesimultaneous

optimizationof all pathpointssubjectto theconstraintthatthepathremainscontinuous.

2.5.2 CONJUGATE PEAK REFINEMENT, CPR

CPR is a heuristicmethodfor re�ning an initial path into an Minimum Energy Path

(MEP).3 Its basicideais to identify thosepointsalongthepathwheretheenergy is high-
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est(the“peaks”)andto move thesepointscloserto theMEP by a controlledconjugate-

gradientminimization.Themainadvantageof CPRis thatit automaticallyhandlespaths

with many saddlepoints,eachof which canbere�ned to any desiredaccuracy. Theal-

gorithm doesnot evaluatesecondderivativesbut usesonly the energy (which mustbe

continuous)andits gradient.It startsfrom aninitial continuouspath,which is de�ned by

linearinterpolationalongtheseriesof pointsP:= [r
0

, r & , , r
’

] (Referto theoriginalCPR

article3 for furtherdetails)

2.5.3 GENERATION OF AN INITIAL PATH

A continuoustransitionpathis describedby aseriesof discretesupportingpointsin con-

formationalspaceP = [r
0

, r & , r�r�r , r
’



& , r

’

] that areconnectedby somede�ned inter-

polationmethod(e.g. linear or splineinterpolation)in somede�ned coordinatesystem

(e.g. Cartesianor internal). In theabsenceof a betterguessfor transitionintermediates,

a setof pointsP for the initial pathcanbegeneratedby linear interpolationbetweenthe

reactantandproductendstates.Interpolationin internalcoordinatesaccuratelydescribes

thetorsionaltransitionsbetweenrotamericstatesof thesidechains.However, whenap-

plied to awholeprotein,it canleadto severedisruptionof thebackbonefold. In contrast,

Cartesianinterpolationapproximatelypreservesthe backbonefold in mostcases(if the

proteinremainscompactduringthetransition)but oftenleadsto extremedeformationof

thesidechains.Thus,it is sensibleto combinethetwo interpolationmethods.First, the

backboneatomsareinterpolatedin Cartesiancoordinatessoasto preserve thebackbone

fold, andthenthesidechainatomsarebuilt ontotheinterpolatedbackbone,usinginternal

coordinatevaluesthatareinterpolatedbetweentheinternalcoordinatesof theendstates.

This “combinedinterpolation”canstill produceinitial pathsthat lie in a reac-

tion channelthat includesunrealisticeventslike crossingof sidechainsanddeformation

of backbonestructures.We found that this canbeeffectively avoidedby generatingthe

intermediatepointsof theinitial pathwith all of thesidechainsshrunk.This is achieved

by reducingall bondlengthsof the sidechains(hereto half of the original size)before

building themonto the backbone.At �rst glance,this approachwould seemto be un-
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physicalandwould result in even moreenergetically unfavorablepaths. However, the

minimizationprocessappliedto thepathpointsduringtheCPRcomputation(seebelow)

rapidly restoresthe shrunken sidechainsto their normalsize,while undesirableevents

suchasbondcrossingor ring penetrationno longeroccurin the resultingMEP. This is

becauseduringpathoptimizationtheCPRprocedurepreservestheside-chainavoidance

introducedin theinitial path.

2.5.4 REACTION COORDINATE

OnceanMEP, P = [r
0

, r & , r�r�r , r
’

] hasbeenfound, it de�nes thenormalizedcurvilinear

reactioncoordinate,ª , which canbeusedto measuretheprogressalongthereactionup

to agivenpathpoint r
�
:
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(2.80)

ª (i) is thenormalizedsumof theRMS-changein all coordinatesalongthepathPupto r
�
.

All pathswerecomputedwith the CPR3 implementedin the TReK moduleof

CHARMM80 usingthe default CPRsettingsfor �agging a pathpoint asa saddlepoint:

With thesesettings,thegradientatasaddlepoint is requiredto besmallerthang LS�
�

= 0.05

kcal.mol

& . 	A 


& for an uninterruptednumberC = N 0�­ ® of conjugateline minimizations

(here: C = 26). Thesesettingsarestringentenoughto obtaina pathwhosebarriersare

mostly within 1-2 kcal/mol of the �rst-order saddlepoints. For veri�cation, the saddle

pointsof thepathswerefurtheroptimizedwith g LN�
� = 0.01kcal.mol


& . 	A 

& andC = 1000.

2.6 ANALYZING CONFORMATIONAL TRANSITIONS USING COM-

PUTER SIMULATIONS

In minimum energy pathway calculations(MEP) or moleculardynamics(MD) simula-

tions, the behavior of the molecularsystemis obtainedby using the potentialenergy

function. Theresultof thesesimulationgivesa seriesof conformations(eithertime de-
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pendent(MD) or low-energy intermediates(MEP);whichis calledatrajectoryor thepath

followedby eachatomto go from oneconformationto another.

MEP methodspresenta mechanismfor therelevantconformationalchangeby

exploring the potentialenergy surface. This presentsus a putative mechanismwhich

would occurat 0+ Kelvin which may not realistic for systemsin which therecould be

a hugeentropiccontribution to theconformationalchange(like in Myosin II, wherethe

converterdomainwhichampli�es motionsneartheATPsiteto alarge60+ rotationduring

which the lever-arm swingsthroughthe solvent, seethe following chaptersfor a clear

description).Nevertheless,MEP presentsusa mechanismthat could be plausiblesince

only the relevant degreesof freedomareexploredandits mucheasierto conceptualize

themechanism.On theotherhand,MD simulationsperformedunderconditionsof con-

stantN, T andP (to bettermimic experimentalconditions)presenta thermodynamically

completedescriptionof thesystemandgivesa truerepresentationof thedynamicsof the

systemin real-time. On the negative side, they suffer from a high computationalcost

andits not possibleto simulatea protein-systemfor morethana few nano-seconds(at

thepresentcomputationalpower). So,herewecombineMEPcalculationsalongwith the

MD simulationsto understandtheconformationaltransitionsduring therecovery-stroke

in Myosin II molecule.

In thisfollowing chapters,theusageof MEPmethod,CPR3 andMD simulations

aredescribedin detailalongwith thestepstakento setupandrun a CPRcalculationsor

MD simulationsfor aMyosin II system.
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CHAPTER 3

THE STRUCTURAL COUPLING BETWEEN

ATPASE ACTIVATION AND RECOVERY-STROKE

IN THE MYOSIN I I MOTOR.

3.1 SUMMARY

TheMyosinmotorheadundergoesa largeconformationaltransitioncalledthe“RecoveryStroke”

in which theconverterdomain(which bearsthe lever arm)rotatesby , 650 beforeit canbind to

theactin �lament andperformthenext power-stroke. Simultaneously, myosinmustalsoactivate

its ATPasefunction,sincehydrolysisof theboundATP is requiredfor strongactinbinding. The

activation is achievedby a closingof theresidues457-458(belongingto theSwitch-2loop) over

the ATP. The couplingbetweenthe motionsof the converterdomainandof the , 40 	A distant

Switch-2loop is essentialfor a productive motorcycle. Thecouplingmechanismis determined

by computingaminimumenergy pathwaybetweenthecrystallographicend-statesof therecovery

stroke, yielding a continuousseriesof optimizedintermediatesin atomicdetail. The revealsa

two-phasemechanism,in which thesuccessive formationof two hydrogenbondsby theSwitch-2

loopis correlatedwith thesuccessive movementof thetwo helicesthatholdtheconverterdomain:

the relayhelix andtheSH1-helix. The �rst hydrogenbond(betweenGly457,on theN-terminal

of the relayhelix andthe ( -phosphateof ATP) causesa see-saw motionof the relayhelix. The

secondhydrogenbond(betweenSwitch-2andtheSer181of theP-loop)causesthewedgingof a

loop againsttheSH1-helixend,resultingin a longitudinaltranslationof theSH1-helixrelative to

therelayhelix. Theconverterdomainrespondsto the“See-Saw” motionby rotating25 degrees,

thento the translationof theSH1-helixby rotatinga further40 degrees.Theproposedcoupling
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mechanismis consistentwith the existing mutationaldataand explains the role of the highly

conservedwedgeloop.

3.2 INTRODUCTION

Cells undergo a variety of motile processesthat aredriven by molecularmotorsthat transduce

thechemicalenergy of ATP hydrolysisinto mechanicalforceanddisplacement.Oneof themost

extensively studiedmolecularmotorsis myosinII, which drivesmusclecontraction(reviewed in

refs2,12,13) andotheressentialmotile processesin eukaryoticcellsby cyclically interactingwith

actin�laments.81 Myosin II is composedof aheavy chainandtwo light chains.21 TheN-terminal

globulardomainof theheavy chain(thehead)containsboththecatalyticsiteandtheactin-binding

region.13,33,34 It hasbeenshown that theN-terminaldomainaloneis ableto hydrolyzeATP and

move alonganactin �lament.82 Myosin andactin interactto producemovementasdescribedin

theLymn-Taylor cycle (Figure3.1).2,19

Figure3.1: Lymn-TaylorCycle.
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Thiscycleis madepossibleby severalcouplingmechanismsthatlink structuralchanges

in differentpartsof myosin. For instance,changesassociatedwith ATP binding to the myosin-

rigor conformation(StateI) arecoupledwith structuralchangesin the actinbinding region that

substantiallyreducebinding af�nity for actin,33,34 thus dissociatingmyosin from actin (Figure

3.1,StateI / StateII). In thenext step,furtherchangesin theATP bindingsite thatactivateits

ATPasefunctionarecoupledto a 650 rotationof theconverterdomainthatcarriesthe lever-arm

(“The Recovery-Stroke” (StateII ; StateIII)). 2,12,35–37 This primesmyosin for the remaining

steps: ATP hydrolysis(StateIII / StateIII') increasesmyosin-actinbinding af�nity , causing

myosinto rebindto actin(StateIII' / StateIV), this rebindingtriggeringtheback-rotationof the

converterdomainthat rows themyosin�bril pasttheactin �lament. (“The Power stroke” (State

IV / StateI)).2,19 To understandthestructuralmechanismsof themotorfunction,it is necessary

to understandthemechanismsby which thedifferentdomainsof myosinarecoupled.Thegoalof

thepresentwork is to understandthecouplingmechanisminvolvedduringtherecovery stroke at

the level of atomicdetail. This is doneby computinga minimum energy pathway that links the

crystallographicallydeterminedstructuresof StatesII & III. This computationalapproach,knows

asmolecularkinematics,hasalreadyled to the understandingof othercomplex conformational

transitionsin proteins.36,83–86

The headof the DictyosteliumdiscoideumMyosin II motor (henceforth,myosin)has

beencrystallizedin theabsenceof actinwith differentATP analoguesboundto theATPasesite,

(Mg % ATP% ( S,39 Mg % AMP % PNP,39 Mg % ADP % Be1·2 ,4 Mg % ADP % Al 154
6
,4 Mg % ADP %�8‡9

5 etc.,). The

converter-domain,which bearsthe lever arm is found in two orientations,in which the domain

rotatesby about650 with respectto therestof thehead(Figures3.2A & 3.2C,left panels).These

two conformationshave beenassignedto StateII andStateIII in theLymn-Taylor cycle i.e., the

end-statesof therecoverystroke.2,4,5 Thechangein orientationof theconverterdomain(residues

692-748)is associatedto a changein the conformationof the “Relay-helix” (residues466-498)

whichundergoesatilt in its helicalaxisanda“kink”, aquarter-turnunwinding(nearresidue486),

betweenthe two endsof the recovery stroke (compareFigure3.2 A & Figure3.2C).The relay

helix spansfrom the converter domainto the ATP binding site: at its C-terminus,it is tightly

boundto the converter-domain,at its N-terminalend,the relayhelix interactswith theswitch-2

loop (residues454-459),which changesduringtherecovery stroke from an“open” to a “closed”
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conformation.Upon closing,the switch-2forms two-key hydrogenbondswith ATP andthe P-

loop, a conserved loop in many nucleotidebindingproteins.Onehydrogenbondis betweenthe

Gly457amidegroupandthe ( -phosphateof ATP, while theotheris betweenthePhe458carbonyl

groupandtheamidegroupof Ser181on theP-loop. TheP-looptogetherwith theswitch-1and

switch-2loopsform theso-called“Phosphatetube” (Table3.1).

Figure3.2: Structuralelementsof myosininvolvedin therecovery-stroke.
Legend: P-loop in Orange;Switch-2 in green;Relayhelix in cyan; SH-1 helix in purple;
SH-2 helix in pink; converterdomainin green;lever arm in yellow. In the right panel,the
importantresiduesandbonddistancesinvolved in the recovery stroke are indicated. The
See-saw andtheCrank-shaftphasesmovementsareshown with solidarrows.

The ATPasefunction in myosin is activated when the switch-2 loop closesand its

Gly457/Ser456peptidegroup, makes a hydrogenbond with the ( -phosphate.2,45,46 It would
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Table3.1: Consensussequences.

Loop Consensus� Dictyosteliumdiscoideum residues�

P-loop GESGAGKT GESGAGKT 179-186
Switch-1 NxNSSR NNNSSR 233-238
Switch-2 DxSGFE DISGFE 454-459

� Conservedin at least80 outof 82 myosins1
� Residuenumbersof DictyosteliumdiscoideummyosinII areusedherethroughout.

be wastefulif the Switch-2 loop could freely closeand re-openwith the lever arm still in the

pre-recovery orientation,allowing ATP hydrolysisandan unproductive releaseof the hydroly-

sisproducts.Thus,a mechanismis requiredto coupletheclosingof theSwitch-2loop with the

orientationof the converter domainto ensurethat ATP is hydrolyzedonly when the converter

domain/lever armis in thepost-recovery orientation(i.e., readyto performthepower stroke). A

structuralmodelwasrecentlyproposedfor thiscouplingmechanismproviding useful�rst insights

on how small rearrangementsat the ATP bindingsite canbe graduallyampli�ed througha net-

work of couplingelementsinto a large-scalerotationof the converterdomain.36 It showed that

themovementof Gly457amidehydrogenon switch-2towardsthe ( -phosphateis transmittedas

a pull on therelay-helixvia a hydrogenbondbetweentheGly457/Ser456peptidegroupandthe

sidechainof Asn475,which is locatedin theN-terminalendof the relay-helix(Figure3.2A /

3.2B,right panels).Thispull resultsin asee-saw movementof therelay-helix(Figure3.4A)which

causesan initial rotationof theconverterdomainof about250 (Figure3.4A / 3.4B).However,

someimportantquestionsstill remainconcerningthe laterpartof themechanism.They are: (i)

How is the further rotationby 400 of theconverterdomaincoupledto theclosingof theswitch-

2 loop ? (ii) Is it possibleto rationalizea simplemodelsuggestinghow the relay helix andthe

SH1-helixcontrol the converter domainrotation? (iii) Why is the relay-helix “kinked” in the

post-recovery conformation(Figure3.2C) ? Here,we addressthesequestionsso asto derive a

comprehensive view of thecouplingmechanismsinvolvedin therecovery stroke.

Theminimum-energy pathway (MEP) wasobtainedby “ConjugatePeakRe�nement”

(CPR),3 a computationalmethodsthat generatesa continuousseriesof optimizedintermediates

connectingtwo givencrystallographicend-stateconformationsof a proteinwithout applyingex-
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ternaldriving constraints.Analysisof thispathwayshowsthatthe“See-saw” phaseis followedby

a secondphasewhich is initiatedby themovementof Switch-2towardstheP-loopto form a hy-

drogenbondbetweenthecarbonyl groupof Phe458andtheamidegroupof Ser181(Figure3.2B

/ 3.2C,right panel). The phenyl ring of Phe458remainsin a tight hydrophobicpackingwith

residues572-574on anadjacentloop (Figure3.7),which thusfollows themovementof switch-2

andwedgesagainsttheN-terminalendof theSH1-helix.The“Wedgeloop” (Figure3.2)is highly

conservedstructurein themyosinfamily.1,15,37,40 In responsethetheWedgeloop movementto-

wardstheATP, theSH1-helixtranslateslongitudinallyin relationto therelayhelix in apiston-like

fashion(Figure3.4B). This resultsin a “See-saw” like motion of the SH1-helix,dueto the fact

thattheconverterdomainis suspendedby thetwo helices:theSH1helix andtherelayhelix and

hasminimal interactionwith therestof themyosin-head(Figure3.6).This longitudinalmotionof

theSH1-helixpushestheconverterdomainoutwardwhichis covalentlyattachedto theC-terminal

endsof theSH1-helix(Figure3.2C)andthroughsalt-bridgesto therelayhelix (Figure3.5). The

localkink of therelayhelix thatappearsduringthissecond-phase(Figure3.2B / C) is dueto the

factthattheC-terminusthird of therelayhelix is tightly boundto (Figure3.5)andmovestogether

with theconverterdomain,whose400 rotationforcestherelayhelix to partiallyunwindlocally by

a quarterof a turn. Thus,thepresentresultsgive anessentiallycompletepictureof thecoupling

mechanicsinvolvedduringtherecovery stroke,a fundamentalstepin musclecontraction.

3.3 RESULTS

Theconformationalchangesof thestructuralelementsinvolved in thecomputedrecovery-stroke

transitioncanbe divided into two distinct phases,calledherethe “PhaseI” andthe ”PhaseII”.

Early in thePhaseI, the lever-arm undergoesa , 300 rotation(Figure3.3A) followedby a more

gradualrotationuntil theendof thePhaseII, wherethe�nal 200 occursrelatively quickly. Phase

I is initiated by the formationof a hydrogenbondbetweenthe amidegroupof Gly457 andthe

( -phosphate.While thePhaseII is characterizedby themovementof theWedgeloopbetweenthe

N-terminalendof SH1-helixandSwitch-2duringthesecond-halfof theconformationalpathway.

TheRMS coordinatedeviation (RMSD)pro�le for theSwitch-2(Figure3.3B)exhibits

a large initial change( , 1.5	A) thenremainsrelatively constantfor therestof theSee-saw phase
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beforeincreasingby afurther , 1 	A duringthePhaseII. TheWedgeloopchangesits conformation

alongwith theSwitch-2initially duringPhaseI andlaterundergoesalargerconformationalchange

(¿2	A) duringPhaseII. TheSwitch-2loop andtheWedgeloop interactvia a hydrophobiccluster

comprisingPhe458of Switch-2togetherwith His572,Tyr573andAla574onthetip of theWedge

loop (Figure3.7). During PhaseII, a small changein the Switch-2conformation(¡1 	A) brings

abouta larger conformationalchangein the Wedgeloop (Figure3.3B). This movementof the

Wedgeloopcausesfurtherrotationof theconverterdomainandcompletestherecovery stroke.
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Figure3.3: Plotsof internal rearrangementsduring the recovery-stroke transition. A. Ro-
tation of the converter-domainandlever arm; B. RMSD pro�le for the Switch-2(in blue)
andtheWedgeloop (red);C. Hydrogenbonddistances.Gly457:N̄Z°

{h±Z² - ATP:O³µ´·¶ (red);
Phe458:O̧¹¯Zºe»½¼Y¾�¿1À - Ser181:N̄Z°

{Á±Z² (Blue); D. See-saw angleof therelay-helix(red)andthe
SH1-helixlongitudinaltranslation(blue).
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3.3.1 PHASE I MECHANISM .

PhaseI is initiatedby thespontaneousformationof a hydrogenbondbetweentheGly457amide

group on Switch-2 and one of the oxygenatomsof the ( -phosphate.This hydrogenbond is

believedto beessentialfor myosinATPasefunction,45,46 becauseit positionsthe ( -phosphatein

theactive siteandmay facilitatetheattackby a nucleophilicgroupthat leadsto thecleavageof

the ( P-� P bond.45

The seriesof conformationalchangesthat occurduring the recovery stroke transition

aredepictedasacartoonin Figure3.4asacartoon.TheGly457/Ser456peptidegroupis engaged

in a hydrogenbondwith thesidechainof Asn475(representedby a triangle)which is locatedon

theN-terminalhalf of therelayhelix. This hydrogenbond,which is presentin bothendstates,is

thoughtto bemaintainedat all timeswhenATP is boundto theactive site.4,36,37 Thus,whenthe

Gly457/Ser456peptidegroup(redrectangleon switch-2loop in Figure3.4)movestowardthe ( -

Phosphate,it pullsonAsn-475,whichmovesin thesamedirection.Theneteffectof thehydrogen

bondformedbetweenGly457amidegroupand ( -Phosphateis thusto pull on the relayhelix at

position475,via thehydrogen-bonded-bridge, ( P-Gly457/Ser456-Asn-475-relay-helix. Thispull

on Asn475initiatesa seriesof structuralchangesin the myosinhead. The �rst responseis the

relay helix motion resemblingthat of a see-saw (Figure3.4A ; 3.4B) in which the relay helix

is pulledtowardsthenucleotide.Thefulcrum for thesee-saw motionis Phe652(yellow hexagon

in Figure3.4)which is attachedto thestrand-3of the7-strand-� -sheetandpositionedby Phe481

andPhe482on therelayhelix. Therelayhelix extremitiesmove by , 4 	A androtatetheconverter

domainandlever armby , 300 (Figure3.3A) by its contactswith converterdomain(Figure3.5).

ThiscompletesPhaseI of therecovery stroke transition.During thisphasethereis relatively little

movementof theSH1or SH2-helices(Figure3.2A & B, right panelandFigure3.4).

3.3.2 PHASE I I MECHANISM .

Theformationof ahydrogenbondbetweentheGly457amideandthe ( -PhosphateduringPhaseI,

reducesthedistancebetweenPhe458onSwitch-2andSer181ontheP-loopby , 1 	A (Figure3.3C

& Figure3.4B ; 3.4C).This alsopulls theWedgeloop towardstheATP siteby , 1 	A sincethe

phenyl ring of Phe458is part of the hydrophobicclusterinvolving His572,Tyr573andAla574,
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Figure3.4: Cartoonrepresentingthe sequenceof couplingeventsduring the return-stroke
mechanism.
Wedgeloop in red; Switch-2in green;Relayhelix in cyan; SH1-helixin purple;converter
domainin green;leverarmin yellow.
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Figure3.5: Packingbetweentheconverterdomain(in green)andtheC-terminal-thirdof the
relay-helix(in brown). A. Salt-bridges;B. VanderWaalsspheres.
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which triggersPhaseII (Figure3.4B ; 3.4C& 3.7). Theformationof ahydrogenbondbetween

thePhe458carbonyl groupandSer181amideon theP-loop(Figure3.3C)pulls theWedgeloop

towardsATPby , 4 	A (Figure3.3D).This forcesthewedgeloopto wedgeagainsttheN-terminus

of SH1 helix (Figure3.4) and longitudinally translateit by one turn relative to the relay helix

(Figure3.2B& 3.2C,Figure3.3Fand3.8).Thewedgingmotionthus,pushestheconverterdomain

outwardsincetheconverterdomainis covalentlyattachedto theSH1-helix.

The converter domaincannotmove out-ward sinceit is strongly anchoredat the C-

terminusof the relayhelix by salt-bridgesandnon-bondedinteractions(Figure3.5A & B). The

converterdomaininsteadrotatesandpushesinto the C-terminusof the relay-helix throughthe

interactionsalong the interfacebetweenthem. The relay helix is anchoredto strand-3of the

7-stranded-� -sheetby the phenyl rings of Phe481and Phe482which interactwith Phe652on

strand-3.During therecoverystroke, thephenyl ring of Phe456alsorotatesandre-packsbetween

the relay helix and the SH1-helix36 and holds the two helicestogetherthoroughhydrophobic

interactions. The relay helix feels the greatestamountof pressurefrom the converter domain

on Glu490which is involved in a salt-bridgewith Arg695of theconverterdomain(Figure3.5).

Therelayhelix thusbreaks(formsa kink2,12) by thebreakageof theinter-helicalhydrogenbond

betweenMet486andGlu490.Thekink allows furtherrotationof theconverterdomaindueto the

translationof theSH1-helixandcompletestherecovery stroke transition.

At theendof therecovery-stroke (in StateIII), phenyl groupof Tyr573belongingto the

wedgeloopis placedright below theAsn475.UponATPhydrolysis,Asn475,whichplaysamajor

roleduringPhaseI breaksits interactionwith theGly457/Ser456peptidegroup,rotatesaround�:&

andswitchesto theside-chainhydroxylof Tyr573to makeahydrogenbond.37 Thus,Asn475and

wedgeloop movementprovide a mechanismby which myosin is “locked” in StateIII' (Figure

3.1)andpreventthereversalof therecovery stroke afterATPhydrolysisandbeforeactinbinding.

3.4 DISCUSSION

Regulationof ATP hydrolysisby proteinconformationsplaysanimportantrole for energy trans-

ductionin biologicalsystems.87–89 In myosinII, thecouplingbetweentheconverterdomainorien-

tationwith theclosingof Switch-2over theATPmakesit unlikely thatATPis hydrolyzedwithout

63



THE STRUCTURAL COUPLING BETWEEN ATPASE ACTIVATION AND RECOVERY-STROKE IN

THE MYOSIN I I MOTOR.

Figure3.6: Converterdomainis heldby just two helices,the relayhelix andtheSH1-helix
andcanmove independentof therestof thehead.
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Figure3.7: Thehydrophobiccradleof Phe458.
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a productive contractioncycle. This couplingis controlledby small structuralchangesnearthe

ATP binding site which areampli�ed into a large domainrotationandvice-versa. The present

pathway analysisindicatesthat thestructuralcouplingbetweenATPaseactivationandtherecov-

erystrokeoccursin 2 phases.The�rst, See-saw phaseis initiatedby thepulling of Gly457toward

the ( -phosphateof ATP, which leadsto a see-saw motionof therelayhelix anda partialrotation

of theconverterdomainby , 300 . A molecularfulcrumanchorstherelayhelix on themainbody

of themyosinhead(atPhe652)andprovidesapivotingpoint for thesee-saw motion.Thesecond,

Crank-shaftphase,is characterizedby thewedgingof a loopin-betweentheN-terminalendof the

SH1-helixandthe Switch-2 loop. The Wedgeloop is a well-conserved structurein the myosin

family.1,15,37,40 Thewedgemotionis broughtaboutby movementof Switch-2loop towardsATP.

ThestronginteractionbetweentheSwitch-2andtheWedgelooppulls theWedgelooptowardsthe

ATP andthuslongitudinallytranslatestheSH1-helixrelative to therelayhelix, leadingto further

rotationof theconverterdomain.

Theproposedcouplingmechanismis consistentwith thefollowing experimentalpoint

mutationalstudies:

(i) Themutationof theconserved Ser456to a Leucinereducesthestepsizeof myosin

walking alongtheactin �lament.90 Thepresentmechanismsuggeststhat the largerLeucineside

chainin this mutantwould hinderthemovementof theGly457/Ser456peptidegrouptoward ( -

phosphatein theS456Lmutationduring theSee-saw phase(Figure3.2A ; 3.2B), leadingto a

reducedpull on Asn-475andthusto a reducedupswingof therelayhelix. This hindrancewould

causeasmallerrotationof theconverterdomainandhenceasmallerstepsize.

(ii) Two studiesinvolving themutationof conserved Gly680to Valineor alaninehave

shown lower basalATPaseactivity andsigni�cantly lower in-vitro mobilities.91,92 The Wedge

loop is just over 3 	A away from the C* atomof Gly680. The presentmechanismsuggeststhat

a larger, Valineor alanineresiduewould prevent theWedgeloop from moving betweentheSH1

helix andthe Switch-2in the G680V or G680A mutant. The G680V or G680A mutantsmight

alsoprevent thelongitudinalsliding of SH1-helixrelative to therelayhelix dueto wedging,thus

preventingthemechanismfrom proceedingbeyondtheSee-saw phase.Themutationwould thus

preventthecompleteclosureof theATPbindingsiterequiredfor ef�cient ATPhydrolysis.

The couplingmodelproposedherecould be further testedexperimentallybecauseit
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predictsthe phenotypeof several point mutations.For instance,oneelementof the mechanism

involvesa pull on theAsn475sidechainby the formationof the ( -phosphate:Gly457hydrogen

bondinto apull ontherelayhelix (Figure3.2,right panel).If Asn475weremutatedto anon-polar

residue,like Glycine,thehydrogenbondbetweenAsn475andtheGly457/Ser456peptidegroup

would beabsent.Consequently, this would lessenthepull on therelayhelix andmight uncouple

ATP hydrolysisfrom converterdomainmotion during the see-saw phasewhile the Crank-shaft

phasewouldremaintheoreticallystill active. ThismutationmightalsoreducetheATPaseactivity

in thepost-recoverystate,dueto poorerpositioningof thecatalytically-important Gly457amidein

theabsenceof thebackhydrogenbondto theAsn475sidechain.In theN475Gmutationonly the

See-saw phasewouldbeabolishedwhichmightallow determinationof whethertheinitial see-saw

phaseis requiredfor theCrank-shaftphasesincetheCrank-shaftphaseis causedby themovement

of Phe458towardstheP-loopwhichshouldnotbebeaffectedin thismodel.If thesee-saw phase

hasnoeffecton theCrank-shaftphase,thein-vitro mobility rateswill notbesigni�cantly smaller.

Anotherpoint mutationthat couldgive insight into the structuralmechanismis muta-

tion of Phe458to ahydrophilicresidue,whichwoulddecoupletheSwitch-2from theWedgeloop

movements.This would essentiallyblock theCrank-shaftphasewhile thesee-saw phasewould

still be possible,andshouldthusleadto lower mobility. Consequently, it might be possibleto

seperateandstudythetwo phasesduringthecouplingbetweenSwitch-2movementtowardsATP

andtherotationof theconverterdomain.The�o w of structuralchangehasbeendescribedabove

in thedirectionof ATPaseactivation to lever armrotation. However, thecouplingmechanismis

alsovalid in the reversedirection, i.e., a motion in the converterdomaincanleadto the corre-

spondingmodi�cationsnearATP. Thecouplingsimply ensuresthatwhenever the lever armis in

post-recovery-stroke orientation,the ATPasefunction is switchedon, andwhenit is in the pre-

recovery-stroke position,theATPasefunction is switchedoff. It is plausiblethatsomeelements

of thecouplingmechanismdescribedheremight beactive duringthepower stroke, althoughthis

is not to imply micro-reversibility, becausethe power stroke occursin a different,actin bound,

conformation.In the light of the recovery stroke mechanism,onecouldspeculateon the power

stroke mechanism.ATP hydrolysisis believedto openSwitch-1andtwist thecentral-� -sheetand

theP-loop.33,34,45 Thetwistingof thecentral� -sheetfacilitatesactin-cleftclosureenablingstrong

actinbindingwhile theP-looptwist mightbreakthehydrogenbondbetweenPhe458carbonyl and

67



THE STRUCTURAL COUPLING BETWEEN ATPASE ACTIVATION AND RECOVERY-STROKE IN

THE MYOSIN I I MOTOR.

Ser181amidegroupandallow theWedgeloop, alongwith the relay helix andswitch-2loop to

move away from the ATP binding site. This could allow the backtranslationof the SH1-helix,

leadingto straighteningof therelayhelix andthefacilitatebackrotationof theconverterdomain

leadingto thepower stroke andsubsequentreleaseof ADP & Pi. At theendof thepower stroke

(in StateI) myosinis foundwith openSwitch-1,Switch-2in a new conformationdenotedby C'

with twistedcentral-� -sheetandP-loop.33,34

In summary, MEP betweenthe two endof the recovery stroke transitionhasprovided

insightsinto key interactionsthatcontrol therecovery stroke. TheSwitch-2andtheWedgeloop

motionsarelikely to play key rolesduringtheLymn-Taylorcycle.

3.5 METHODS

3.5.1 PROTEIN MODELING

The crystalstructure1MMD4 complexed with Mg % ADP % BeF. (a non-hydrolyzingATP analog)

was usedas the “reactantend-state”for the pre-recovery conformation. For the post-recovery

conformation,“productend-state”,a structurewith Mg % ADP % Be1
.

boundthat is very similar to

PDB entry 1VOM5 wasused,as it provides the coordinatesfor the relay loop whereas1VOM

doesnot. In bothstructures,theATPwasmodeledby replacingtheBe1&. with aphosphategroup.

A missingsegmentin 1MMD (residues501to 507)wasmodeledbasedon the2MYS structure93

aspreviously described.36 1MMD also lackscoordinatesfor the non-essentialresidues16-35,

which werethusleft out of all calculationsfor consistency. 31 crystalwatermoleculesresolved

in mostmyosinstructuresto datewerealsoincluded.

3.5.2 PREPARATION OF END STATE STRUCTURES

The reactantand productstateswere thoroughlyenergy minimized to relieve bad contactsus-

ing CHARMM,80 version29a2with force-�eld parameterset19 for non-aromaticresiduesand

parameterset22 for aromaticresidues.94 Unlessstatedotherwise,all non-bondedinteractions

weretruncatedwith a switch function between8 	A and12 	A95 andthe non-bondedlists were
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Figure3.8: Longitudinaltranslationof theSH1-helix(in purple)relativeto therelayhelix (in
cyan).
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updatedheuristically. To includeelectrostaticinteractions,weusedavariantof GB modelscalled

theAnalytic ContinuumElectrostatics(ACE) model68,96 version2. TheBorn radiusde�nes the

extentof solvationof thecharge while calculatingtheelectrostaticsolvationenergy for a collec-

tion of charges. The smallerthe Born radius,the higher the solvation.57,58,68 Previous studies

have indicatedthat the accuracy of Born radiusis the limiting factor for accuratecalculationof

electrostaticsolvationenergies.73 DefaultACEparameterswereoptimizedhereby benchmarking

the interactionenergiesfor eachpair of chargesin the ACE modelwith the Poisson-Boltzmann

(PBEQ)model.61 In ACE,we useahigherMXBSOLV valueof 20 	A (default = 14 	A) which is a

parameterthatde�nesthemaximumbornradii allowedduringtheelectrostaticenergy evaluation.

This constraintwasincludedto preventsingularitiesduringtheevaluationof self energy for each

chargeandwasoptimizedfor smallpeptides.68

A direct minimizationoften trapsthe moleculein a high-energy local minimum on a

multi-dimensionalconformationallandscape.Here,Simulatedannealing97,98 moleculardynamics

was usedto obtain a conformationthat is similar to the end-statecrystal structurein termsof

RMSD(RootMeanSquareCoordinateDeviation)andyetcloserto thebottomof theenergy basin

associatedwith thatparticularendstate.In performingsimulatedannealingtheenergy minimized

reactantandproductstructureswereheatedto 300K over 50 psin stepsof 0.6K per0.1pswith

harmonicconstraintsof 1.0kcal/mol.	A - onall myosinatomsatconstantvolume(NVE ensemble).

Duringequilibration,theharmonicconstraintswerereducedto 0.5kcal/mol.	A - on theback-bone

atomsandno constraintswereappliedto theside-chainatoms.Thestructureswereequilibrated

usingNośe-Hoover99,100 dynamicsata temperatureof 300K for 750ps.A productionrunof 500

psfollowedequilibrationwhile maintainingthesameconstraintsontheback-boneandside-chains

atoms.Thetemperatureof thesystemwasthenslowly reducedto 0 K over 1.5nsin stepsof 0.2

K per1 pswith harmonicconstraintsof 0.1kcal/mol.	A - .

Non-relevant structuraldifferencesbetweenthe annealedendstatescanleadto unde-

sirabletransitionsduring the CPR3 calculation.Thesedifferencescanarisefrom differentatom

numberingof equivalentatoms,ambiguityof atompositioningin thecrystallographiccoordinate

�les or from rotamerictransitionsduring the moleculardynamicssimulations. For instance,a

CO-NH3. groupcanhave its hydrogenslabeledclockwiseasH1, H2, H3 or asH1, H3, H2: ar-

rangementsthat cannotbe mappedby a simplerotationaroundthe C-N bond,but ratherwould
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leadto theexchangeof thepositionsof H2 andH3 duringthepath,whichis associatedwith avery

highenergy barrieror asymmetricaromaticring thathassimilarorientationsin theendstatesmay

have its ring atomsnamedin sucha way that it would turn by nearly1800 during the transition.

Theabove undesirabletransitionswereavoidedhereby removing all classesof differenceslisted

in Table3.2. Rotamericdifferencesin non-symmetricgroupsmayalsoleadto irrelevantbarriers

thatunnecessarilycomplicatethepath.Therefore,all side-chaintorsionangleswhosedifferences

betweentheendstatesexceeded900 wereidenti�ed. Eachsuchtorsionalanglewasrotatedin the

reactantsoasto matchthecorrespondinganglein theproductandvice versa.Oneof thesetwo

changeswasacceptedif the rotationdid not leadto stericcollisionsor a poorerhydrogenbond

network. All thestructuralchecksmentionedabovehavebeenautomatedwith theprogramcalled

JANUS.101 Both theannealedreactantandproductstructureswerethenfurtherenergy minimized

aftercheckingfor non-relevantstructuralchangesusingJANUS.101

Table3.2: Symmetricchemicalmoieties

Symmetry Examples

C
-

(sp- ) X-CO
-

C. (sp. ) X-CH . , X-NH .

CL (sp. ) X-CH
-

-Y
C

-

rings Phe,Tyr

TheRMScoordinatedeviations(RMSD)from thecorrespondingcrystallographicreac-

tantandproductendstatesandtheannealed,checked andenergy minimizedend-stateswere2.3

	A and2.0 	A respectively.

3.5.3 MOLECULAR K INEMATICS

In orderto computetheminimumenergy pathway (MEP)betweenthepre-recovery conformation

(Figure3.2A) andthepost-recovery conformation(Figure3.2C)we useCPR,a heuristicmethod

for re�ning an initial guesspathinto an MEP.3 Its basicideaof CPRis to identify thosepoints

alongthe pathwherethe energy is highest(the peaks) andto move thesepointscloserto the

MEPby acontrolledconjugate-gradientminimization.Themainadvantageof CPRis thatit auto-

maticallyhandlespathswith many saddlepoints,eachof which is foundto any desiredaccuracy.
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Thealgorithmdoesnot evaluatesecondderivativesbut usesonly theenergy (which mustbecon-

tinuous)andits gradient. The initial guesspathfor CPRwasgeneratedsuchthat the backbone

atomsareinterpolatedin Cartesiancoordinatessoasto preserve thebackbonefold, andthenthe

sidechainatomsarebuilt onto the interpolatedbackbone,usinginternalcoordinatevalues.This

“combinedinterpolation”producesaninitial paththatlies in a reactionchannel.86 Re�ning these

interpolatedstatesusingCPRproducesthe requiredMEP betweenthe reactantandthe product

structures.3,36,59,86 Here, the CPR methodwas usedas implementedin the TREK moduleof

CHARMM,80 leaving all 7986atomsfreeto move independently.

In thepreviousanalysis,36 thesolventwasmodeledimplicitly usinga simpledistance-

dependentdielectric to approximatesolvent screening.36 The high polarizability of bulk water,

which is re�ected by its high dielectricconstant,playsa major role in proteinconformationand

function in physiologicalconditions.102 Thesimpledistancedependentdielectricmodelusedin

the previous work fails to reproducethe solvent effectsaccurately.59 A straightforward way of

moreaccuratelyevaluatingsolvent effectswould be to modelthebulk solvent with explicit wa-

ter molecules.Theexplicit dipole �elds of all watermoleculesthensumto yield theappropriate

reaction�eld for the protein.52 However, the explicit solvent moleculesincreasethe sizeof the

systemhereby a factorof 10, resultingin a large amountof computationaltime spenton calcu-

lating thesolvent,ratherthanthesoluteof primaryinterest.Further, explicit solvent“freezes”the

solutewhenminimization-basedcalculationsareperformedsuchasnormalmodeanalysis,ligand

docking,or computingminimum-energy pathwaysbetweentwo givenconformationsof aprotein

asperformedhere. An alternative approachis to modelthesolvent asa implicit polarizabledi-

electriccontinuum.The electrostaticpotentialcanthenbe describedby the Poisson-Boltzmann

(PB) equation. This second-orderdifferentialequationhasno analyticalsolutionfor any given

geometryof a proteinandmustbe solved numerically.60 However, a fasterapproachis to em-

ploy analyticalapproximationsto thePoisson-Boltzmannmodel58 suchastheGeneralizedBorn

(GB) models.57 Here,we usea variantof GB modelscalledtheAnalytic ContinuumElectrostat-

ics (ACE) model.68,96 Thepresently-evaluatedpathway andthatfrom thepreviouswork indicate

closelysimilarpathways,with differencesonly in minordetails.
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CHAPTER 4

SIMULATIONS OF THE MYOSIN I I MOTOR

REVEAL A NUCLEOTIDE-STATE SENSING

ELEMENT THAT CONTROLS THE RECOVERY

STROKE

4.1 SUMMARY

Duringtherecoverystroke, themyosinmotoris primedfor thenext powerstrokeby a600 rotation

of its lever arm. This reversiblemotion is coupledto the activation of the ATPasefunction of

myosinthroughconformationalchangesalongtherelayhelix, whichrunsfrom theSwitch-2loop

neartheATP to theconverterdomaincarryingthe lever arm. Via a hydrogenbondbetweenthe

side-chainof Asn475ontherelayhelix andtheGly457/Ser456peptidegroupontheSwitch-2,the

rotationof theconverterdomainis coupledto theformationof a hydrogenbondbetweenGly457

and ( -phosphatethat is essentialfor ATP hydrolysis. Here,moleculardynamicssimulationsof

Dictyosteliumdiscoideummyosin II in the two end conformationsof the recovery stroke with

differentnucleotidestates(ATP, ADP % Pi,ADP) revealthattheside-chainof Asn475switchesaway

from Switch-2uponATP hydrolysisto make a hydrogenbondwith Tyr573. This sensingof the

nucleotidestateis achieved by a smalldisplacementof thecleaved ( -phosphatetowardsGly457

which in turn pushesAsn475away. Thesensingplaysa dual role by (i) preventingthewasteful

reversalof therecovery stroke while thenucleotideis in theADP % Pi state,and(ii) decouplingthe

relay helix from Switch-2, thusallowing the power stroke to startupon initial binding to actin

while Gly457of Switch-2keepsinteractingwith thePi (known to bereleasedonly lateraftertight

actinbinding). A catalyticallyimportantsalt bridgebetweenArg238(on Switch-1)andGlu459
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(onSwitch-2),which coversthehydrolysissite,is seento form rapidlywhenATP is addedto the

pre-recovery stroke conformerandremainsstableaftertherecoverystroke, indicatingthatit hasa

role in shapingtheATPbindingsiteby induced�t.

4.2 INTRODUCTION

Molecularmotorproteinssuchasmyosins,kinesinsanddyneins,usetheenergy of ATP hydrol-

ysis to generateforceandmove alongactin �laments or microtubles.12,13 In myosin,movement

is generatedby themyosincrossbridgesthatundergo conformationalchangesandcyclically in-

teractwith actin�laments, asdescribedin theLymn-Taylor cycle19 (Figure4.1,solid arrows). In

therigor conformation,labeledhereStateI, myosinbindsstronglyto actinin theabsenceof ATP.

Upon ATP binding to myosin,myosindissociatesfrom actin andchangesinto the pre-recovery

conformation(alsocalledpost-rigorconformation),labeledhereStateII. Myosin thenreversibly

undergoesthe “recovery stroke” transitionto reachthe post-recovery conformation(alsocalled

pre-power-stroke conformation),labeledhereStateIII. In this conformation,ATP hydrolysiscan

occurto yield an intermediaryStateIII', beforemyosinrebindsto actin (StateIV) andperforms

the“powerstroke” to returnbackto therigor statewhile releasingtheproductsof ATPhydrolysis.

The Lymn-Taylor cycle is madefunctionalby several couplingmechanismsthat link structural

changesin different partsof myosin. For example,by sensingthe small structuraldifference

betweenhaving ATP/Mg-�. versusADP % Pi/Mg-�. boundto the nucleotidebinding site, myosin

controlstheconformationof its actinbindingregion thatdetermineswhetherthebindingaf�nity

for actinis low in stepI / II or highin stepIII' / IV. 13,33,34,45 Anotherexampleis theactivation

of thecatalyticATPasefunctionwhenthe lever armundergoesthe recovery stroke in stepII /

III. 2,12,35,36 Theaim of thepresentwork is, by usingmoleculardynamicssimulations,to under-

standatatomicdetailthecouplingmechanismsinvolvedduringtherecoverystrokeandafterATP

hydrolysis.

The headof the DictyosteliumdiscoideumMyosin II motor (henceforth`myosin')

has been crystallized in the absenceof actin with different ATP analogues,(Mg % ATP( S,39

Mg % AMP % PNP,39 Mg % ADP % Be132 ,4 Mg % ADP % Al 15476 ,4 Mg % ADP %�8‡9 D

5) undervariousconditions.

The converterdomain/lever arm is found in eitherof two orientations,betweenwhich it is ro-
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Figure4.1: Lymn-TaylorCycle.
The structuraldomainsof myosin are: Lever arm (yellow); myosin head(red); converter
domain(green).Theactin�lament is shown aswhitespheres.Solidarrows: StandardLymn-
Taylorcycle. Dottedarrows: non-force-generatingreleaseof hydrolysisproducts.

tatedby about600 (Figures4.2A & 4.2D). Thesetwo conformationswereassignedto StatesII

and III in the Lymn-Taylor cycle.2,4,5 The orientationof the converter domain(residues692-

748) is controlledby the positionof the “Relay helix” (which spansfrom the converterdomain

to theATP bindingsite, residues466-498)36 andby the lengthwisetranslationof theSH1-helix

(to whichtheconverterdomainis attachedcovalently, residues681-691)relative to therelayhelix

(Figures4.2B& 4.2E).Thenucleotide-bindingsiteis surroundedby threeloopstructures,thatare

conservedamongmotorproteins(Table4.1),andalsoamongG-proteinsin general.

Thep-loop(conserved in many nucleotidebindingproteins103), theSwitch-1loop,and
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Table4.1: Consensussequences.

Loop Consensus� Dictyosteliumdiscoideum residues�

P-loop GESGAGKT GESGAGKT 179-186
Switch-1 NxNSSR NNNSSR 233-238
Switch-2 DxSGFE DISGFE 454-459

� Conservedin at least80 outof 82 myosins1
� Residuenumbersof DictyosteliumdiscoideummyosinII areusedherethroughout.

theSwitch-2loop togetherform theso-called“phosphatetube” aroundthephosphatemoietiesof

ATP (Figures4.2C& 4.2F).Thep-loop is a Gly-rich elementthatbindsto thephosphate-endof

thenucleotide.Thetwo switchloopsreceivedtheirnamesfrom theobservationthatthey caneach

adopttwo differentconformations,thuspossiblyservingasswitchesfor information transduc-

tion. Thecombinationof Switch-1andSwitch-2conformationsarethoughtto pertainto different

conformationalstatesof theLymn-Taylor cycle: TheSwitch-1closed/Switch-2open(C/O) con-

formationcorrespondsto StateII, andSwitch-1closed/Switch-2closed(C/C)correspondsto State

III. 13,33,34,41

Signi�cant differencesexist betweentheendstatesof therecoverystroke. In particular,

in StateII (pre-recovery) theopenSwitch-2is , 6.0 	A from the ( -phosphate(Figure4.2C)while

in StateIII (post-recovery) theclosedSwitch-2allows its Gly457/Ser456peptidegroupto makea

hydrogenbondwith the ( -phosphateof ATP (Figure4.2F).In theconformationof StateIII, and

comparedto StateII, therelayhelix is partially unwoundat half lengthandshiftedrelative to the

SH1-helix,sothattheconverterdomainpointstheleverarmupwards(in Figure4.1).

It is known thattheability to catalyzeATPhydrolysisis “off ” in thepre-recovery state

andis only turned“on” aftermyosinhasundergonetherecoverystroke.33,34,41,104 Thisactivation

of theATPasefunction is believed to bedueto theclosingof Switch-2andthe formationof the

hydrogenbondbetweenGly457andthe ( -phosphateof ATP(Figure4.2F).2,41,46 Thecouplingof

Switch-2closingandtheconverterdomain/lever armrotationduringtherecovery stroke prevents

thewastefulhydrolysisof ATP while thelever armis still in theorientationof StateII. Recently,

we have proposeda structuralmodelfor this couplingmechanismbasedon thecomputationof a

minimum-energy pathway betweenthetwo end-statesof therecovery stroke.36 In this modelthe
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Figure4.2: End-statesof therecoverystroke.
A,B,C) Zoomedviews of the Pre-recovery conformation(StateII in Figure 4.1). D,E,F)
Correspondingviews of thePost-recovery conformation(StateIII in Figure4.1). Structural
elements:Relayhelix in cyan;SH-1helix in purple;converterdomainin green;leverarmin
yellow 7-strandedÂ -sheetin blue;P-loopin orange;Switch-1in purple;Switch-2in green;
Wedgeloop in red. Phosphorusatomsof ATP in yellow and Magnesiumin green. The
pre-recovery structureis PDB entry 1MMD4 andthe post-recovery conformationis essen-
tially identicalto 1VOM5 (seeMethods).PicturescreatedusingVisualMolecularDynamics
(VMD) 6 andPOVRAY7
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movementof Gly457 on Switch-2towardsthe ( -phosphateis transmittedasa pull on the relay

helix, througha hydrogenbondbetweentheGly457/Ser456peptidegroupandthesidechainof

Asn475locatedon the N-terminalhalf of the relayhelix (this hydrogenbondis presentin both

theend-states,compareFigure4.2C& 4.2F).The pull on the N-terminalhalf of the relayhelix

initiatesa“see-saw” motionof therelayhelix, translatingits C-terminalend(whereit is connected

to theconverterdomain)thuspulling on theconverterdomain,which reactsby a partial rotation

(seereference36 for details).

Fluorescenceexperiments47 show thatwhenthereis nonucleotideboundor whenADP

is bound,myosinpredominantlyexists in the pre-recovery conformation,which is favoredby a

factor , 10 over thepost-recovery conformation.This is con�rmed by crystalstructuresof apo-

myosin(PDB IDs: 1FMV43 & 1Q5G34) andof myosinwith ADP bound(PDB IDs: 1G8X,105

1MMA39), which are all in the pre-recovery conformation. On binding ATP, myosin is found

in both thepre-recovery andthepost-recovery conformations.47 Experimentsusing�uorescence

probeshaveshown thattheconformationalequilibriumof myosinwith aboundATPanaloguecan

be madeto shift towardseitherthe pre-recovery or the post-recovery conformationby pressure

andtemperatureperturbations.47 Myosin hasbeencrystallizedin boththepre-recovery andpost-

recovery conformationsundersimilar experimentalconditionsin presenceof a non-hydrolyzing

ATP analogue(Mg % ADP % BeF2 ) in the catalyticsite.4,106 The above information indicatesthat

StatesII and III of the Lymn-Taylor cycle can exchangereversibly when ATP is bound(solid

arrows in Figure4.1). However, this reversibility mustsomehow be abolishedwhile ADP % Pi is

boundto the post-recovery stroke conformation,i.e., StepIII' / II' (dottedarrows in Figure

4.1) mustnot be allowed. Otherwise,returningthe lever arm to the pre-recovery conformation

with thenucleotidein theADP % Pi statecouldbefollowedby actinrebinding(i.e., II' / I, dotted

arrows in Figure4.1) sinceactin caninducea conformationalchangein the myosinheadwhen

ADP % Pi is bound,45 leadingto actin binding and releaseof hydrolysisproductswithout force

generation.In otherwords,reversibility of therecovery stroke mustoccurvia statesIII' / III /

II, after reversalof hydrolysis(indeedstepIII Ã III' is known to beessentiallyisoenergetic and

reversible45). This raisesa numberof questionsaboutthemechanismsthat couplethe recovery

stroke, theactivationof theATPasefunctionandthecontrolledreleaseof hydrolysisproducts:(1)

How dotheinteractionswith ATPin StateII contributeto thecouplingbetweenATPaseactivation
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andtheswingingof the lever armduring the recovery stroke ? (2) How doesATP hydrolysisin

thepost-recovery conformationaffect thestructureof theactive site? (3) How do thesechanges

preventthereversalof therecoverystrokewhile thenucleotideis in theADP % Pi state? To address

thesequestions,we performedmoleculardynamicssimulationsof myosinon the two end-states

of therecovery stroke andexaminedtheeffect of having ATP or ADP boundto thepre-recovery

conformationandhaving eitherATP (StateIII) or ADP % Pi (StateIII') boundto thepost-recovery

conformation.

Overall, we �nd that thep-loop,theSwitch-1andtheSwitch-2elementsarerelatively

rigid whenATP is boundto thecatalyticsitebut aregenerallymore�e xible with boundADP or

ADP % Pi or in theabsenceof thenucleotide.Thesimulationsshow in which way thekey residues

aroundtheATP bindingsitedynamicallyreactto changesin thenucleotidestate.Themoststrik-

ing resultis thebehavior of theAsn475side-chainin responseto thestateof theboundnucleotide.

Asn475makesa stablehydrogenbondto theGly457/Ser456peptidegroupwhenATP is bound

(StatesII and III), but when ADP % Pi is bound(post-hydrolysis,StateIII') this hydrogenbond

breaksspontaneouslyandtheAsn475side-chainswitchesto form a hydrogenbondwith Tyr573.

Becausein thepost-recovery conformationTyr573wedgesagainsttheendof theSH1-helix(Fig-

ure 4.2F),this aromaticresiduepreventsthe length-wisetranslationof the SH1-helixrelative to

therelayhelix. Thus,formationof theAsn475-Tyr573hydrogenbondin StateIII' lockstherelay

helix andtheSH1-helix(andhencetheconverterdomain)in thepost-recoveryconformation.This

lockingpreventsthereversalof therecoverystrokewhile thenucleotideis in theADP % Pi state.As

mentionedabove, rebindingto actinaftersucha reversalwould bewastefulsinceit couldleadto

thereleaseof thehydrolysisproductswithoutgeneratingforce.

The presentsimulations give new insights into how changesin the state of the

nucleotideaffect the structurearoundthe ATP binding site. Theseeffects are instrumentalin

initiating thecouplingmechanismsthatmake theLymn-Taylor cycle functional.
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4.3 RESULTS

4.3.1 FLEXIBIL ITY OF THE CATALYTIC SITE

The �e xibility of individual structuralelementsforming the nucleotidebinding site (i.e., the p-

loop,Switch-1andtheSwitch-2)is �rst analyzed.Thetime-averagedRMScoordinate�uctuation

of eachelementis plottedin Figure4.3. In thepre-recovery conformationall the threeelements

aremost�e xible in thenucleotide-freestate.In absenceof nucleotide,themost�e xible elementis

Switch-2( , 1.3 	A RMS-�uctuation),followedby theSwitch-1( , 1.15 	A) andthep-loop( , 0.75

	A). All theseelementsbecomeless�e xible in presenceof ADP andleast�e xible whenATP is

bound. This is indicative of a certainamountof induced�t uponbinding the ATP substrate,as

mightbeexpected.

Figure4.3: Root-Mean-Squarecoordinate�uctuationsof structuralelements.
A) P-loop; B) Switch-1;C) Switch-2;D) N-terminalhalf of the relay helix (residues466-
476).White bars:pre-recoveryconformationof myosin;grey bars:post-recoveryconforma-
tion. Thestateof thenucleotideis indicatedin eachbar.

OnceATP is bound,going from the pre-recovery to the post-recovery conformation

doesnot signi�cantly modify the �e xibility of eitherof the threeelements,which remainrigid.
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However, hydrolysisof the ATP resultsin a clearincreasein the �e xibility of the Switch-1and

Switch-2 loops, as is apparentfrom the increasein the coordinate�uctuations in StateIII' in

relative to StateIII (Figure4.3Band4.3C).In contrast,the�e xibility of thep-loopis lessaffected

by thehydrolysisof ATP(Figure4.3A).ThissuggeststhatSwitch-1andSwitch-2aretheelements

thatareinstrumentalin sensingthechangeof thenucleotidestateuponhydrolysis.Thus,changes

in the �e xibilities of Switch-1andSwitch-2arelikely to be responsiblefor the requiredchange

in thepropertiesof theproteinwhenit is in StateIII', which are: (i) becomingamenableto the

conformationalchange(inducedby actin)thatincreasesactinaf�nity in StateIII' relative to State

II and(ii) lockingof thelever arminto thepost-recovery conformation(comparedwith thefreely

swinginglever arm in pre-hydrolysisStateIII). The �e xibility of Switch-1 is increasedslightly

going from thepre-hydrolysisStateIII (RMS of , 0.7 	A) to thepost-hydrolysisStateIII' (RMS

, 0.9 	A), seeFigure4.3B.This is consistentwith thedestabilizationof Switch-1that is required

for theconformationalchangeof Switch-1thatis believedto accompany theclosureof theactin-

binding cleft uponactin binding, whengoing from StateIII' to StateIV. 33,34,45 The �e xibility

responseto ATP hydrolysisis particularlystriking for theSwitch-2(Figure4.3C).TheSwitch-2

elementis very rigid (timeaveragedRMS�uctuationsof only , 0.4 	A) whenATPis boundto the

post-recovery conformation(StateIII), whereaswith ADP % Pi bound(StateIII') the �e xibility of

Switch-2increasesto anaverageRMS �uctuation of 1.0 	A. This increaseafterhydrolysisis due

to thedecouplingof theSwitch-2from therelayhelix, whichis causedby thelossof thehydrogen

bondbetweenAsn475andtheGly457/Ser456peptidegroupwhich is triggeredby themotionof

thecleavedPi towardsSwitch-2(describedin detailbelow).

4.3.2 THE HYDROGEN BONDING OF ASN475

In thecrystalstructuresof boththepre-recovery (StateII) andpost-recovery (StateIII) conforma-

tionsthesidechainNH
-

of Asn475belongingto therelayhelix formsa hydrogenbondwith the

Gly457/Ser456peptidegroupbelongingto theSwitch-2loop (Figure4.2Cand4.2F).In previous

work, this hydrogenbondwasimplicatedasoneof the importantinteractionscouplingtheclos-

ing of Switch-2to the rotationof theconverterdomainduring the recovery stroke.36 Therefore,

we analyzedthebehavior of this hydrogenbondduringtheMD simulations.In thepre-recovery

conformation(StateII) the hydrogenbondis found to be very sensitive to the presenceof a ( -
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Figure4.4: Protein-proteininteractionsin responseto thenucleotidestate.
Hydrogen bond distances: Asn475:ND-Gly457/Ser456:OÄ ²

Ä1Å
{Á±Z² (Blue), Arg238:NÆ -

Glu459:OÇ (Red), Asn475:ND-Tyr573:OH(Green). A) Pre-recovery with ADP. B) Pre-
recoverywithoutnucleotide(apo).C) Pre-recoverywith ATP. D) Post-recoverywith ATP. E)
Post-recoverywith ADP È Pi.
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phosphatein thecatalyticsite,i.e., thebondbreaksspontaneouslywhenthereis no ( -phosphate.

For examplewith ADP bound(Figure4.4A, plottedin blue), this hydrogenbondreadily breaks

in the �rst 100 ps, reformingonly brie�y after about450 ps and750 ps and after 1.25 ns the

hydrogenbondis lost for the restof the 5 ns simulation. In thesimulationof the apo-state(i.e.

no nucleotidebound),the interactionbreaksalreadyin the �rst 50 ps (Figure4.4B, in blue). In

contrast,whenATP is bound,this hydrogenbondinteractionis quitestablefor thetotal lengthof

thesimulation(Figure4.4C,in blue). Oncemyosinadoptsthepost-recovery conformation(State

III), the hydrogenbondbecomeseven morestable(Figure4.4D, in blue). However, after ATP

hydrolysis,i.e.,whenADP % Pi is boundin thecatalyticsite(StateIII'), thehydrogenbondbreaks

afteronly 500ps, reformsbrie�y afterabout1 ns,andthenis lost permanently(Figure4.4E,in

blue). After breakingits interactionwith Asn475sidechain,theSer456carbonyl oxygeninter-

actswith anadditionalwatermoleculecomingfrom a nearbywater-pocket. Thus,thereis a clear

responseof thishydrogenbondto thehydrolysisof ATP, goingfrom StateIII to StateIII'.

4.3.3 BEHAVIOR OF ASN475 UPON HYDROLYSIS

Thereasonfor thebreakingof thehydrogenbondbetweenAsn475andtheGly457/Ser456peptide

groupwhengoingfrom boundATPto ADP % Pi in thepost-recoveryconformationwasinvestigated.

In thecourseof the5 nssimulationof myosinwith boundADP % Pi, Gly457on theSwitch-2loop

movesaway from thenucleotideby , 1 	A (Figure4.7). EventhoughtheGly457/Ser456peptide

group remainstightly hydrogenbondedto the ( -phosphate,this motion is madepossibleby a

, 1.5 	A displacementof thecleaved ( -phosphateaway from the � -phosphate(Figure4.7). As a

result, the Switch-2 loop pressesagainstthe Asn475side-chain,which reactsby rotatingaway

(aroundits torsionangle�Ü& ), therebybreakingits hydrogenbondwith theGly457/Ser456peptide

groupandmakinga new hydrogenbondwith thehydroxyl groupof Tyr573(Figure4.5). Tyr573

is locatedon a � -hairpin (residues571to 575),calledherethe“wedge”, which movesby , 4 	A

duringtherecovery stroke andwedgesagainsttheN-terminusof theSH1-helix(compareFigure

4.2B& 4.2E).In otherwords,Asn475switchesits hydrogenbondfrom theSwitch-2loop to the

“wedge” in responseto ATP hydrolysis.

Upon ATP hydrolysis, there is a charge transfer from the ( -phosphateto the � -

phosphate:As ATP4

 is convertedinto ADP.7


% Pi &

 , theformal chargeon ( -phosphatechanges
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Figure4.5: Nucleotidesensingby Asn475in thepost-recovery-strokeconformation.
Rotation (black arrow) of Asn475around zqÉ , switching from a hydrogenbond with the
Gly457/Ser456peptidegroupon Switch-2to a hydrogenbondwith Tyr573 on the wedge
loop (residues571to 575).

from -2 to -1 andon the � -phosphatefrom -1 to -2. ThequestionthusariseswhethertheAsn475

side-chainrotatesaway dueto steric repulsionby Switch-2or dueto the changedelectrostatic

interactionwith thenearbynucleotide.Theansweris thattheswingingaway of theAsn475side-

chainis a stericresponseto themotionof Switch-2away from thenucleotidesiteandis not due

to thedirectelectrostaticinteractionsbetweenAsn475andthenucleotide.This becomesevident

from the following computationalexperiment:During a simulationof thepost-recovery confor-

mationwith ATP bound(StateIII), the electrostaticinteractionsof the Gly457/Ser456peptide

groupandthenucleotideweremodi�ed selectively sothatthechargedistribution of theATPseen

by this peptidegroupcorrespondedto thechargedistribution foundnormallyon ADP % Pi, i.e., the

peptidegroupinteractswith a -1 charge(insteadof thenormal-2 charge)on the ( -phosphateand

with a-2 charge(insteadof -1) onthe � -phosphate.All otherinteractionswerekeptasthey would

bein presenceof a normalATP (SeeMethods).After only 200psafter this perturbationwasin-

troducedto thesimulation,theSwitch-2loop movesaway from theATPdueto theweakeningof
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thehydrogenbondbetweentheGly457/Ser456peptidegroupandthe ( -phosphate.This motion

pushestheside-chainof Asn475,whichswingsaway from Gly457/Ser456peptidegrouptowards

Tyr573justasdescribedabove for simulationwith ADP % Pi, (seeFigure4.5).

This canbeseenin Figure4.6,wheretheelectrostaticperturbationis introducedat 350

psandthehydrogenbondbetweenAsn475andtheGly457/Ser456peptidegroupbreaks200ps

later, concomitantlywith theformationof thehydrogenbondbetweenAsn475andTyr573. This

switchingof hydrogenbondpartnersby theAsn475side-chaincorrelateswith themovementof

theSwitch-2loop away from the ( -phosphate,asseenfrom the increasein thedistancebetween

the Gly457 nitrogenand ( -phosphate(Figure 4.6). During the perturbation,Asn475interacts

with thenucleotideaswith a normalATP4 
 , yet perturbingonly theinteractionof thenucleotide

with theGly457/Ser456peptidegroupis suf�cient to triggerthemotionof theAsn475side-chain.

Thus,while the charge shift on the nucleotideuponhydrolysismay contribute, it is mainly the

stericinteractionwith Switch-2thatis responsiblefor theswitchingof hydrogenbondpartnersby

Asn475.Whentheperturbationis removed(at715psin Figure4.6),Switch-2movesbacktowards

thenucleotideandtheGly457nitrogenrestorestheinitial hydrogenbondwith ( -phosphate.
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Figure4.6: Effectof shifting chargeson thenucleotide,in thepost-recoveryconformation.
Thestartandendof theelectrostaticperturbationsareindicated(modi�ed electrostaticsin-
teractionsof theGly457/Ser456peptidegroupwith the Â and Ê -Phosphategroups,seetext).
Hydrogenbonddistances:Asn475:N-Gly457/Ser456:OÄ ²

Ä1Å
{Á±Z² (blue), Asn475:N-Tyr573:O

(green)andGly457-Ê -phosphate(yellow).
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Figure4.7: Movementof Switch-2uponhydrolysisin thepost-recoveryconformation.
Thepost-hydrolysisstateIII (Crystalstructure)is shown in color: P-loopin orange;Switch-1
in purple;Switch-2in green.The post-hydrolysisstateIII' (after 5 ns of MD) is shown in
grey: ADP, Pi andSwitch-2only. TheP-loopandADP wereusedfor thebest-�t overlapof
thesetwo conformers.Thetwo panelsarefor wall-eyedstereo-viewing.

4.3.4 ARG238-GLU459 SALT BRIDGE

Arg238 in Switch-1 and Glu459 in Switch-2 form a salt bridge (seeFigure 4.2F) in all post-

recovery crystalstructures.Thissalt-bridgehasbeenimplicatedashaving a role in thecommuni-

cationbetweendifferentfunctionalregionsof themyosinhead.35,46 Weanalyzedthebehavior of

thesaltbridgein eachof thesimulations(Figure4.4A-4.4E,plottedin red). In thepre-recovery

conformation,thesaltbridgeis unstablein theabsenceof a nucleotideor in thepresenceof ADP

in thecatalyticsite.With ADP bound,thesaltbridgebrie�y formsfor only , 250psafter2 nsand

thenremainsbroken (Figure4.4A). In theabsenceof any nucleotide,thesalt bridgeformsafter

, 500psthenbreaksafter3.25nsandremainsbrokenfor therestof the5 nssimulation.In stark

contrast,whenever ( -phosphateis present(i.e., whenATP or ADP % Pi arebound),thesaltbridge

is mostlystable(Figure4.4C-4.4E).In particular, eventhoughthesaltbridgeis not presentin the
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crystalstructurethatservedasthestartingpoint for thesimulationof thepre-recovery conforma-

tion (PDB-entry: 1MMD4), thepartnersbeingseparatedby adistanceof , 6 	A (seeFigure4.2C),

it formsspontaneously( , 3 	A) afteronly 20 pswhenATP is addedto theactive siteandremains

stablefor therestof 4.5 nssimulation(Figure4.4C).In thepost-recovery conformation,thesalt

bridgeis found to bevery stablewith ATP bound(Figure4.4D) andremainsmostlystableafter

ATPhydrolysis(i.e.,with ADP % Pi bound,Figure4.4E).

Figure4.8: Numberof watermoleculesin thecatalyticsite.
Water found within 6.0	A radiusfrom the geometriccenterde�ned over the CË atomsof
Ser181(P-loop),Ser237(Switch-1)andGly457 (Switch-2). Barsare labeledas in Figure
4.3.

We �nd that watercontentaroundthe ATPasesite dependson the boundnucleotide

asseenin a similar moleculardynamicsstudyof myosin.107 Conformationswith ATP or with

ADP % Pi boundhave fewer watermoleculesneartheATPasesitethanwhenADP or nonucleotide

is bound,independentof themyosinconformation(pre-recoveryor post-recoveryconformations).

On average, Ì 10 watermoleculesareseenaround6.0 	A of ATP site wheneither ADP or no

nucleotideis bound(Figure4.8). In thesestates,thesaltbridgeis not stable(seeFigure4.4A &

4.4B,plottedin red). In thecaseof boundATPor ADP % Pi, thenumberof watermoleculesis Í 7,

while thesaltbridgeis stable(Figure4.4C-E).In theabsenceof the ( -phosphate(or Pi) thereis

morespaceavailablefor waterin thecatalyticsite.
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4.4 DISCUSSION

In myosin,eventsat theATP bindingsitearetightly coupledto changesin otherfunctionalsites

of themyosinmoleculeandvice-versa.Small local structuralrearrangementsdeterminedby the

nucleotidebindingstatemodulateactinbindingaf�nity andtherecovery-stroke.33,34 Resultsfrom

�uorescenceexperiments,47 electron-densitymaps43 andcryo-electronmicrographs41 all suggest

that therecovery stroke dominantlyoccurswhenATP is bound.This shift of theconformational

equilibriumaway from thepre-recovery stateis mostlikely dueto theinteractionsof theSwitch-

2 loop with the ( -phosphateof ATP. In particular, the ATPasefunction is activatedwhen the

peptidegroupof Gly457/Ser456,belongingto the Switch-2 loop, makesa hydrogenbondwith

the ( -phosphate.46 The result is a couplingbetweenactivation of the ATPasefunction andthe

recovery stroke which ensuresthatATP is hydrolyzedonly whentheconverterdomain/lever arm

is in thepost-recovery orientation(i.e.,readyto performthepowerstroke). Therecoverystroke is

reversiblewhenATPis bound.47 FromtheADP % Pi stateIII' thisreversibility canproceedvia state

III (i.e.,afterprior reversalof ATPhydrolysis),but while thenucleotideis in theADP % Pi statethe

lever arm is locked in thepost-recovery conformationaslong asmyosinhasnot boundto actin.

This avoidsthewastefulreleaseof thehydrolysisproducts.Thepresentresultshighlight therole

of Asn475asa sensorto the stateof the boundnucleotideduring the recovery stroke andafter

hydrolysis. This residueis involved in the couplingmechanismbetweenATPaseactivation and

therecoverystrokeandis alsoinvolvedin thelockingmechanismof theleverarmafterhydrolysis.

Thefollowing sequenceof structuraleventsis proposedfor goingthroughStateII / III / III' of

theLymn-Taylor cycle.

In StateII, i.e.,pre-recovery conformationwith ATP bound,thepresenceof ATP gives

rigidity to theSwitch-2loop (asseenfrom thelarger �uctuationsof Switch-2in theabsenceof a

nucleotide,Figure4.3C).This allows theside-chainof Asn475on therelay-helixto engagein a

hydrogenbondwith theGly457/Ser456peptidegroupon theSwitch-2loop (Figure4.2C).This

connectsSwitch-2to theN-terminalhalf of therelayhelix, sothatwhenSwitch-2movestowards

the ( -phosphateof ATP during the recovery-stroke (StatesII / III), the N-terminalhalf of the

relayhelix movesalong.This motionof therelayhelix is coupledto therotationof theconverter

domain(andhencethe lever arm) in two ways: (i) By a see-saw like pivoting of thewholerelay
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helix (asdescribedpreviously36), whoseC-terminalendis connectedto theconverterdomain,and

(ii) by a motionof a loop (residues571 to 575) that is packed againsttheN-terminalhalf of the

relayhelix (Figure4.2B).This loop wedgesagainsttheN-terminalendof theSH1-helix(Figure

4.2E)andpushesthe SH1-helixlongitudinally relative to the relayhelix. This resultsin further

rotationof the converterdomain,becauseit is covalently attachedto the C-terminalendof the

SH1-helix. We have dubbedthe 571-575loop asthe “Wedge-loop”andits behavior during the

recovery-stroke will be describedin moredetail elsewhere. Thus, the hydrogenbondbetween

Asn475andtheGly457/Ser456peptidegroupis essentialfor thecouplingof theactivationof the

ATPasefunctionto therotationof theconverterdomainduringtherecovery-stroke.

In StateIII', with ADP % Pi bound,the hydrolyzed ( -phosphatemovesaway from the

� -phosphateand pushesSwitch-2 into the Asn475side-chain(Figure4.7), which respondsby

rotatingaway soasto make a hydrogenbondwith theside-chainof Tyr573on theWedgeLoop

(Figure4.5). As a result,theWedgeloop is now lockedin its post-recovery positionandprevents

the reversalof the longitudinal translationof the SH1-helix relative to the relay helix which in

turn preventsreversalof theconverterdomainrotation.Thus,theAsn475-Tyr573hydrogenbond

is essentialin preventing reversalof the recovery-stroke after ATP hydrolysisandbeforeactin

binding.Theproposedmechanismcanbetestedby mutatingTyr573,for exampleinto Phe.Sucha

mutatedmyosinwouldbeexpectedto occasionallyfollow anon-force-generating pathway(dotted

arrows in Figure4.1),thusdisplayinga reducedef�ciency of themotorcycle.

TheWedgeLoop (residues571to 575), in particularthe tip of the loop (composedof

aminoacidsHis572,Tyr573Ala574,seeTable4.2)is awell-conservedstructureamong16classes

of myosinmotorproteins.1,15 In myosinmotorsthatarethoughtto beprocessive (Myosin V, VI

& VII) the tyrosineat residue573 is replacedby a phenylalanine(His-Phe-Ala).40,108 This pre-

cludesthe formationof the above describedhydrogenbondbetweenthe side-chainsof Asn475

andresidue573,which thuscannotparticipatein blocking theWedge-loopin thepost-recovery

conformation.However, becauseprocessive myosinmotorshave two headsandboth headsare

attachedto theactin�bril for mostof thecontractilecycle (evenin presenceof ATP),109–111rever-

salof therecovery-stroke is anunlikely eventandthustheneedfor a mechanismfor blockingan

individual headin thepost-recovery conformationafterhydrolysisis not neededin theseclasses

of myosins.
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Table4.2: Tip of the“Wedge”loop¯ .

MyosinClass Consensus�

I HYA
II HYA
III HYT
IV HYA
V HFA
VI HFA
VII HFA

VIII � HYA
IX � HYA
X HYA
X1 HYA
XII HYA

XIII � HYA
XIV HTV
XV HYA
XVI HYA

� Residues572to 574in Dictyosteliumdiscoideum.
� Sequencesfor 143myosinsfrom publicdatabases.1,40

� Plantmyosins.

Thebehavior of thesaltbridgebetweenArg238(onSwitch-1)andGlu459(onSwitch-

2) shows that this interactionis stablewhenATP or ADP % Pi arebound,but is unstablein theab-

senceof the ( -phosphatemoietysuchasin thecaseof ADP boundor withoutaboundnucleotide.

Saltbridgeformationis seento correlatewith theamountof waterin theATPasesite: in theab-

senceof the ( -phosphatemoietymorewatermoleculesarepresentin theactivesiteandhencecan

bettershieldthechargesonthesaltbridge.In contrast,whenthe ( -phosphatemoietyis present(in

thecaseof ATPor ADP % Pi), thespacefor wateris reducedandthesaltbridgeis morestable.The

Arg238-Glu459saltbridgeis not formedin mostpre-recovery crystalstructuresbindinganATP

analogue4,39 (StateII). However, duringthepresentsimulationswith ATP, this salt-bridgeforms

spontaneously. Thefact thatthesalt-bridgeis broken in thecrystalstructurescouldbedueto the

high saltconcentrationin thecrystallizationmedium4,39 which screenschargesandhencemight

weakentheinteractionbetweenArg238andGlu459.Alternatively, it couldbedueto thefactthat

theATP analogs(Mg % ADP % Be1
.
,4 Mg % AMP % PNP,39 etc.,)donotbehave exactlyasanATP.
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In summary, moleculardynamicssimulationsof myosinon the conformationsat the

endsof the recovery stroke with differentnucleotidesandin the absenceof actinhave provided

insight into key interactionsthat control the recovery-stroke. Theseinteractionsaresensitive to

the presenceandstateof the nucleotides.In particular, the Asn475-Gly457/Ser456peptideand

theAsn475-Tyr573interactionsarelikely to playkey rolesduringtheLymn-Taylorcycle.

4.5 METHODS

4.5.1 PROTEIN MODELING

The following protein/nucleotidecomplexes were prepared:(a) StateII (pre-recovery confor-

mation)with ADP.7
 /Mg -�. , (b) StateII (pre-recovery) without nucleotide(apostate),(c) State

II (pre-recovery) with ATP4

 /Mg -�. , (d) StateIII (post-recovery) with ATP4


 /Mg -�. and (e)

StateIII (post-recovery) with ADP .7


% Pi &

 /Mg -�. . The crystal structure1MMD4 complexed

with Mg % ADP % BeF. (a non-hydrolyzingATP analog)wasusedasa startingpoint for the simu-

lationsof the pre-recovery conformation. For the post-recovery conformation,a structurewith

Mg % ADP % Be1
. boundthat is very similar to PDB entry1VOM5 wasused,asit providestheco-

ordinatesfor the relay loop whereas1VOM doesnot. In both structures,the ATP wasmodeled

by replacingthe Be1
.

with a phosphategroup. A missingsegmentin 1MMD (residues501 to

507)wasmodeledbasedon the2MYS structure93 aspreviously described.36 1MMD alsolacks

coordinatesfor the non-essentialresidues16-35,which werethusleft out of all simulationsfor

consistency. Theapostatecrystalstructure1FMV43 and1MMD4 arevery similar (thebackbone

RMSD differenceis lessthan1.0 	A). Therefore,to reduceeffectsfrom differencesotherthanthe

nucleotidestate,theapostateof themyosinpre-recovery conformationwastakenasthe1MMD

structurefrom which the nucleotidewasdeleted. The volumeoccupiedby ATP in the binding

pocket wascalculatedto be450 	A . . This correspondsto about14 watermolecules,which were

addedinto theATP bindingsite of the apo-state.The post-hydrolysisstateof the post-recovery

conformationwasmodeledby replacingATP with ADP andPi (PO4 H &



-

) in theactive site. The

Pi andtheprotonson thePi wereplacedasdescribedin therecentQM/MM studyinvestigating

thechemo-mechanicalcouplingof theATPhydrolysismechanism.45

For eachsimulation,the protein was placedin an orthogonalbox (a=125	A; b=90	A;
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c=75	A) containingwatermoleculespreviously equilibratedat 300K. Waterswithin 1.75 	A from

the protein atomswere deleted,resultingin 27,000remainingwater molecules. The box was

replicatedwith periodicboundaryconditions.At least10 	A separatetheproteinfrom eachedge

of thebox. To preserve solutionelectro-neutrality, sodiumionswereplacedrandomlyatdistances

Ì 8 	A from themyosinmolecule(whosenetcharge-1 in thepresentsimulations).Threesodium

ionswerethusaddedto thecomplex with ATP or ADP % Pi, two sodiumions to thecomplex with

ADP andonesodiumion to theapo-state.

4.5.2 MOLECULAR DYNAMICS (MD)

MD simulationsandenergy minimizationswereperformedusingCHARMM,80 version29b2with

force-�eld parameterset 1994 for non-aromaticresiduesand parameterset 22112 for aromatic

residues.Watermoleculesweremodeledwith themodi�ed TIP3Ppotential.112 Non-bondedin-

teractionsweretruncatedwith acubicswitchingfunctionbetween8 	A and12 	A.95 Theintegration

stepfor MD was1 fs. Badinitial interactionswith watermoleculeswereremovedby energy mini-

mizationusingsteepest-descent,followedby ashortmoleculardynamics(20ps)simulationat300

K, keepingthecoordinatesof theprotein�x ed.Thewaterwasthenagainenergy minimizedwith

thesteepest-descentandconjugategradientmethodsto a gradientof 0.01kcal/mol/ 	A. Thewhole

systemwasthenenergy minimizedto agradientÍ 0.01kcal/mol/	A. Theall-atomRMScoordinate

deviationswith respectto the1MMD myosincrystalstructureof theresultingpre-recovery struc-

turewith boundATP, ADP andno nucleotidewere0.59 	A, 0.68 	A and0.61 	A, respectively. The

all-atomRMScoordinatedeviationswith respectto thepost-recoverycrystalstructurewith bound

ATP or ADP % Pi were0.43 	A and0.68 	A, respectively. The myosin-in-water systemwasthen

heatedto 300K over 20 pswith small harmonicconstraintsof 0.1 kcal/mol/	A - on thepositions

of theproteinatoms,at constantvolume. After heating,theharmonicconstraintson theprotein

atomswerereducedslowly to zero(in two stepsof 0.05kcal/mol/	A - every 10 ps). The system

wasthenequilibratedin a Nośe-Hoover heatbath99,100 at constantpressureof 1 barandtemper-

ature300K for 550ps (NPT conditions).TheproductionMD runswere3.1 nsand4.5 ns long

for ATP boundto thepost-recovery andthepre-recovery conformation,respectively. Production

runsof 5.0nswereperformedfor thesystemsof thepre-recovery conformationwith boundADP

andno nucleotideandthepost-recovery conformationwith boundADP % Pi. Thetotal energy and
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temperaturewerestable.For example,in thepre-recovery conformationwith ATP bound,theto-

tal energy convergeswithin the�rst 100psof the550psequilibrationperiodandthetemperature

remainsstable(300 Î 1 K), andthebackboneRMSdeviationbetweentheaveragestructurefrom

4.5nssimulationandthe1MMD crystalstructureis 2.20 	A.
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Figure4.9: Root-Mean-Square�uctuationsof CÏ atoms.
Calculatedfrom eithertheMD trajectoryor theexperimentalB-factors(SeeMethods).

The�e xibility of theproteinduringMD wascomparedto thetemperaturefactorsdeter-

minedcrystallographically. The time-averagedRMS �uctuations of the C * atomsin the crys-

tal structure, ÐVÑÇ-

%/Ò

, were derived from the crystallographicB-factors(B % ) using the relation:

ÐVÑ
-

%
Ò

I

.

-

•

÷µÓ

% .113 The MD �uctuations correlatewell with the crystal �uctuations, asshown

in Figure4.9 for the RMS �uctuations of the C * atomsin the pre-recovery conformationwith

ATP bound(correlationcoef�cient of 0.77). Note that for thenon-resolved residuesin thecrys-

tal, the temperaturefactorin thePDB-�les is setarbitrarily to 100 	A - , which correspondsto a 2

	A RMS-�uctuation. As expected,duringmoleculardynamicssimulations,non-resolved residues

oftenhave higherRMS-�uctuations.
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4.5.3 PERTURBATION OF THE ELECTROSTATIC INTERACTIONS WITH ATP.

To performthe computationalexperimentinvestigatingthe causeof the hydrogenbondpartner

switchingof theAsn475side-chainuponATPhydrolysis(from theGly457/Ser456peptidegroup

to Tyr573), we selectively modi�ed the electrostaticinteractionsof the Gly457/Ser456peptide

group(atomsC* , N, H, C & O, whosepartialatomicchargessumup to zero)with ATP4 
 . The

electrostaticinteractionbetweenthepeptidegroupatomsandthe ( -phosphateatoms(P� andthe

threeterminalO� bondedto P� , which togetherhave a netcharge of -2) werehalved,while the

electrostaticinteractionswith the � -phosphateatoms(PÔ andthe oxygensbondedto PÔ , which

togetherhaveanetchargeof -1) weredoubled.Thismodi�cation mimicsthechargechangesupon

hydrolysisfrom the initial P-




�

andP& 


Ô

to P& 


�

andP-




Ô

. As a result,theGly457/Ser456peptide

groupseesa charge distribution on theATP thatmimics thecharge distribution of ADP .7


% Pi &

 ,

while all othergroupsin the proteinstill interactelectrostaticallywith a normalATP4

 andall

stericinteractionsof thenucleotide(including thosewith the Gly457/Ser456peptidegroup)are

still thoseof a normalATP. After 715 ps, the simulationwasswitchedbackto normal interac-

tionsbetweenATPandGly457/Ser456peptidegroupatoms.Thisperturbationof theelectrostatic

interactionswasdoneusingtheBLOCK featurein CHARMM.80
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CHAPTER 5

OUTLOOK

The presentwork describedan attemptto understandthe conformationalmechanismby which

Myosin II couplesATPaseactivation to the , 600 rotation of the converter domainduring the

recovery-stroke in the acto-myosinmotor cycle with computationaltechniques.MEP methods

essentiallyexplorethepotentialenergy surfacewith no entropiccomponentincludedin thecom-

putationandessentiallydescribetheprobablemechanismat0 + Kelvin,while MD simulationsper-

formedonthetwo-endsof therecovery-stroke aretooshort(in theorderof afew nano-seconds)to

really probethesemechanisms,comprehensively. Thus,themechanismdescribedin thethesisis

a qualitative mechanismanda quantitative procedurestill needsto beevolvedto understandsuch

complex conformationaltransitions.Thus,anumberof possibleprojectscanbeconceived.

5.1 DEVELOPMENT OF ACCURATE CONTINUUM ELECTROSTATICS

METHODS.

GeneralizedBorn methodsarea hugestepforward in evaluatinginteractionenergiesof a charge

distribution in a proteinsolvatedin a mediumof high dielectric.Thesemethodsarefastandgive

reasonablycorrectsolvationfreeenergies( ~ G 

�



� ) for systemsof smallsize.Whenthesemethods

areappliedto a largeprotein-systemslikeMyosins,themethodsarenotstableandinvariablygive

largeerrorswhile quantitatively describingsolvation. It hasbeenshown thattheaccuracy of aGB

methodis dependenton theaccuracy of theBorn radii calculatedfor eachatomin theprotein.73

MostGB methodsassumetheCoulomb-�eldapproximation(describedin Chapter2) whichessen-

tially ignoresreaction-�eldeffects.Effort hasto bedoneto includesome-kindof anapproximation

95



OUTLOOK

for theseeffects. Anotherareathat requiresre�nement is accuratelyde�ning themolecularsur-

faceasfastasaspossiblewhich is thespeed-determinantin thesemethods.Considerableprogress

hasbeenmadein the recentyearswith the publicationof GeneralizedBorn MolecularVolume

(GBMV)114 and GeneralizedBorn model with a simple smoothingfunction (GBSW).115 Nev-

ertheless,thesemodelsnumericallyevaluatethe GeneralizedBorn equation57,58,68 resultingin

a dis-continuousenergy function, thusnot useful to work with MEP methodslike CPR3 which

requiresacontinuousenergy functionfor gradientevaluation.

5.2 FREE ENERGY CALCULATIONS.

Oneway to get an estimatefor free-energy is by calculatingminimum energy pathways(MEP)

usingmethodslike CPR3 or NudgedElasticBand116,117 betweenthe reactantandproductcon-

formations. This will give a putative mechanismfor the conformationalchange. While using

theMEP asthereactioncoordinate,onecancomputefreeenergiesusingmethodslike umbrella

samplingto drive the systemfrom the reactantconformationto the productconformation.This

givesanestimatefor thefree-energy alongthetransitionbetweentheinitial conformationandthe

�nal conformation.Successfulapplicationof umbrellasamplingmethodsdependson thechoice

of thereactioncoordinate.MEPwouldbeoneof thebestestimatesasareactioncoordinatefor an

umbrellasamplingmethod.

5.3 TRANSITION PATHWAY SAMPLING.

Onecanformulatetheconformationalchangesbetweentwo given end-statesin proteinsystems

asa“Traveling-SalesmanProblem”.Theideais to build anetwork of pointsusingthe“Transition

PathSampling”approach.118 Here,onecanusetheMinimum Energy pathway(MEP)betweenthe

end-statesinsteadof a MD/MC (moleculardynamicsor Monte Carlo) trajectoryandusepoints

alongMEP to shoottrajectories.Onecanthenbuild a network of pointsand �nd the shortest

distancebetweenthe initial conformationandthe �nal conformation.Thedistancebetweenany

two given pointsis de�ned in termsof energy barrierbetweenthem,which is computedusinga

MEP method. Its probablethat the proteindoesnot take, just the MEP betweenthe endstates

but a collectionof paths(whoseenergy barrieris below somethreshold)andmight passthrough
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somekey transitionpoints(which canbecallednodes).If onecan�nd thesenodes,it s already

interestingto understandfunction.

5.4 MODELING STATE IV IN THE LYMN-TAYLOR CYCLE

Oneof themainbottlenecksfor computingtheconformationalchangeduringthe“Power-stroke”

is thenon-availability of theMyosin boundto actin in thepre-power-stroke conformation(State

IV, of the Lymn-Taylor Cycle, Figure 1.4). This statehasa very small life-time and its in a

non-equilibriumconformation,whichspontaneouslyundergoesconformationalchangeto perform

thepower-stroke.12,20,31,33,34 OnecanmodelthestateIV by performingMD simulationswhile

constrainingtheglobalconformationtoagreewith the7or 8 	A resolutionstructuraldatafromcryo-

electromicroscopy andNMR.28,119 MolecularDynamicssimulationscould generatea putative

structurewhich canbeusedto do MEP betweenStateIV andStateI andunderstandthePower-

stroke conformationaltransitionin myosinmolecularmotor.

5.5 MYOSIN I I RIGOR CONFORMATION TO MYOSIN I I PRE-

RECOVERY CONFORMATION

Determinationof a possiblereactionpath correspondingto the O/O to C/O structuresof Dic-

tyosteliumdiscoideumMyosin II, for which crystalstructuresareavailable.4,34 This canbedone

with molecularmechanicalpathcalculationsusingtheCPR3 or NEB117 algorithmin analogyto

thedeterminationof thereactionpathfor thereturnstroke.

5.6 NORMAL MODE ANALYSIS

OncetheNormalmodesaredeterminedfor theMyosin% ATP complex in theC/CandO/Cconfor-

mationsonthepotentialenergy surface,they canthenbeprojectedontothepreviouslydetermined

reactioncoordinateusingMEP methods.Themodesthatoverlapsigni�cantly with the reaction

coordinatewill coupleto thereactioncoordinateandthuspromoteor inhibit theconformational

changesin question.Theidenti�cation of suchmodeswill contributeto understandhow theglobal

andcollectiveproperties(thatemergeonly whenconsideringtheproteinasasinglecomplex entity
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ratherthanasanassemblyof somewhatconnectedatoms)of themyosinproteinin�uencespeci�c

functionalitiessuchasthecatalysisof ATP hydrolysis.
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86. F. Noé,F. Ille, J.C.Smith,andS.Fischer. AutomatedComputationof Low-Energy Pathways

for Complex Rearrangementsin Proteins:Applicationto theConformationalSwitchof Ras

p21. Proteins:Structure, Function,andBioinformatics, 59:534–544,2004.

87. JWeberandA. E. Senior. ATPsynthase:whatweknow aboutATPhydrolysisandwhatwe

do notknow aboutATPsynthesis.Biochimicaetbiophysicaacta, 1458:300–309,2000.

88. J. A. Spudich. The Myosin swingingcross-bridgemodel. Nature reviews.Molecular cell

biology., 2:387–392,2001.

89. S. Karamanou,E. Vrontou, G. Sianidis,C. Baud, T. Roos,A. Kuhn, A. S. Politou, and

A. Economou. A molecularswitch in SecA protein couplesATP hydrolysis to protein

translocation.MolecularMicrobiology, 34(5):1133–1145,1999.

105



REFERENCES

90. C. T. Murphy, R. S. Rock, andJ. A. Spudich. A Myosin II mutationuncouplesATPase

activity from motility andshortensstepsize.Nature Cell Biology, 33:311–315,2001.

91. B. Patterson,K. M. Ruppel,Y. Wu, andJ. A. Spudich.Cold-sensitive mutantsG680Vand

G691Cof DictyosteliumMyosin II conferdramaticallydifferentbiochemicaldefects.The

Journalof Biological Chemistry, 272(44):27612–27617, 1997.

92. R. Batra,M. A. Geeves,andD. J.Mamstein.Kinecticanalysisof Dictyosteliumdiscoideum

myosinmotordomainswith Glycine-to-Alaninemutationsin thereactive thiol region. Bio-

chemistry, 38:6126–6134,1999.

93. L. Rayment,W. R. Rypniewski, K. Schmidt-Base,R. Smith,D. R. Tomchick,M. M. Ben-

ning,D. A. Winkelmann,G. Wesenberg, andH. M. Holden.Three-dimensionalstructureof

myosinsubfragment-1:amolecularmotor. Science, 261:80–58,1993.

94. E. Neria, S. Fischer, andM. Karplus. Simulationof activation free energies in molecular

systems.Journalof ChemicalPhysics, 105(5):1902–1921,1996.

95. J. Norberg andL. Nilsson. On theTruncationof Long-RangeElectrostaticInteractionsin

DNA. BiophysicalJournal, 79:1537–1553,2000.

96. M. Schaefer, C. Bartels,andM. Karplus. Solutionconformationsandthermodynamicsof

structuredpeptides:Moleculardynamicssimulationwith animplicit solvationmodel.Jour-

nal of MolecularBiology, 284:835–847,1998.

97. S Kirkpatrick, C. D. Gelatt,andM. P. Vecchi. Optimizationby SimulatedAnnealing. Sci-

ence, 220(4598):671–680, 1983.

98. J.Kuriyan,A. T. Brunger, M. Karplus,andW. A. Hendrickson.X-ray re�nementof protein

structuresby simulatedannealing:testof themethodon myohemerythrin.ActaCrystallo-

graphicaSectionA, Crystal physics,diffraction, theoretical and general crystallography.,

45:396–409,1989.
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