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SUMMARY

Themolecularmotor protein,myosin, corvertschemicalenegy from ATP hydrolysisinto useful
mechanicawork thatis usedto translocatehe myosin lament alongan actin lament during
musclecontraction. The mechanisninvolved in the chemo-mechanicaloupling necessaryor
myosinfunctionis poorly understood.In this researctwork, a computationakttemptis being
madeto understandhe recosery-strole mechanismin a myosin moleculewhich is one of the

fundamentaprocessethatoccursduringmusclecontractionin living organisms.

During the recovery stroke, the myosinmotor is primedfor the next power stroke by
a 60 rotation of its corverter domain (which bearsthe lever arm). This reversiblemotion is
coupledto the activation of its ATPasefunctionthroughconformationachangeslongtherelay
helix, which runsfrom the Switch-2loop nearthe ATP to the corverterdomain. This coupling
mechanisnis determinedy computingminimumenegy pathways(MEP) betweerthe crystallo-
graphicend-statesf therecovery stroke, yielding a continuousseriesof optimizedintermediates
in atomicdetail. The MEP revealsa two-phasenechanismin which the successie formationof
two hydrogenbondsby the Switch-2loopis correlatedwith the successie movementof the two
helicesthathold the corverterdomain:therelayhelix andthe SH1-helix. The rst phasenvolves
the formationof a hydrogenbond(betweenGly457,on the N-terminalof therelay helix andthe
-phosphatef ATP) which causes “See-Sav” like motionof therelayhelix. Thesecondphase
is triggeredby the formationof anothemydrogenbond (betweenSwitch-2andthe Ser181of the
P-loop)which causeshewedgingof aloop againsthe N-terminalendof the SH1-helix,resulting
in the longitudinaltranslationof the SH1-helixrelatve to therelay helix. The corverterdomain
rst responddo the“See-Sav” motionof therelayhelix by rotating 20 , thento thetranslation

of the SH1-helixby rotatinga further40 . The proposedcouplingmechanisms consistentvith
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SUMMARY

the existing mutationaldataandexplainstherole of a highly conseredloop structure calledhere
asthe“Wedgeloop”, whichwasrecognizedor the rst-time.

Moleculardynamicssimulationsof Dictyosteliumdiscoideunmyosinll in thetwo end
conformationsof therecovery stroke with differentnucleotidestate ATP, ADP Pi, ADP) reveal
thattheside-chairof Asn475(whichinitiatesthe rst-phaseof therecovery-strole) switchesaway
from Switch-2uponATP hydrolysisto malke a hydrogenbondwith Tyr573(on the Wedgeloop).
Thissensingf thenucleotidestateis achiaredby asmalldisplacementf thecleaved -phosphate
towardsGly457whichin turnpushedAsn475away. Thesensinglaysadualroleby (i) preventing
the wastefulreversalof the recovery strole while the nucleotideis in the ADP Pi state,and (ii)
decouplingthe relay helix from Switch-2, thus allowing the power stroke to startupon initial
binding to actin while Gly457 of Switch-2keepsinteractingwith the Pi (known to be released
only later aftertight actin binding). The catalyticallyimportantsalt bridge betweenArg238(on
Switch-1)and Glu459 (on Switch-2), which coversthe hydrolysissite, is seento form rapidly
when ATP is addedto the pre-recoery stroke conformerand remainsstableafter the recovery

strole, indicatingthatit hasarolein shapinghe ATP bindingsiteby induced t.
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ZUSAMMENFASSUNG

DasmolekularevotorproteinMyosinwandeltchemischénegie ausder ATP Hydolysein mech-
anischeArbeitum, die dazugenutziwird um Myosin-undAktin-Filamentegegeneinandezuver
schieberundsoz.B. die Muskelkontraktionzu ermbglichen.Der Mechanismuslieserchemisch-
mechanischeKopplung,derfiir die Funktionvon Myosin essenziellst, ist nurin Ansatzenver
standen.In dieserArbeit wird ein rechnegesttzterAnsatzverwendetum denMechanismusles
“recovery stroke” zu verstehen.Der “recovery strolke” ist einerder fundamentaleriProzessdei

derMuskelkontraktionin lebenerOrganismen.

Wahrenddes“recovery stroke” wird der Myosin Motor fir den nachsterKraftschlag
vorbereitedindem der Myosin-Kopf um 60 relatv zur KorverterDomane und dem Hebelarm
gedrehtwird. Der Drehpunktist mit der Bindetaschejn der die ATP Hydrolyse statt ndet,
durchdie sogenannt&elais-Helixverbunden. Wahrenddes”recovery stroke” nden eineeine
Reihevon strukturellenAnderungenangsdieserHelix statt. In der vorliegendenArbeit wird
derKopplungsmechanismusvischender ATP Hydrolyseundder Drehbavegungmit Hilfe eines
Minimum-Enegie Pfades(MEP) simuliert. Der MEP verbindetdie Rontgenkristallograpschen
End-Zus&ndedesProzessedurcheineKettevon geometrieoptimiertemtermedirenStrukturen.
Der "recovery stroke” beruhtauf der Bildung zweier Wasserstdbrickenbindungen durch die
"switch-2" Schleife, in Korrelation mit der Bewegung zweier Helices welche die Korverter
Domanehalten: der Relais-Helixund der SH1-Helix. Der MEP zeigt dassdieserProzessaus
zwei Phasenbesteht. In der erstenPhasebildet sich eine Wasserstdbriickenbndung zwis-
chenGly457 am N-terminalenEndeder Relais-Helixund dem -PhosphatdesATP, was eine
Kipp-Bewegungder Relais-Helixzur Folge hat. Die zweite Phasewird durchdie Bildung einer

Wasserstdbriickenbinding zwischender”switch-2” Schleifeund Ser181derP-Schleifeinitiiert.
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ZUSAMMENFASSUNG

Dadurchwird eine weitere Schleifeahnlich einemKeil gegen dasN-terminaleEndeder SH1-
Helix geschobenyodurchletztereparallelzur Relais-Helixverschobenvird. Die Kippbevegung
derersterPhasdewirkt eineDrehungderKornverterDomneum 30, whrenddie Verschietingder
SH1-HelixeineDrehungumweitere40 zurFolgehat. Derhiervorgeschlagen&opplungsmech-
anismusist konsistentmit verfugbarenMutations-Experimentennd erklart zum erstenMal die
Rolle derhochgradigSequenz-@&nservierta Schleife,die hier K eil”-Schleife genannivird.

In einemweiterenTeil derArbeit werdenMolekulardynamik-Simulatimenvon Myosin
Il des OrganismusDictyostelium Discoideumin beidenEnd-Zuséandendes recovery stroke”
mit verschiedeneNukleotid-Zusanden(ATP, ADP Pi, ADP) durchgefihrt. DieseSimulationen
zeigendassdie Seitenlette von Asn475(welchedie erstePhasedes’recovery strolke” initiiert”)
sich durchdie ATP-Hydrolysevon "switch-2” wegbevegt und eine Wasserstdbriickenbindung
mit Tyr573 auf der Keilschleifebildet. DieseAbhangigleit vom Nukleotid-Zustandvird erklart
durcheinekleine Verschiebing desabgespaltenen-Phosphatsin zu Gly457 welchesseiner
seitsAsn475verschiebtDie Sensitvitat beziglich desNukleotid-Zustandesst wichtig fur (i) die
Vermeidungeinerunprodukiven Umkehrungdes”recovery strokes” wahrenddes ADP.Pi Zus-
tandesund (ii) die Entkopplungder Relais-Helixvom "switch-2”, wodurcherreichtwird, dass
derKraftschlagnachderinitialen Bindungan Aktin ausgelstwird, wobeiGly457von "switch-2”
weiterhinmit demPi interagiertwelchesbekanntermalegrstnachderBindungan Aktin freige-
lassenwird. Eswird beobachtetassdie katalytischwichtige Salzbiicke zwischenArg238(in
"switch-1") undGlu459(in "switch-2"), welchedie BindetaschendderHydrolysestelldedeckt,
durchdie Bindungvon ATP andie Strukturvor dem”recovery strolke” schnellgebildetwird. Diese
Salzbrcle bleibtauchnachdem”recovery stroke” stabil, wasdaraufhindeuteddasssiedie Rolle

hatdie ATP Bindetasche&lurch”induced t” zuformen.
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CHAPTER 1

INTRODUCTION

Molecular motorsare biological "Tnano-machines’that are the essentiabgentsof movementin
living organisms . Generallyspeakinga motoris de ned asa device thatconsume®negy in one
form andconvertsit into mechanicaivork. Protein-basedolecularmotorsconvert the chemical
enegy presentin ATP into mechanicalenegy and movement®® This movementis essential
to the life of a biological cell, andit takes mary forms, from cytoplasmicstreamingand the
growth of neuronego thelong distanceight of the albatrossor the explosive performanceof a
sprinter’® From the vantagepoint of biophysicsmotor proteinsprovide fascinatingsystemsor
understandindnow proteinsuseenegy from ATP to power non-spontaneousrentslike muscle
contraction.Threetypesof cytoplasmianoleculamotorsareknown: myosins whichmove along
actin laments, dyneinsandkinesins,which usemicrotublesastracks. The mechanisnihey use
to convert chemicalenegy into mechanicawork is bothsimpleandingenious!! Interesin motor
proteinshasexpandedenormouslyin recentyears.Oneof themostextensvely studiedmolecular
motorsarethemyosinswhich drivesmusclecontraction(reviewedin refs>1213). In myosin,ATP
bindingandlater hydrolysiscausesmall conformationathangesn a globular motordomainthat

areampli ed andtranslatednto movementwith the aid of accessorgtructuraimotifs.>*?

1.1 MYOSINS: A SUPER FAMILY

Myosinsconstitutea large supeffamily of proteinsthatsharea commondomainwhich hasbeen
shavn to interactwith actin, hydrolyze ATP and producemovementin all casesexaminedto
date>1415 The un-rootedphylogeneticree of the myosin supesfamily (Figure1.1) is derived

from an alignmentof 139 membersof the myosin supeffamily. The alignmentcomparedthe
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coremotordomaingequivalentto residues88-7800f chickenskeletalmyosinll) of eachmyosin,
usingdistancematrix analysisperformedwith the Clustal-Wpackagée®*” All myosinssharethe
commonfeaturethat they consistof a globular motor domain (the headdomain),an -helical
neck domainthat bindstwo light chainsanda long -helicaltail. Small structuralchangesat
the catalyticsite in the motor domainare corvertedinto a large swing of the light-chainbinding

domainthatthussenesasaleverarm.

Figurel.1: Un-rootedphylogenetidreeobtainedfrom the myosinmotordomainsequences
(This picturewastakenfrom referencé).

1.2 THEMYOSIN || MOTOR

The myosinll classis alsoreferredto as“conventional” myosinssincethis wasthe only class
of myosinknown for decade$>8 Membersof this classare hexamericenzymessomposecf
two heary chainswith a molecularweight of 171-244kDa andtwo pairsof light chains. The
amino-terminalportion of the heary chains(collectively referredto asthe "head') containsthe
prototypicalmotor domainand two 1Q maotifs in the neck. The carboxyl-terminalhalf of the

heary chainconsistsof coiled-coilforming sequenceavhich homodimerizeso form the long rod
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(or tail) which usuallyterminatesn a shortnon-helicalsggment® Myosin Il moleculeshave a
two-headedstructure dueto the dimerizationof the heary chainin thetail. The tails of myosin
self-associatéo form laments bothin vivo andin vitro atlow ionic strength.

Myosin Il can be proteolytically cleaved into discretefunctional domains. One site
of cleavageis at the junction betweenthe headandthe tail which producesa solublefragment
termedsubfragmenbne(S1)andthetail fragmentwhich remainsa coiled-coildimerandretains
the solubility propertiesof the parentmolecules.S1bindsto actinandnucleotidesand contains
two light chains.Anothercleavagesite of myosinll of thetail fragmentproduceswo fragments,
heary meromyosin(HMM) andlight meromyosinLMM). HMM, which is solubleeven at low
ionic strengthcontainghe headregion anda portionof the coiled-coilforming sequencétermed
subfragmen® or S2), which furtherdimerizesto producea two-headedragment.LMM retains
the solubility propertiesof the parentmolecule.Both S1andHMM have beencritical to kinetic,

biophysicalandstructuralstudiesof the myosinmolecule?12:19.20

1.3 GENERAL STRUCTURE OF MYOSIN S1

The rst X-ray crystal structureof S1 wasfrom chicken musclewithout nucleotidebut with a
sulfateion in placeof the -phosphatén theactive site?! ThestructureshavstheS1in atadpole-
like conformationwith anelongatedheadconsistingof a 7-stranded--sheetanda C-terminaltail
(Figurel.2).

All threefragmentq25K, 50K, and20K) contritute to the 7-stranded-sheet. Numer
ous -helicesthatsurroundthe b-sheetform a deepcleft extendingfrom the nucleotide-bindig
siteto the actin-bindingsite. In Figure1.2,the proteolyticfragmentsarecolor codedasfollows:
25K (N terminal),green;50K, red;and20K (C terminal),blue. The 50K fragmentactuallyspans
two domains,called asthe 50K upperdomainandthe 50K lower domainor actin-bindingdo-
main?! Theactin-bindingdomainhasbeencoloredgrey. Therestof the 25K fragment,together
with the 50K upperfragment,residues81-486,form onelarge domainthataccountdor 6 of the
7 strandsof the -sheetandconstituteshe bulk of the molecule. The ATP-bindingsiteis in this
large domainnearthe 25K-50K fragmentboundaryand containsa characteristid®-loop similar

to thatfoundin mary ATPasesandG-proteins?? The ATP-bindingsiteis about4.0 nm from the
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Figure1.2: Myosin-S1: The regulatorylight chain (magentajandthe essentialight chain
(yellow). The proteolytic fragmentsare color codedasfollows: 25K (N terminal),green;
50K, red;and20K (C terminal),blue. The 50K fragmentspansgwo domains:the 50K upper
domainandthe 50K lower domainor actin-bindingdomain. The actin-bindingdomainhas
beencoloredgrey. Figuretakenfrom.?

actin-bindingsite.

1.4 ATOMIC STRUCTURE OF F-ACTIN

Actin hastwo conformations( (glohular) andF( brous). Crystalstructuresreonly availablefor
the G-form. Theonly high resolutiondataavailablefor F-actinis from ber diffractionpatterns?®
A numberof attemptshave beenmadeto t a helix of G-actin monomersto the obsered F-
actin, ber diffraction patternby re nementmethods?*5 Sincethe ber-diffraction patternsare
of limited resolution(6 to 8A), the re nementis underdetermined. As a result, thesevarious
methodsproducerelated but differentstructures.The four sub-domain®f G-actinwereallowed
to move asindependensolid bodiessoasto minimizethe differencebetweerthe calculatedber
diffractionpatternandthe obsered ber diffractionpattern?® Thesub-domainsvereconstrained

to remainconnectedAfter there nement,thestereo-chemistrgf residuesn thejunctionregions
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wasoptimizedusingthe CNSsoftware?’

Figurel.3: F-Actin. Figuretakenfrom reference?

Thus constituted,thin laments (F-actin) are helical polymerswhich have 13 actin
moleculeg42 kDa) arrangedn six left-handedurnsrepeatingevery 36 nm. Therise persulunit
is 2.75nm 22 The morphologyof the actin helix is, rather two intertwined, steepright-handed
helices. Along eachof the morphologicalhelicesthe actin monomersare spacedby 5.5 nm.28
Thesstructureof the monomer(G-actin)wassolved by proteincrystallographyasa complex with
DNAasel?® and hassincebeensolved in two other complexes?%3° The structureshaws actin
to consistof two similar domainseachof which containsa 5-stranded--sheetandassociated -
helices.Thephosphatenoietyof anucleotidg/ATP or ADP), togethewithMg orCa (Mg

is physiological),is boundbetweerthetwo b-sheetdlomains.Eachof the domainscarriesa sub-
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domain;oneis involvedin actin-actininteractionsandthe otherin additionformsthe top of the

nucleotide-bindingoclet.

1.5 STRATEGIES FOR MOVEMENT

Differentmotorscanadoptdifferentstratgieson how to move alongtheir tracks.Which stratgy
is useddependsn the function of the motor. Motor proteinscanmove alongtheir trackseither
processiely or non-processely. Processiity is de ned asthe averagenumberof stepstaken
perdiffusionalencountebetweera motorandits track3* Anotherkey featurecharacteristiof a
speci ¢c motoris its directionality i.e., in which directionit movesalongits track° Myosin I is
a classicalexampleof a non-processe motorthatdetachesrom its track at eachATP turnover.
This is adequatdor myosinll becausenary myosinll monomersself-assemblénto laments
that slide relative to its track alongactin laments. Unlike Myosin V, the cago in the caseof

Myosinll is themyosin lament itself.

Figurel.4: Lymn-Taylor Cycle.
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1.6 LYMN-TAYLOR CYCLE

All memberof themyosinfamily interactcyclically with actin,therebymoving pasttheactin la-
ments.Thecurrentview of how myosinandactininteractto producemovementnon-processely
is ervisagedasthe Lymn-Taylor cycle? 1932 depictedin Figure 1.4 which outlinesseveral cou-
pling mechanismghat link structuralchangesn different partsof myosin. Structuralchanges
associatedavith ATP bindingto the myosin-rigorconformationof (Statel) substantiallyreduces
myosin-actinbinding af nity 3334 thus dissociatingit from actin (Figure 1.4, Stepl  Stepll).
Myosin, thenactivatesits ATPasefunctionwhichis is coupledto the 60 rotationof thecorverter
domainthatis associateevith the“Recovery stroke” (Stepll  Steplll). 2123537 ATP hydrolysis
(Statelll Statelll') increasesnyosin-actinbindingaf nity which causesnyosinto rebindto
actin(Statelll'’  StatelV). Actin bindingtriggersthe conformationathangeassociateavith the
back-rotatiorof the corverterdomainwhich bringsaboutthe rowing-like strole referredto asthe

“Power stroke” (StatelV  Statel) which returnsmyosinto its rigor-conformatior?1°

1.7 MYOSIN Il MOTOR IN Dictyosteliumdiscoideum

Dictyosteliumdiscoideums a slime mold that grows as a unicellularamoebae.Becauseof its

uniquefeaturessombiningunicellularandmulticellularcharacteristicdictyosteliumdiscoideum
is choserasa modelorganismsincethey form a multicellularmoundconsistingof up to 100,000
cells, quite easily In addition,the localizationof speci ¢ proteinsin the living cell at different
stage®f thecell cycle canbemonitoredusing uorescenceconfocalmicroscop.3® Thisorganism
hasbeenusedextensvely to studythe functionality of myosins.

The headof the DictyosteliumdiscoideumMyosin Il motor (henceforthmyosin) has
beencrystallizedin the absencef actinwith differentATP analoguedvoundto the ATPasesite,
(Mg ATP  S23° Mg AMP PNP3° Mg ADPBe ,* Mg ADP Al * Mg ADP 5 etc.,)under
variousconditions(Pleasesee,Table 1.1 for a list of all crystalstructuresof Dictyosteliumdis-
coideummyasin) The corverterdomain,which bearsthe lever armis foundin two orientations,
in which the domainrotatesby about60 with respecto therestof the head(Figuresl.4,1.6A
& 1.6C,left panels).Thetwo orientationsof the corverterdomainarethoughtto bethe endori-

entationsof the power-stroke (or the recovery-strole).2#° Myosin is also crystallizedin State
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Tablel.1: Crystalstructuredor Dictyosteliumdiscoideurmyosinll motor.

PDBID ResolutionfA] Construct Ligand State
1DO0X 2.00 759 m-nitrophewyl C/O, Statell
aminoethyl.PPi.BeF3
1DOY 2.00 759 o-nitrophewl C/O, Statell
aminoethyl.PPi.BeF3
1D0z 2.00 759 p-nitrophewl C/O, Statell
aminoethyl.PPi.BeF3
1D1A 2.00 759 0,p-dinitrophexl C/O, Statell
aminoethyl.PPi.BeF3
1D1B 2.00 759 0,p-dinitrophexl C/O, Statell
aminoethyl.PPi.BeF3
1D1C 2.30 759 N-methyl-o-nitropheyl  C/O, Statell
aminoethyl.PPi.BeF3
1IFMV  2.10 759 Empty C/O, Statell
1IFMW  2.15 759 Mg.ATP C/O, Statell
1G8X  2.80 761. Mg.ADP C/O, Statell
-actinin-R238E
1LVK 1.90 759. Mg.BeF3.mantADP C/O, Statell
Q760L,R761R1762N
IMMA 2.10 759. Mg.ADP C/O, Statell
Q760L,R761R1762N
1IMMD 2.00 759. Mg.ADP.BeF3 C/O, Statell
Q760L,R761R1762N
IMMG 1.90 759. Mg.ATP. S C/O, Statell
Q760L,R761R1762N
IMMN 2.10 759. Mg.AMPPNP C/O, Statell
Q760L,R761R1762N
1IMND 2.60 690. Mg.ADP.AIF4 C/C, Statelll
Q760L,R761R1762N
IMNE 2.70 759 Mg.PPi C/O, Statell
Q760L,R761R1762N
105G 1.90 Myosin Empty O/0, Statel
fusedto dynamin
1vOM 1.90 747 Mg.ADP.VO4 C/C, Statelll
REF1 - 759 Mg.ADP.BeF3 C/C, Statelll

Thelastresohed aminoacidis given. Mutationsareindicated.

Theconformationaktatesof switch-1/switch-Zareindicated.”O” refersto the openstate while

“C” refersto theclosedstate.
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| (Rigor conformationor nearrigor conformation)in both Myosin V32 and Dictyosteliumdis-
coideumMyosin 11 3* with no nucleotideboundto the ATP site (apostate).The changen orienta-
tion of the corverterdomain(residue$92-748)is associatedo a changen the conformationof
the“Relay-helix” (residuest66-498)which spandrom the corverterdomainto the ATP binding
site. TheN-terminusendof therelay-helixrespondso the presencef ATP whichin turntriggers
the C-terminusend(which s tightly boundto the corverterdomain)to undego atilt in its helical
axisandcausealocal unwindingbetweerthetwo endsof therecorery stroke (compard-igurel.6

A & Figurel.6C).

1.8 NUCLEOTIDE BINDING SITE

Thenucleotidebindingsiteis locatedat the interfacebetweerthe 50 kDa andthe N-terminalsub-
domaingFiguresl.2,1.5& 1.6). It is composeaf threeloopsthatareconsered notonly among
motor proteinsbut also amongthe G-proteins. Theseare the P-loopthatis a commonfeature
of a large numberof enzymeshat bind nucleotideg? the switch-1loop andthe switch-2loop.
Togetherthey form the so-called‘Phosphatdube” (Table1.2). The switch-1andswitch-2loops
arelocatedin the upperandlower 50 kDa domains respectiely, whereaghe P-loopbelongsto
the N-terminal 25 kDa domain. The two switchloopsgot their namesfrom the obseration that
they canadoptdifferentconformationsthusservingasa switch for informationtransductiorby
changingtheir conformatiors’ The nucleotidebinding site undegoesconformationalchanges
upon ATP binding333* Betweenthe two endsof the recavery stroke, the switch-2loop closes
uponthe -phosphatef ATP sothatthe amidegroupof a well-consered Gly457*° canmale a
hydrogerbondwith oneof theoxygensof the -phosphatevhichis consideredo beessentiafor

enablingATPasefunction?36:37

1.9 CRYSTAL STRUCTURE CLASSIFICATION

The positionsof the switch-1andswitch-2canbe usedto classifydifferentconformationaktates
of myosinin the Lymn-Taylor schemé-® Conformationsorrespondingo switch-1open/ switch-
2 0open(0/0),is assignedo Statel, switch-1closed switch-2open(C/O),to Statell andswitch-1
closed switch-2closed(C/C)to Statelll 333441 (referTable1.3).
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Figurel.5: TheNucleotideBinding Site.
Legend:P-loopin Orange Switch-2in green;Switch-1in purple.Phosphoruatomsof ATP
in yellow andmagnesiunin green.

Tablel1.2: Consensusequences.

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

Conseredin atleast80 out of 82 myosing
Residuenumbersof Dictyosteliumdiscoideunmyosinll areusedherethroughout.

All states,except StatelV (Pre-paver-stroke conformation)have beenidenti ed by
crystallography The statesarecharacterizedy a well-de ned -phosphatdindingsitethatcan
be occupiedeither by phosphatdtself or by -phosphateanalogssuchas vanadateperyllium
uoride, or magnesiumuoride.*? Table 1.1, lists crystal structureswith different nucleotides
boundto the active siteandthe conformationsadoptedoy switch-landswitch-2loops.

Recently Holmesand co-workers*! comprehensely classi ed all the stateswith the
available datafrom electron-densitynaps?® cryo-electronmicrograph$! and X-ray crystallog-

raphy They includeddatafrom P-loopconformationalongwith the conformationsof the relay
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helix, central- -sheetcornverterdomainandwhethertheactin-bindingcleftis openor closed(See
Table1.3). They proposehattwo conditionsarerequiredfor attainingthe pre-paver stroke con-
formation:switch2 closedand -sheemottwistedto have therelayhelix kinked. Relaxingeither
of theseconditionsallows therelayhelix to straighterandrotatethe cornverterdomain. Thusboth
therigor-like andthe post-rigorstructureshave a straightrelay helix. This ability of the myosin
cross-bridgeo respondo two (or maybemore)input parametersiaspromptedCoureuxandco-
workers® to referto thethe -sheetwhich accordingto their notationis distorted(twisted)in
rigor andrelieved in postrigor, alongwith otherstructuralelementghatallow this distortionas

“The Transducerandproposehatthis is the “central processorbf the motor 3344

Tablel.3: Assignmento the statesn the Lymn-Taylor cycle.

State Switch-1 Switch-2  Actin- - P-loop Relay- Corverter
binding Sheet Helix domain
Cleft
I Open C Shut Maximum Up  Straight Down
(Rigor) twist
(apo-state)
Il Closed Open Open No- Down Straight Down
(Pre-recwery) twist
(ATP bound)
1] Closed C Open No- Down  Kink Up
(Post-recuery) twist
(ATP bound)
v closed C closed No- Down Kink Up
(Strongly twist
attachedo
actin)
(ADP Pi)

The valuesof the seven movable elementghat have beenidenti ed for the statesde ned in the
Lymn-Taylor cycle. C andC aretwo forms of closed conformationfoundin the rigor and
the pre-paver-strole states.The assumegbropertief conformation(shavn in “bold” italic) are
extrapolatedrom the adjoiningstatesn the Lymn-Taylor cycle.
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Figurel.6: Structuralelementof myosininvolvedin therecovery-strole.

Legend: P-loopin Orange;Switch-2in green;Relay helix in cyan; SH-1 helix in purple;
SH-2 helix in pink; corverterdomainin green;lever armin yellow. In theright panel,the
importantresiduesand bond distancesnvolved in the recovery stroke are indicated. The
See-sw andthewedgephasesnovementsaareshavn with solid arrows.

1.10 COUPLING MECHANISMSIN MYOSIN Il

The Lymn-Taylor cycle is madefunctional by several mechanismghat link structuralchanges

in different parts of myosin. A small structuraldifferencebetweenhaving ATP/Mg  versus

12



INTRODUCTION

ADP Pi/Mg boundto the nucleotidebindingsite, myosincontrolsthe conformationof its actin
bindingregion thatdeterminesvhetherthe bindingaf nity for actinis low in Statel Il or high
in Statelll' V. 13333445 The ATPasefunctionin myosinis shavn to be activatedonly when
the Gly457/Ser45@eptidegroup, belongingto the Switch-2loop, closesto make a hydrogen
bondwith the -phosphaté®4® This hydrogenbondis absenin Statell andpresenin Statelll
andis thoughtto occurduringtherecovery-strole transition12:3¢ However, it would bewasteful
if the Switch-2loop could freely closeand re-openwith the lever arm still in the pre-recoery
orientation,allowing ATP hydrolysisandan unproductie productrelease.This suggestshata
mechanisnis requiredto coupletheclosingof Switch-2loop with the orientationof the converter
domainto ensurghatATP is hydrolyzedonly whenthe converterdomain/leer armis in the post-
recovery orientation.OnceATP is hydrolyzed,a “locking mechanism'mustpreventthereversal
of the recovery stroke while the nucleotideis in the ADP Pi statein Statelll' andnot boundto
actin. Rebindingto actinafterthereversalof therecovery strole would be wastefulsinceit could
leadto thereleaseof the hydrolysisproductswithout generatingorce.

It is extremely dif cult to study the mechanismsnvolved from Statel Statell
and Statelll' StatelV sinceStatel and StatelV requirecrystalstructureswith myosinand
actin boundtogether Thereare no suchhigh-resolutionX-ray crystal structureswith myosin
andactinboundtogetheranddatafrom uorescenceexperimentst’ electron-densitynap$? and
cryo-electrormicrograph$! areunreliabledueto theirlow resolution.However, thereare2 X-ray
crystalstructuresavailablefor Myosin I13* andMyosin V32 which arethoughtto representate
I (Rigor conformation). On the otherhandthereare 20 structuressolved for statesll andlll
(theendsof therecorery strole). Hence,a lot of researclwork hasbeendoneto understandhe

recovery stroke mechanisnwhich is thetopic of interestin this thesis36-37

1.11 RECOVERY STROKE COUPLING MECHANISM

The Myosin headundegoesa reversibleconformationatransitioncalledthe “Recovery Stroke”
or the Returnstrole (Statell ~ Statelll), in which the corverterdomain(which bearsthe lever
arm)rotatedoy 60 . Simultaneouslymyosinalsoactiatesits ATPasefunction,sincehydrolysis

of theboundATP is requiredfor strongactinbinding#® The ATPasefunctionin myosinis shavn
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Figurel.7: Threedifferentviews of the Myosinin the end-statesf therecovery stroke.
Legend: Switch-2in green;Relayhelix in cyan; SH-1 helix in purple; SH-2 helix in pink;
leverarmin yellow. A. See-sa view; B. Wedgeview; C. P-loopview.
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to be actvatedwhenthe Gly457/Ser456eptidegroup,belongingto the Switch-2loop, closesto

malke a hydrogenbondwith the -phosphaté®® This hydrogenbondis absentn Statell and
presenin Statelll andis thoughtto occurduringthe recovery-strole transition>123¢ However,

it would bewastefulif the Switch-2loop couldfreely closeandre-openwith theleverarmstill in

the pre-recoery orientation,allowing ATP hydrolysisandan unproductie productrelease.This
suggestshata mechanisnis requiredto couplethe closingof Switch-2loop with the orientation
of the corverterdomainto ensurethat ATP is hydrolyzedonly whenthe converterdomain/leer
armis in thepost-recwery orientation(i.e., readyto performthe power strole).

In Figure1.7,we have threedifferentorientationsof Statell andStatelll (the endsof
therecovery stroke. Figure1l.7Ais the See-sa view wherethe N-terminusof the relay helix is
nearthe ATP site while the C-terminusis connectedo the corverterdomain. Therelay helix is
seento have a“kink” in the post-receery conformationwhile in the pre-recoery conformation
its a straighthelix. Figurel.7B, is the Wedgeview, wherethe Wedgeloop (red) pushesnto the
N-terminalendof the SH1-helix(purple)andlongitudinallytranslatest outward. Figure1.7C,is
theP-loopview, wheretheformationof two key hydrogerbondsaroundthe ATP sitewhichrotate

theleverarm (yellow) atthe back.

1.12 QUESTIONS ADDRESSED IN THIS THESIS

In the presentwork, the return-strok mechanismin myosin is investigatedby performing
minimumenegy pathway calculationsusingan semi-empiricamolecularmechanicgorce- eld.
Basedon the calculations,unresoled questionsregardingthe return-strok mechanismand its

couplingto themechanicabventswill beaddressed.

Thefollowing questionswill beaddressed:

1. How do the interactionswith ATP in Statell contrilute to the couplingbetweenATPase
activation and the swinging of the lever arm during the recovery stroke? (Addressedn
Chapter)

2. How doesATP hydrolysisin thepost-receery conformatioraffectthestructureof theactive

site?(Addressedn Chapterd)
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3. How dothesechangegpreventthereversalof therecovery strolke while the nucleotideis in

the ADPPistateAddressedn Chapter4)

4. Cantheavailablemutationaldataberationalized? (Addressedn Chapters3 & 4)

1.13 OUTLINE FOR THE THESIS

In thefollowing chaptersthetheoryandmethodgshatwereappliedto answerthe above question
will be rst introduced.Oncethe backgrounds well-understoodthe rst questionwill be then
addressetb rationalizea modelasto how ATPaseactivation andthe recovery-stroke of the con-
verterdomainare coupled. The remainingquestionswill be addressedh the following chapter
whichelaboratesiboutawell-conseredloop structurewhichwas rst the rst timerecognizedo

explain nucleotide-sensinmechanisnthat controlsthe recovery stroke. Thethesisis concluded

with anoutlook.
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CHAPTER 2

THEORETICAL ASPECTS

Ideally, if onewereto addresgrojectsinvolving understandingproteinfunction usingin-silico
methods guantummechanicsvould be thethe rst choice. Unfortunately guantummechanical
methodghatdealwith electronsdetweereachnucleiin the systemcouldbehighly time consum-
ing andnot practical. On the otherhand,force- eld methodgalsocalledMolecularMechanics)
ignoretheelectronicmotionsandcalculatetheenegy of the systemasa functionof nuclearposi-
tionsonly. Thesemethodsvork quitewell dueto thevalidity of severalassumptionsThe rst and
the mostimportantis the “Born-OppenheimeApproximation”#84° Thebasisto this approxima-
tion thatthe nucleiaresomuchmoremassie thanthe electronsthe electronamustinstantaneous

relaxor rearrangeo the con guration of the nuclearpositions.

Hence, under the Born-Oppenheimeapproximationthe total wave-functionfor the

moleculecanbewrittenin thefollowing form:

(2.1)

Further moleculammechanicss basedupona simplemodelof theinteractionswithin a
systemwith contrilutionsfrom processesuchasstretchingof bondsthe openingandclosingof
anglestherotationsaboutsinglebondsandnon-bondednteractiondik e the electrostati@andvan
derWaalsforcesbetweeneachpair of atoms. Simplefunctions(like the Hooke's law) areoften
usedto describehesecontributionsandthe methodperformsquite acceptablyAnotherfeatureis
thetransferabilityasa setof parameterslevelopedandtestedon arelatvely smallmoleculescan

bedirectly appliedto studylarge moleculessuchaspolymersandproteins.

17



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 enegetic penaltiesthat are associatedvith the deviation of bonds
andanglesaway from their “equilibrium” or referencevalues.A functiondescribeghechangen
enegy whenbondsarerotatedor stretchedrom the equilibriumposition. In simpleforce- elds,
non-bondednteractionsaremodeledasa Coulombicpotentialtermfor electrostatidnteractions

andLennard-Jonepotentialfor vanderWaalsinteractions.

(2.2)

(2.3)

S (2.4)

The rst termin theenegy functionaccountgor thebondstretchesvherek isthebond
force constantandb - b is the distancefrom equilibriumthatthe atomhasmoved (Figure2.1).
Thesecondermin the equationaccountgor thebondangleswvherek is theangleforce constant
and - istheanglefrom equilibriumbetweer bondedatoms.Thethird termis for thedihedral
(a.k.a.torsionangles)wherek is thedihedralforceconstantn is themultiplicity of thefunction,

is thedihedralangleand is the phaseshift. Thefourth termaccountdor theimpropersthatis
outof planebendingwherek istheforceconstanand - istheoutof planeangle. TheUrey-
Bradley componentcross-termaccountingor anglebendingusing1,3 non-bondednteractions)
compriseshe fth term,wherek istherespecireforceconstanandu-u isthedistancebetween

the 1,3 atomsin the harmonicpotential. Non-bondednteractionsdbetweerpairsof atoms(i,j) are
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Figure2.1: Hypotheticalatomsto illustratethe enegetictermsincludedin theforce- eld.
An Moleculecomprisesof atoms1-5. Internaltermsthat occurin moleculearethe bonds,
b, betweenatomsl & 2,2 & 3, 3 & 4; angles , involving atoms1-2-3 and 2-3-4 anda
dihedralor atorsionalangle , describedy atoms1-2-3-4. Atom 5 is involvedin a”"Non-
bonded’interactionwith atomsl, 2, 3, & 4. Theenegy of this interactionis determinecy
thedistancer betweeratom5 andrestof themolecule.

representedy thelasttwo terms. By de nition, the non-bondedorcesareonly appliedto atom
pairsseparatedy at leastthreebonds. The van Der Waals(VDW) enegy is calculatedwith a
standard_ennard-Jonepotentialandthe electrostatienegy with a Coulombicpotential. In the
Lennard-Jonepotentialabove, the R termis not the minimum of the potential,but rather
wherethe Lennard-Jonepotentialcrosseghe x-axis (i.e. wherethe Lennard-Jonepotentialis
zero)(Figure2.2). In orderto performminimization,calculateminimumenegy pathways(MEP)
or run the MD simulations,we needto be surethat a parameterle thathasall the parameters
speci edin theenegy functionwe areusing(i.e. the equationspeci ed abose) andthe topology

le describinghedistribution of differentatomsaroundeachaminoacidis well-de ned.

19



THEORETICAL ASPECTS

Figure2.2: Lennard-Jonepotentialto accountor van Der Waals(VDW)

2.1.1 TREATMENT OF THE NON-BONDED ENERGY TERMS

The mosttime consumingpart of an enegy minimizationor a moleculardynamicssimulation
is the calculationof the non-bondedermsin the potentialenegy function, e.g.,the electrostatic
andvanderWaalsforces.In principle,thenon-bondednegy termsbetweerevery pair of atoms
shouldbeevaluatedin this casethenumberof increasessthe squareof the numberof atomsfor
apairwisemodel(N ). To speedipthecomputationtheinteractiondetweenwo atomsseparated
by adistancegreatethana pre-de neddistancethecutof distanceareignored.Severaldifferent
waysto terminatethe interactionbetweentwo atomshave beendevelopedover the years;some
work betterthanothers(seeFigure2.3).

Truncation:theinteractionsaresimply setto zerofor interatomicdistancegreatethan
the cutof distance.This methodcanleadto large uctuationsin theenegy. This methodis not
oftenused.

TheSHIFT cutoff method:thismethodmodi es theentirepotentialenegy surfacesuch
that at the cutoff distancethe interactionpotentialis zero. The dravbackof this methodis that
equilibriumdistancesreslightly decreased.

The SWITCH cutof method: This methodtapersthe interactionpotentialover a pre-

de ned rangeof distances.The potentialtakesits usualvalue up to the rst cutof andis then
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Figure2.3: Effect of truncationscheme®n theenegy of agivenconformation

switchedto zerobetweerthe rst andlast cutof. This modelsuffers from strongforcesin the
switchingregion which canslightly perturbthe equilibrium structure. The SWITCH functionis

notrecommende@henusingshortcutof regions.

2.1.2 LONG-RANGE ELECTROSTATIC INTERACTIONS

In recentyears,a numberof modelshave beenintroducedwhich permit the inclusionof long-
rangeelectrostatiénteractionsn moleculardynamicssimulation.For simulationsof proteinsand
enzymesn a crystalline state,the Ewald summationis consideredo be the correcttreatment
for long rangeelectrostatidnteractions® Variationsof the Ewald methodfor periodicsystems

includethe particle-mestEwald method®1:52

2.1.3 THE EXTENDED ELECTROSTATICS MODEL

The ExtendecElectrostaticsnodelapproximateshe full electrostatianteractionby partitioning
the electricpotentialandtheresultingforceson theatomat R into a"Near” andan”Extended”
contribution. The "Near” contritution arisesfrom the chaged particleswhich fall within the
spherede ned by the cutof distanceR , while the "Extended” contritution, arisesfrom the
particleswhich are beyond the cutoff distanceR . The”Near” contrikution is calculatedoby a
corventional pairwise sum and the "Extended” contritution to the potentialat R is calculated

usinga multi-poleapproximatiorp?

21



THEORETICAL ASPECTS

2.1.4 TREATMENT OF SOLVENT IN COMPUTER SIMULATIONS

Solvent,usuallywater hasafundamentain uence onthestructure dynamicsandthermodynam-
ics of biological molecules pothlocally andglobally. One of the mostimportanteffects of the
solventis the screeningof electrostatianteractions. The electrostatianteractionbetweentwo

chagesis givenby Coulombs law,

(2.5)

whereq , q arethepartialatomicchages, is the effective dielectricconstanand
r is therelative distancebetweenrthe two particles. It is importantto include solvent effectsin
ancomputersimulations.This canbe doneat severallevels. The simplesttreatmenis to simply
includeadielectricscreeningonstanin theelectrostatidcermof thepotentialenegy function. In
this implicit treatmentof the solvent, watermoleculesare not includedin the simulationbut an
effective dielectricconstanis used.Oftenthe effective dielectricconstanis takento be distance
dependent, =r ,where rangedrom 4 to 20. Althoughthisis acrudeapproximationit is
still muchbetterthanusingunscreenegartial chages. Otherimplicit solvent modelshave been
developedthatrangefrom therelatively simpledistance-dependedielectricconstantdo models
thatbasethescreeningnthe solventexposedsurfaceareaof the protein. Thedistance-dependen
dielectriccoefcient is the simplestway to include solvent screeningwithout including explicit
watermoleculesandit is availablein mostsimulationprogramsRecently severalimplicit solvent

modelsbasedn continuumelectrostati¢heoryhave beendeveloped®*-61

2.2 CONTINUUM ELECTROSTATICS

The Solvation free enegy ( ) is the free enegy change that occurs,whenyou transfera
moleculefrom vacuumto a solvent of high dielectric . This Solvationfree enegy ( ) has

threecomponents

(2.6)

The electrostaticcomponent , is particularlyimportantfor polar and chaged
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solutesdueto the polarizationof the solventwhich is modeledasa uniform mediumof constant

dielectric . The Vander Waalsinteractionterm canfurtherbe split into attractive term,
andarepulsve term, . The is the free enegy requiredto form the solute
cavity within thesolvent. is positive anddescribesheentropicpenaltyassociateavith the

reoiganizationof the solventmoleculesaroundthe solutetogethemith the work doneagainsthe
solventpressuren creatingthe cavity.

To gettheaccurateevaluationof (Theelectrostaticomponenbf Solvationfree
enegy) for examplethemoleculein gure 1, onecanfollow oneof thefollowing methods:
1. UsingsimpleCoulombelectrostatics
2. Solutionto the Poisson-Boltzman&quation.

3. GeneralizedBorn Methods.

Figure2.4: A moleculein aheterogeneoudielectricmedium.

2.2.1 SIMPLE COULOMB ELECTROSTATICS

Coulombs law describegheinteractionforce betweertwo staticpointchages. Supposeve have
two chages and |, thenthesetwo chagesinteractwith eachotherwith aforce givenby the

Coulombequation:
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— (2.7
Where s the force of interactionbetweenthe chages and , is a constant
which is givenby —— and is the magnitudeof the distancebetweenthe two chages. The
permittiity of vacuum, , i.e.,whenthe chagesareplacedin vacuum.
For Evaluating , usingthe Coulombmodel,we do not accounffor the changdn

dielectricwhenonemovesfrom the soluteervironmentto thatof thesolvent. Usuallythechages
arescreenedby solventandthis effectis not consideredn this simpletreatment.This modelalso
ignoresthereactioneld of thesolvent.

2.2.2 THE POISSON-BOLTZMANN EQUATION

A Brief Derivation

To describethe electrostaticcomponenof Solvationenegy in moleculesjike
the onedepictedin gure 2.4, with completeaccuray, the PoissonEquationcanbe used. The
Poissonequationrelatesthe variation of the potential within a mediumof uniform dielectric

constant to thechagedensity .

S (2.8)

The PoissonEquationis thusa second-ordepartial differentialequation. For a setof
point chagesin constantdielectricmedium,the Poissonequation(equation2.8) reducedo the
simpleCoulombdaw equation(equation2.7).

If thedielectric is notconstantput changesvith position thenthePoissorequation

adoptsthefollowing form:

(2.9)

If mobileionsareintroducednto themedium,their distribution in responséo theelec-
tric potentialcanbeaccountedby thePoissorEquation.Theionsarepreventedfrom congregating

atthelocationsof extremepotentialdueto therepulsve interactionswith the eachotherandnatu-
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ral thermalmotionin thesolvent. Theion distributionin thesolventis describedy theBoltzmann

distribution of the following form:

(2.10)
Where is the numberdensityof ionsat a particularpoint , is thebulk number
densityand in themean- eldapproximation{ : themeanelectric eld produced

by thechage distribution) is the enegy changeo bring theion from in nity to theposition ,
is theBoltzmannConstantand is thetemperature.
Whentheseeffectsareincorporatednto the Poissorequation(equatior2.9), we obtain

the Poisson-Boltzman&quation

(2.11)

Where isrelatedto the Debye-Hickel inverselength , by:

R (2.12)

Where istheionic strengthof the solutionand is the Avogadros Number
Equation2.11is anon-linearpartial differentialequatiorandcanbewrittenin analter

native form by expandingthe hyperbolicsinefunctionasa Taylor series

- (2.13)

ThelinearizedPoisson-BoltzmanB&quationcanwritten by takingonly the rst termin
the Taylor expansionas

(2.14)

Equation2.14is a partial differential equationand cannotbe solved analytically for
comple geometries.Hence,the Poisson-Boltzmaniquationis solved by a numericalmethod
called“The Finite DifferenceMethod”, in which the protein(solute)is putin a cubicgrid along
with the “implicit solvent”. Valuesof the the electrostatigpotential, chage density dielectric

constantand ionic strengthare assignedo eachgrid point. The atomic chagesusually dont
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Figure2.5: Part of thegrid usedto solve the PBEQ

coincidewith thegrid points. Thechageallocationto eachof theeightgrid pointsis donein such
away thatthe closerthe chage to the grid point the greaterproportionof its total chage thatis
allocated. The dervativesin the Poisson-Boltzmanequationare thendeterminedby the nite
differenceformula. Many Poisson-Boltzmansolversarenow available®'-6°

The potentialata grid pointshavn in gure 2.5havingachage associatedvith the

grid pointis givenby

(2.15)

Where is the grid spacingandthe function in the denominatohasthe value
1 for thelinearizedPoisson-Boltzman&quationandis equialentto the Taylor seriesexpansion

for thenon-linearcase.

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 thanthe moleculethe bordergrid points
arefar away from the molecule,that outsideof the grid canbe setto zero. If onehasa huge
grid the computationaktostgetsvery expensie becausanore the numberof grid points, more

is the computation.So onecould usea low resolution,hugegrid andinterpolatethe electrostatic
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potentialfrom this calculationto ahighresolution smallgrid. Suchfocusingstepsanberepeated,

if necessary

2.2.4 GENERALIZED BORN METHODS
BORN-ONSAGER MODELS

Importantcontrilutionsto the electrostaticontritution to thefree enegy of Solvationweremade
by Born®® andOnsagef’ Born derivedthe electrostaticomponenbf freeenegy of Solvationby
placinga chage within a sphericalolventcavity. In Born's model, of theion (achage
in theasphericakolventcavity) is equalto thework donein transferringhe chage from vacuum
to mediumof high dielectric, . In otherwords, is equalto the differencein work done
to chagetheion in thesetwo differentervironments.Onsageextendedthis modelto a dipolein
asphericakavity.

Bornshavedthatthework to chagetheion in amediumof dielectricconstant is equal
to , Where is thechageontheion, is theradiusof theion (theradiusof the cavity in
themedium)and is the permittvity of the medium. The electrostaticomponenbf free enegy
of Solhationis the differencein thework donein chaging theion in mediumof high dielectric

andin vacuum.

I (2.16)

— - (2.17)

2.2.5 THE GENERALIZED BORN EQUATION (GB EQUATION)

Considera systemof particles,eachwith aradii andchage . The total electrostatidree
enegy of suchasystemis givenby the sumof coulombenegy andthe Born enegy of Solvation
in the mediumof relative permittivity . (This is just the correctionto the coulombenegy in
which the chagesare screenediccordingto the Born equation. If asin vacuum,we end

with normalCoulombelectrostaticen vacuum)
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—_— - - — (2.18)
The rst termof theabove equationcanbewritten as
— — — — (2.19)
Onrearranginghis equationwe get,
— — - — (2.20)

SubstitutingEquation2.20 backinto Equation2.18, we obtainthe GB Equationasa

sumof threeterms,

_ o - _ (2.21)

Now we take the differenceof theabove equationin a solventwith permittivity of and
in vacuum( ). For thesituationin vacuumthe secondandthethird termin Equation2.21go

to Zerobecause in vacuumandwe will have only the rst termof Equation2.21left behind
for the situationin vacuum.

Sowe canwrite,

(2.22)

Whichresultsin,
— —_— - — — (2.23)
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If we noticeequation2.23 carefully for just onechage (ion), andthe abore
equationreducedo the familiar Born equation(Equation2.17). Sothe Born equationfor single
ion is generalizedo asystemhaving  chages.Sothename“Generalized Born Equation”

Still andco-workers®’ combinedthe two termsin equation2.23into oneterm
andre-wroteEquation2.23asfollows

- - — (2.24)

The function dependsn theinter-chage distance, andtheBorn
radii, of eachion. Onecanseekthisfunctionto beusedn theEquation2.24,suchthat
in theself ( ) terms, it actsasthe “Effective Born Radii” andin the pairwiseterms

( ), it actsasan“Effective Interactiondistance”.The mostcommonform choseris

(2.25)

Where, and s the “Effective Born Radii” of atom and respectiely,
whichnotonlydepend®n and butalsoontherelative positionsof all otheratoms.If
we have ,i.e.,wearelookingatthecasewhere , thenthefunctioninterpolates
to radiusof thatparticularion. ( B ) andwhenwe have two ionsfar apartthen

tendsto when becomedarge, sothe functioninterpolatesn this
caseto B

Ideally, (effective Bornradii) shouldbe so choserthatif onewereto solve
thePoissorEquationfor asinglechage placedat positionof atom , andthedielectric
boundarydeterminedy all themolecules atomsandtheirrespectie radii with nochage
onthem,thenthe selfenegy of thechage in thisreaction eld, would be

equalto .l.e.,

- (2.26)

Obviously, this procedurgper sewould not have a practicaladvantageover the

GB methodsif onewereto solve the Poisson-BoltzmaniEquationto get the effective
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Bornradii. To nd amorerapidway to calculatethe effective bornradii, we canturn to

theformulationof electrostaticén termsof enegy density

2.2.6 ANALYTICAL CONTINUUM ELECTROSTATICS (ACE)

ACE®® approachto the descriptionof electrostaticcomponeniof Solvation free enegy

is de ning Electrostaticfree enegy in a particularmedium, , Is Iin terms
of enepgy density . The enepgy density of an electrostaticeld generatedy
a chage distribution canbe expressedn termsof the electricdisplacementector

, Where isde ned as

(2.27)

Writing in termsof the electricdisplacemenvector , we have,

S (2.28)

By integratingthe enegy densityover full space®®° the electrostaticenegy

canbewritten as

- (2.29)

Now we cansplit this integral expressiorinto two parts,oneover the volumeof
the solute(for eg. protein)  with alow dielectric andthe otheris the integral over

theremainingvolumeof thesolvent  with ahigh dielectric

S S (2.30)

We canintroduce whatis calledthe“ReducedDielectric”, andde ne it as,

. (2.31)

Since , the reduceddielectricconstant  is always positive. Using
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this “ReducedDielectricconstant’in Equation2.30,we canrewrite it extendingthe rst
integral over the full space by addingandsubtracting—— to Equation

2.30,we have,

(2.32)
We could combinethe rst andthe third term andwrite the integral over the
wholevolume, . Thesecondandthefourthtermcanbecombinedo givetheexpression

with the“ReducedDielectricConstant”, overthesolutevolume . Thenwe have,

— - (2.33)

This expressionis still exact. No approximationsaredonesofar. An approxi-
mationcanbeintroducedby assuminghatthe rst termcorrespondso the situationin a
homogeneoudielectricmediumanddescribehedielectricdisplacement by simple
Coulomb eld. Thisis whatis called“Coulomb Field Approximation”. This assump-
tion is not exactsincethedielectricdisplacement in boththeintegralsof equation2.33
shouldsatisfythe boundaryconditionson the electric eld at the interfacebetweerthe
soluteandthesolvent,i.e.,thetangentiacomponenof theelectric eld andthe
normalcomponenbf thedielectricdisplacement do notchangewvhenpassinghrough
thesolute-solentboundary

This assumptions shavn to introducea small percentagef error of at mosta
few percentin the Electrostatidree enegy.’* Qualitatively, we canjustify this assump-
tion. If the soluteis small,all thechagesarehighly exposedo the solvent. Sothereis a
very smallchangefrom the Coulomb eld. If, ontheotherhand,the soluteis large, say
aprotein,mostof the contritution to the Electrostatidree enegy comesfrom thesecond
integral andthe error introducedis smallin the calculationof Electrostaticfree enegy

. Suchakind of approximationis not possiblefor the secondintegral in Equation

2.33,whichis moredif cult to evaluate.
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Onecannow write Equation2.33usingthe CoulombField Approximation.We
could now split the Electrostatidree enegy into Self Enegy term, , thein-
teractionof atomswith themselesandInteractionEnegy term, , theinteractionof

atom with atom

(2.34)

Whereboth the termsrun up to the total numberof atoms, . Now rewriting

Equation2.33usingthecoulomb eld approximatiorfor the rst integral,

- (2.35)

(2.36)

Theselfenegy for apointchageyieldsadiverging enegy contrikution.
Sothe atomis no longer considereda point chage, but a spherewith radius . This
pointchageis evenly distributedover the surfaceof this sphereandthe Electrostatidree

enepy is givenby the Born enegy termasin equation2.17.

2.2.7 SOLVATION FREE ENERGY

We know thatSolvationfreeeneny, is formally written asthe differencebetween
theelectrostatidreeenepy in theheterogeneousdielectricmedium (boththesolute
andthe solvent),accordingto equation2.34 andthe electrostatidree enegy in homoge-

neousdielectricmedium, . Formally onecanwrite it as:

(2.37)

The partitioningof the electrostatidree enegy into vacuumandsolvatedcase
is simpleif oneassumeshatthesoluteinterior hasadielectricconstanbf suchthatthe

solutein vacuumconstitutesa systemwith homogeneoudielectricwherethe Born's Self
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enegy andCoulombslaw arevalid. Sowe canwrite

S S (2.38)

Again we cansplit the electrostatidree enegy into a self enegy termanda

interactionenegy term:

(2.39)
UsingEquationg2.35,2.36& 2.38in theequatior2.37we have,
_ — (2.40)
and
— (2.41)
Usingtheexpressingor reducedlielectric  asin Equation2.31,we canwrite
theabove equationas

(2.42)

(2.43)

We will usethe GeneralizedBorn equationfor calculatingthe interactionener
giesof thechages(equatiorn2.43).We now needa integral approacho calculatethe Self

enegiesin Equation2.42.

2.2.8 SUB-DIVISION OF SOLUTE VOLUME

To evaluatetheintegralin Equation2.42,we introduceamoleculardensityfunction

describingthe solutevolumeaccordingto
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if, isinsidethesolutevolume

(2.44)
Otherwise
andrewrite Equation2.42,with this Moleculardensityfunction
e (2.45)
Now we introducea atomic densityfunction by splitting the Molecular
densityfunction into a sumof atomicdensityfunctions. For each , thereis one
densityfunction describingthe volumedistribution of theatom . We write,
(2.46)
Thecontritution of eachatom to theselfenepgy of atom is givenby:
(2.47)

In Equation2.47,the self enegy of atom is givenby its Born self enegy in
the solvent dielectric  plus a sum of integral terms involving all other
soluteatoms . This integral is inverselyproportionalto the factor , which is
characteristiof atransferfrom thedielectric to . In otherwords, is theenegy
requiredo replacethesolventdielectricby thesolutedielectricwithin thevolumeof atom

, providedthatthereis only thechageof atom availableto generateheelectric eld.

In the normalcaseof a solventwith a high dielectricconstanthanthe solute,
both — and arepositive. Sincethe dielectricdisplacement decreases
with increasinglistancérom thechage representaneffective,repulsveinterac-
tion betweerthechage andatom of thesolutebecaus¢heatom preventsthechage

from anenegeticallyfavorableinteractionwith the solventdielectricwithin thevolume

of atom .

Therearetwo limiting casedo the self enengy, . the rst correspondso
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asingleion in solutionandthe secondo a chagedatomembeddedn anin nite solute
with uniformdielectric . For anionin solution, only the rst termremainsin equation
2.45. In the secondcase,if the chage on the atom is uniformly distributed on the
surfaceof the spherewith the Van der Waalsradius  andthe sumof the integration

volumes representsll the spaceexceptthe Van der Waalssphereof atom , the

integral — in equatior2.45& 2.47,mustyield theBorn

transfereneny, . Whenthis is addedto the rst term, resultsin
thecorrectBorn selfenegy term in the solutedielectric..

In practice jts noteasyto nd asuitablewayto nd theatomicdensityfunctions

. By representinghe atomicvolumesby sphereJeadsto overlapof bondedpairs

andthereare cavities betweemeighboredhon-bondedatoms. Insteadof having a very

discontinuousolutedielectricmedium,boththe chage distribution of atom and
theatomicdensityfunctionof atom , arerepresentetly 3-DimensionalGaussian.

— (2.48)

= _— (2.49)

Where is theVanderWaalsradiusof atom , the width parameter of the
chage distribution is chosensuchthat the Born self enegy of the Gaussian-distrilted
chageis thesameasif thechagewasevenly distributedon thesphereof radius . The
width parameter of the volumedistribution is the effective atomradiusderived from
the averagesolvent-inaccessibl&olume contribution  of differentatomtypesin the
solute.

The Gaussiararenormalizedsuchthat

(2.50)

and
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— (2.51)

Thevolumeparameter doesnot dependonthesmoothingfactor , whichis

introducedo controlthewidth of theindividual atomicfunctions

2.2.9 CouLoMmB FIELD APPROXIMATION TO THE THE SELF ENERGY

To evaluatethe volume integral in Equation2.47, the dielectric displacement at
a given point dueto a chage at canbe approximatedby the Coulomb eld
for a point chage.Theadwantageof this approximationis that we

canintegratethe enegy densityof theelectric eld without prior knowledgeof the elec-
trostaticpotentialandintroducethe electrostatigotentialby aiterative procedure’?

Sincethereaction eld is de ned asthe non-Coulombiccontribution in anin-
homogeneoudielectric,the Coulomb eld approximatiorassumeshatthereactioneld
contritution to the enegy densityof theelectric eld canbenegglected.In theusualcase
the polarizability of the solventis higherthanthe solutepolarizability ( ), the
reaction eld leadsto the focusingof the eld linestowardsthe solventanddecreasén
magnitudeof the dielectricdisplacemenin thesoluteinterior. Therefore pmissionof the
reactioneld whenintegrating overthevolumeof eachatom in theinteriorof alarge
solutecanbe expectedo anover-estimationof theenegy

In applicationsto biological molecules,n particularsmall solutesand solutes

with high degreeof solventexposure the over estimationerroris expectedo be small.

2.2.10 SELF ENERGY APPROXIMATION

In a homogeneouslielectric, , the potential of the Gaussiarchage distribution

usingEquation2.48,is

(2.52)

where denoteghe error function. Basedon the Coulomb eld approxi-
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mation,thedielectricdisplacementf the Gaussiarthagedistributionis

(2.53)

Using Equation2.53andEquation2.48into Equation2.47,we have,

(2.54)

Again, thisintegralis not analyticallysolvable.However, a suitableapproxima-
tion canbe usedif is nite andmonotonicallydecreasingvith the distance
This assumptiorfails in thelimit andif theratio is largerthana crit-
ical valuethatis closeto unity. By numericallyintegratingthe above equation,it turns
outthatat shortrange , decreaselik e a Gaussiarwhile it approaches

atlongrange.This behaior leadsto thefollowing

— (2.55)

Theparameters and determingheheightandwidth of the Gaussiarthat
approximates in the short-rangedomain. The rst termof Equation2.55becomes
negligible for large andthe secondermvanishesat dueto the parameter

. Theparameters Equation2.55aredeterminedy calculatinganalyticallythe exact
value for and the secondderiative at using Equation
2.54.Thisis possiblesince meanghat . At , thesecondermin
Equation2.55aswell asits secondderivative vanish,sothatthe parameters and

canbedeterminedisingthefollowing relations:

(2.56)
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\/ (2.57)

with

(2.58)
Thelongrangeparameter is determinedy makingsurethatthevalueof the
Born enegy termof achage in ahomogeneoudielectricmediumwith the dielectric

constant is maintainedthisyields

(2.59)

2.2.11 INTERACTION ENERGY APPROXIMATION:

For calculatingtheinteractionenegy betweenwo solutechage and , the Generalized
Born equations used.This methodtakesinto accounbf theeffect of bothchage-chage
distance, andthe degreeof solvent exposureof the interactingchages. One could
de ne aparameter which re ects the degreeof chage burial of solutechage . This
valueis chosersuchthattheatomicSolvationenegy of thechageis equalto the
Born Solvationenepgy of aspherewith identicalchage, , andradius calledthe“Born
Radii”. Since is alreadycalculatedthe effective bornradii  canbewritten as:

We know that

- (2.60)

rearrangingyve have

(2.61)
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In the sameway asabove, we couldwrite canbewritten in termsof an

effective interactiondistance takinginto accounthe solutevolumeas:

— (2.62)

puttingtogetherEquation2.60& 2.61we getto ourfamiliar Generalizedorn

Equationalongwith theself enepgy of the solutechage :

S S (2.63)

As before theeffective interactiondistance is givenby the function(refer

to the Generalizedorn Methods)

2.2.12 OPTIMIZATION OF ACE

The Born radiusthus, de nes the extent of solvation of the chage while calculating
the electrostaticsolvation enegy for a collection of chages. The smallerthe Born
radius,the higherthe solvation >”°868 Previous studieshave indicatedthatthe accurag
of Born radiusis the limiting factor for accuratecalculationof electrostaticsolvation
enegies/® Default ACE parameterswhich were previously obtained using small
peptidesgive errorsin the born-raddievalution. So the parametersvere optimized
here by benchmarkingthe interactionenepies for eachpair of chagesin the ACE
model with the Poisson-Boltzman@PBEQ) model5! The benchmarkingvas doneby

comparinghelnteractionenegy of PBEQwith thatof ACE usingthefollowing protocol.

To getthelnteractionenegy in PBEQ,

1. Firstanatom,i, with achageq is chosen.

2. All the other chagesin the protein are assignedo zero and the potential is

calculatedat every pointin space.
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Figure2.6: Optimizationof ACE parameterfor usewith minimumenegy pathway calcula-
tionsusingCPR

3. Thenanotherchage on anatom, ], is put on andthe interactionenegy (IE )

betweeratom,j andatom,i is calculatedusingtherelation:

(2.64)

To gettheinteractionenegy in ACE,

1. First the self-enegy of atom, i with a chage q is chosenandits self-enegy is

computedoy putting“off” all otherchagesin thesystem(IE ).

2. Thenthe self-enegy of atom,j with a chage q is chosenandits self-enegy is

computedoy putting“off” all otherchagesin thesystem(IE ).

3. Next, the self-enegy is computedwith both chages,i andj “on” while restof the

chagesareput“off” (IE ).

Theninteractionenepgy is computedusingtherelation:

(2.65)
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Now thedifferencebetweenE andIE wasminimizedwhile changing
the variableMXBSOLYV, for de ning the maximumbornradii allowed during the elec-
trostaticenegy evaluationusing MATLAB 74 (This constraintwas includedto prevent
singularitiesduring the evaluationof self enegy for eachchage andwasoptimizedfor
small peptide&®). We obtaineda higherMXBSOLV valueof 20 A (default= 14 A) (see
Figure2.6).

2.3 CLASSICAL MECHANICS

Themoleculardynamicssimulationmethods basedn Newton's secondaw or theequa-
tion of motion,F=m a,whereF is theforceexertedontheparticle,mis its massandais
its accelerationFroma knowledgeof the force on eachatom,it is possibleto determine
the acceleratiorof eachatomin the system.Integrationof the equationof motionthen
yieldsatrajectorythatdescribeshepositions velocitiesandaccelerationsf theparticles
asthey varywith time. Fromthistrajectory the averagevaluesof propertiecanbedeter
mined. The methodis deterministic:which impliesthatoncethe positionsandvelocities
of eachatomareknown, the stateof the systemcanbe predictedatary timein thefuture

or thepast.

Newton's equationof motionis givenby

(2.66)

whereF is theforce exertedon eachparticle , m is the massof particle and

a istheacceleratiorof particle .

Theforce canalsobe expressedisthe gradientof the potentialenegy V as

(2.67)

Combiningequation®.66& 2.67,yields

41



THEORETICAL ASPECTS

— — (2.68)

whereV is the potentialenegy of the system.Newton's equationof motioncan
thenrelatethe derivative of the potentialenepgy to the changesn positionasa function

of time.

2.3.1 INTEGRATION ALGORITHMS

The potentialenegy is a function of the atomic positions(3N) of all the atomsin the
system.All theintegrationalgorithmsassumehe positions,velocitiesandaccelerations

canbeapproximatedy a Taylor seriesexpansion:

- (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

mostimportantarelisted here.
I Verletalgorithm
ii Leap-frogalgorithm
iii Velocity Verlet
iv Beemars algorithm
In choosingwhich algorithmto use,thefollowing criteriawereconsidered
1. Thealgorithmshouldconsere enegy andmomentum.
2. It shouldbe computationallyef cient
3. It shouldpermitalong time stepfor integration.
4. Mustbestableandallow computationsiptonano-secontime-scales
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2.4 STATISTICAL MECHANICS

In a moleculardynamicssimulation,one often wishesto explore the macroscopi@rop-
ertiesof a systemthroughmicroscopicsimulations,for example,to calculatechanges
in the binding free enegy of a particulardrug candidate or to examinethe enegetics
and mechanism®f conformationalchange. The connectionbetweenmicroscopicsim-
ulations and macroscopigoropertiesis madevia statisticalmechanicsvhich provides
the rigorousmathematicakxpressionghatrelatemacroscopigropertieso the distribu-
tion andmotion of the atomsandmoleculesof the N-body system;moleculardynamics
simulationsprovide the meango solve the equationof motion of the particlesandeval-
uatethesemathematicaformulas. With moleculardynamicssimulations,onecanstudy
both thermodynami@ropertiesand/ortime dependentkinetic) phenomenonThe goal
is to understandndto predictmacroscopiphenomendrom the propertiesof individual
moleculesmaking up the system. The systemcould rangefrom a collectionof solvent
moleculego a solvatedprotein-DNA comple.

In statisticalmechanicsaveragevaluesarede ned asensembleaverages.The

ensembleverages givenby

(2.70)

where,A (p ,r ) istheobsenrableof interestandit is expressedisa function
of themomentap, andthe positions, of the system.Theintegrationis over all possible

variablesof r andp. while, (p ,r ) istheprobabilitydensityof theensemblegivenby

P — (2.71)

whereH is the Hamiltonian,T is the temperaturekB is Boltzmanns constant

andQ is thepartitionfunction

(2.72)
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This integral is generallyextremelydif cult to calculatebecausenemustcal-
culateall possiblestatesof the system.In amoleculardynamicssimulation,the pointsin
the ensembleare calculatedsequentiallyin time. So, to calculatean ensembleaverage,
the moleculardynamicssimulationsmustpassthroughall possiblestatescorresponding
to the particularthermodynamiconstraints.

Anotherway, asdonein anMD simulation,is to determineatime averageof A,

whichis expresseas

— (2.73)

wheret is the simulationtime, M is the numberof time stepsin the simulation
andA(p ,r )istheinstantaneousalueof A.

The problemnow is to calculatetime averagedy moleculardynamicssimula-
tion while the experimentabbsenablesareassumedo be ensembleveragesResolving
thisleadsusto oneof the mostfundamentabxiomsof statisticaimechanicsThe Ergodic

Hypothesis which stateghatthetime averageequalsthe ensembleverage.e.,

or

Thebasicideais, if oneallowsthesystemo evolvein timeinde nitely, thenthat
systemwill eventuallypasghroughall possiblestates Onegoal,therefore pf amolecular
dynamicssimulationis to generateenoughrepresentatie conformationssuchthat this
equalityis satis ed. If thisis the case,experimentallyrelevantinformationconcerning
structuraldynamicandthermodynamipropertiesnaythenbecalculatedusingafeasible
amountof computerresourcesBecauseahe simulationsareof x ed duration,onemust

be certainto samplea sufcient amountof phasespace.
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Someexamplesof time averages:

Averagepotential energy

— (2.74)

Averagekinetic enemy

— S (2.75)

whereM is the numberof con gurationsin the simulation,N is the numberof

atomsin thesystemm is themassof the particle andv is thevelocity of particle .

2.4.1 SIMULATING IN DIFFERENT ENSEMBLES

MD simulationsgeneratdanformationon the microscopiclevel. The microscopicstate
of a systemis dened in a  -dimensionalspace,consistingof the momenta,p, and
spatialcoordinates of the particles.Thethermodynamictateof a systemis usually
de ned by a small setof parametersfor examplethe temperature , the pressure, |,
andthenumberof particles, . Otherthermodynamigropertiescanbederivedfrom the
equation®f stateandotherfundamentathermodynami@quations’>
StatisticalMechanicgelatesthe microscopianformationto macroscopigrop-
erties(i.e. pressureinternalenenpy, etc.). Thisis achiezed throughthe useof statistical
ensembles.An ensemblds a collectionof pointsin phasespacesatisfyingthe condi-
tionsof a particularthermodynamistate.Ensembleslescribea collectionof all possible
systemghat can have differentmicroscopicstatesbut areidenticalmacroscopicallyor
thermodynamicallystate. A summaryof different statisticalensemblesvith different

characteristicaregivenbelow.’®

2.4.2 MICRO-CANONICAL ENSEMBLE

In the micro-canonicaknsembldhe threeconstanfparametersre , I.e. number

of particles,volume and enegy of the system. This is the natural ensemblefor MD
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simulations wherethe Newtonianequationf motion canbe appliedunchangedo the
system.To corvert to otherstatisticalensemble®ne hasto integrateotherequationsn
placeof Newton'sequationsn suchawaythatsamplings performedn anotheistatistical

ensemble.

2.4.3 CANONICAL ENSEMBLE

In the canonicalensembleéhe x edparameterare , i.e. numberof particles,vol-
umeandtemperaturef the system.Sincethetemperaturéasto be keptconstanin this

ensemblea thermostahasto beintroducedandthe Hamiltonianof the systembecomes:

(2.76)

whereK is thekinetic enegy of the system)V is the potentialenegy of the systemand

and arethekinetic andpotentialenegiescoupledto thethermostat.

2.4.4 NOSE-HOOVER CONSTANT TEMPERATURE ALGORITHM

The equationsof motionfor constantemperaturer Nose-Hoover thermostaequations

arethefollowing:’’

L (2.77)

where and arethethermostapositionandmomentumand is the temperatureat
which the systemis to be regulated.  being the numberof atomsin the system,

Boltzmanns constantand the numberof spatialdimensions.The parameter , given
by , determineghetime scaleof the thermostatmotion via the time scale

parameter , which shouldbe chosenin correspondenci® a characteristitcime scaleof
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thesystemge.g., avibrationalperiod.

The Nos-Hoover scheméhasthe advantageougeaturethatit approximateshe
canonicaldistribution of temperaturg@resenin physicaltemperatures,e. thetempera-
ture of the systemis not x ed at a giventemperaturdut oscillatesaboutit, asexpected

for smallsystems.

2.45 |1SOBARIC-ISOTHERMAL ENSEMBLE

In this ensemblepressureandtemperaturarekeptconstanin thesystemj.e. thecon-
stantparametersare . The Newtonian equationsof motion becomeeven more
complicatedn this ensembldecausef the introductionof anadditionalbarostato the

system.

2.4.6 CONSTANT TEMPERATURE AND PRESSURE

Simultaneousegulation of temperatureand pressurecanalso be taken careof through

the equationof motions:theisothermal-isobariequationsf motion:®

P (2.78)

where is a momentumconjugateto the logarithmof the volume, s its associated
massparameter , is the externally applied pressureand is the

instantaneoumiternalpressuref the systemgivenby:
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. — rF — (2.79)

Thus,thevariable actsasa 'barostat’, which drivesthe systemto the steady
state  int et- IN this way, both temperatureand pressureare regulatedso asto

reproducesxactcanonicalistributions.

2.5 DETERMINATION OF REACTION PATHS

A conformationathangeanvolvesa changeof therelative positionsof thenucleiinvolved
andthe associatedhangein the structureof the system. To describethe motion of the
nuclei it is necessaryo know the potentialenegy surface (PES)on which the nuclei
move. Mathematicallythe PESis afunctionof the3N - 6 internaldegreesof freedomof
anon-linearmolecule.If the multidimensionaPESis completelyandaccuratelyknown
the conformationaldynamicscan be determinedby solving the equationsof motion of
thenucleimoving alongthe PES.In suchascenariothereactantonformatiorandprod-
uct conformationaredescribedy regionsaroundminimaon the PESthatarethermally
accessiblat a giventemperature The transitionstateis de ned asthe dividing surface
thatseparatethe edductandthe productstateswvhich arede ned by a rst-order saddle

pointsconnectinghe minima.

2.5.1 DETERMINATION OFA MEPIN SYSTEMS WITH MANY DEGREES OF FREEDOM

The optimizationof a pointinto a minimum on a multidimensionakurfaceis a mathe-
matically well-describedoroblemthat canbe solved usinga numberof algorithms(see
Ref’®). Theoptimizationof areactionpathto a MEP, however, requireshesimultaneous

optimizationof all pathpointssubjectto the constrainthatthe pathremainscontinuous.

2.5.2 CONJUGATE PEAK REFINEMENT, CPR

CPRis a heuristicmethodfor re ning an initial pathinto an Minimum Enegy Path

(MEP) 3 Its basicideais to identify thosepointsalongthe pathwherethe enegy is high-
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est(the “peaks”) andto move thesepointscloserto the MEP by a controlledconjugate-
gradientminimization. The mainadvantageof CPRis thatit automaticallyhandlegaths
with mary saddlepoints,eachof which canbere ned to ary desiredaccurag. Theal-
gorithm doesnot evaluatesecondderivatives but usesonly the enegy (which mustbe
continuouskndits gradient.It startsfrom aninitial continuougpath,whichis de ned by
linearinterpolationalongtheseriesof pointsP:=[r ,r , ,r ] (Refertotheoriginal CPR

article® for further details)

2.5.3 GENERATION OF AN INITIAL PATH

A continuoudransitionpathis describedy a seriesof discretesupportingoointsin con-
formationalspaceP=1[r ,r, ,r ,r ] thatareconnectedy somede ned inter
polationmethod(e.g. linear or splineinterpolation)in somede ned coordinatesystem
(e.g. Cartesiaror internal). In the absencef a betterguesdor transitionintermediates,
a setof pointsP for theinitial pathcanbe generatedy linearinterpolationbetweerthe
reactantaindproductendstatesinterpolationin internalcoordinatesccuratelydescribes
thetorsionaltransitionsbetweerrotamericstatesof the side chains.However, whenap-
pliedto awholeprotein,it canleadto severedisruptionof thebackbondold. In contrast,
Cartesiannterpolationapproximatelypreseresthe backbondold in mostcaseqif the
proteinremainscompactduringthetransition)but oftenleadsto extremedeformationof
the sidechains.Thus,it is sensibleto combinethe two interpolationmethods.First, the
backboneatomsareinterpolatedn Cartesiarcoordinateso asto presere the backbone
fold, andthenthesidechainatomsarebuilt ontotheinterpolatedackboneusinginternal
coordinatevaluesthatareinterpolatecbetweertheinternalcoordinate®f theendstates.
This “combinedinterpolation”canstill produceinitial pathsthatlie in a reac-
tion channekhatincludesunrealisticeventslik e crossingof sidechainsanddeformation
of backbonestructures.We found thatthis canbe effectively avoidedby generatinghe
intermediatepointsof theinitial pathwith all of the sidechainsshrunk.Thisis 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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physicaland would resultin even more enegetically unfavorablepaths. However, the
minimizationprocessappliedto the pathpointsduringthe CPRcomputationseebelow)
rapidly restoreshe shrunlen side chainsto their normalsize, while undesirablesvents
suchasbondcrossingor ring penetratiomo longeroccurin the resultingMEP. This is
becauseluring pathoptimizationthe CPR procedurepreseresthe side-chairavoidance

introducedn theinitial path.

2.5.4 REACTION COORDINATE

OnceanMEP,P=[r ,r, ,r ] hasbeenfound,it de nesthe normalizedcurvilinear
reactioncoordinate, , which canbe usedto measurdhe progressalongthe reactionup

to agivenpathpointr :

(2.80)

(i) is thenormalizedsumof theRMS-changen all coordinateslongthepathP uptor .

All pathswerecomputedwith the CPRE implementedn the TReK moduleof
CHARMM®? ysingthe default CPRsettingsfor agging a pathpoint asa saddlepoint:
With thesesettingsthegradientatasaddlepointis requiredto besmallerthang =0.05
kcal.mol .A  for anuninterruptechumberC = N of conjugateline minimizations
(here: C = 26). Thesesettingsare stringentenoughto obtaina pathwhosebarriersare
mostly within 1-2 kcal/mol of the rst-order saddlepoints. For veri cation, the saddle

pointsof thepathswerefurtheroptimizedwithg =0.01kcal.mol .A andC=1000.

2.6 ANALYZING CONFORMATIONAL TRANSITIONS USING COM-
PUTER SIMULATIONS
In minimum enegy pathway calculations(MEP) or moleculardynamics(MD) simula-

tions, the behaior of the molecularsystemis obtainedby using the potentialenegy

function. The resultof thesesimulationgivesa seriesof conformationgeithertime de-
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penden{MD) or low-enegy intermediate$MEP); whichis calledatrajectoryor thepath
followedby eachatomto go from oneconformationto another

MEP methodspresenta mechanisnfor the relevant conformationakchangeby
exploring the potentialenegy surface. This presentsus a putatve mechanisnmwhich
would occurat 0 Kelvin which may not realistic for systemsn which therecould be
a hugeentropiccontrikution to the conformationakchange(like in Myosin Il, wherethe
converterdomainwhichampli es motionsnearthe ATP siteto alarge60 rotationduring
which the lever-arm swingsthroughthe solvent, seethe following chapterdfor a clear
description).NeverthelessMEP presentaus a mechanisnthat could be plausiblesince
only the relevant degreesof freedomare exploredandits much easierto conceptualize
the mechanismOn the otherhand,MD simulationsperformedunderconditionsof con-
stantN, T andP (to bettermimic experimentalconditions)presenta thermodynamically
completedescriptionof the systemandgivesatruerepresentationf the dynamicsof the
systemin real-time. On the negative side, they suffer from a high computationalkost
andits not possibleto simulatea protein-systenfor morethana few nano-secondgat
the presentomputationapower). So,herewe combineMEP calculationsalongwith the
MD simulationsto understandhe conformationatransitionsduring the recovery-strole
in Myosin Il molecule.

In thisfollowing chapterstheusageof MEP method CPR andMD simulations
aredescribedn detailalongwith the stepstakento setupandrun a CPRcalculationsor

MD simulationsfor aMyosin Il system.

51



THEORETICAL ASPECTS

52



CHAPTER 3

THE STRUCTURAL COUPLING BETWEEN
ATPASE ACTIVATION AND RECOVERY-STROKE
IN THE MYOSIN || MOTOR.

3.1 SUMMARY

TheMyosin motorheadundegoesa large conformationatransitioncalledthe“Recovery Stroke”
in which the corverterdomain(which bearsthe lever arm) rotatesby 65 beforeit canbind to
theactin lament andperformthe next powver-stroke. Simultaneouslymyosinmustalsoactivate
its ATPasefunction, sincehydrolysisof the boundATP is requiredfor strongactin binding. The
activationis achiered by a closingof theresidue157-458(belongingto the Switch-2loop) over
the ATP. The couplingbetweenthe motionsof the converterdomainandof the 40 A distant
Switch-2loop is essentiafor a productive motor cycle. The couplingmechanismis determined
by computinga minimumenegy pathway betweerthe crystallographiend-statesf therecovery
strole, yielding a continuousseriesof optimizedintermediatesn atomicdetail. The revealsa
two-phasemechanismin which the successi formationof two hydrogernbondsby the Switch-2
loopis correlatedvith thesuccessie movementof thetwo helicesthathold the corverterdomain:
therelay helix andthe SH1-helix. The rst hydrogenbond(betweenGly457,on the N-terminal
of therelay helix andthe -phosphatef ATP) causesa see-s&w motion of therelay helix. The
seconchydrogerbond(betweenSwitch-2andthe Serl181of the P-loop)causeshe wedgingof a
loop againsthe SH1-helixend,resultingin a longitudinaltranslationof the SH1-helixrelatve to
therelay helix. The corverterdomainrespondgo the “See-Sav” motion by rotating25 degrees,

thento the translationof the SH1-helixby rotatinga further 40 degrees.The proposedcoupling
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mechanisms consistentwith the existing mutationaldataand explains the role of the highly

conseredwedgeloop.

3.2 INTRODUCTION

Cells undego a variety of motile processeshat are driven by molecularmotorsthat transduce
the chemicalenegy of ATP hydrolysisinto mechanicaforce anddisplacementOneof the most
extensviely studiedmolecularmotorsis myosinll, which drivesmusclecontraction(reviewedin
ref$>1213) and otheressentiamotile processe# eukaryoticcells by cyclically interactingwith
actin laments 8! Myosin|l is composeaf aheary chainandtwo light chains?® The N-terminal
glohulardomainof theheary chain(thehead)containsoththecatalyticsiteandtheactin-binding
region133334 |t hasbeenshavn thatthe N-terminaldomainaloneis ableto hydrolyzeATP and
move alonganactin lament.8? Myosin andactininteractto producemovementasdescribedn

the Lymn-Taylor cycle (Figure3.1) 21°

Figure3.1: Lymn-Taylor Cycle.
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Thiscycleis madepossibleby sereralcouplingmechanismghatlink structuraichanges
in differentpartsof myosin. For instance changesassociatedavith ATP binding to the myosin-
rigor conformation(Statel) are coupledwith structuralchangesn the actin binding region that
substantiallyreducebinding af nity for actin233* thus dissociatingmyosin from actin (Figure
3.1,Statel  Statell). In the next step,furtherchangesn the ATP binding site thatactivateits

ATPasefunctionarecoupledto a 65 rotationof the corverterdomainthat carriesthe leverarm

(“The Recovery-Strole” (Statell  Statelll)). 2123537 This primesmyosinfor the remaining
steps: ATP hydrolysis (Statelll Statelll') increasesnyosin-actinbinding af nity , causing
myosinto rebindto actin(Statelll’  StatelV), thisrebindingtriggeringthe back-rotatiorof the

corverterdomainthat rows the myosin bril pastthe actin lament. (“The Pawer strole” (State
IV Statel)).?1° To understandhe structuralmechanismsf the motorfunction, it is necessary
to understandhe mechanismby which thedifferentdomainsof myosinarecoupled.Thegoal of
the presentvork is to understandhe couplingmechanismnvolved duringthe recovery stroke at
thelevel of atomicdetail. This is doneby computinga minimum enegy pathway thatlinks the
crystallographicallydeterminedstructureof Stated! & Ill. This computationahpproachknowns
asmolecularkinematics,hasalreadyled to the understandingf othercomplex conformational

transitionsin proteins36.83-86

The headof the DictyosteliumdiscoideumMyosin Il motor (henceforthmyosin) has
beencrystallizedin the absencef actinwith differentATP analoguedoundto the ATPasesite,
(Mg ATP  S39 Mg AMP PNP3° Mg ADPBe ,* MgADP Al * MgADP 5 etc.,). The
corverterdomain, which bearsthe lever armis found in two orientations,n which the domain
rotatesby about65 with respecto therestof thehead(Figures3.2A & 3.2C,left panels).These
two conformationshave beenassignedo Statell andStatelll in the Lymn-Taylor cyclei.e., the
end-statesf therecovery stroke 2*° Thechangen orientationof the corverterdomain(residues
692-748)is associatedo a changein the conformationof the “Relay-helix” (residues466-498)
whichundegoesatilt in its helicalaxisanda“kink”, aquarterturn unwinding(nearresidue486),
betweenthe two endsof the recovery strolke (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 corverterdomain,at its N-terminalend, the relay helix interactswith the switch-2

loop (residuest54-459) which changesluringthe recovery strolke from an*“open” to a “closed”
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conformation. Upon closing, the switch-2forms two-key hydrogenbondswith ATP andthe P-
loop, a consered loop in mary nucleotidebinding proteins. One hydrogenbondis betweenthe
Gly457amidegroupandthe -phosphat@f ATP, while theotheris betweerthe Phe458&arbolyl
groupandthe amidegroupof Serl181lon the P-loop. The P-looptogethemwith the switch-1and
switch-2loopsform the so-called‘Phosphatdube” (Table3.1).

Figure3.2: Structuralelementf myosininvolvedin therecovery-strole.

Legend: P-loopin Orange;Switch-2in green;Relay helix in cyan; SH-1 helix in purple;
SH-2 helix in pink; corverterdomainin green;lever armin yellow. In theright panel,the
importantresiduesand bond distancesnvolved in the recovery stroke areindicated. The
See-sw andthe Crank-shafphasesnovementsareshovn with solid arrows.

The ATPasefunction in myosinis actvated when the switch-2 loop closesand its

Gly457/Ser456peptidegroup, makes a hydrogenbond with the -phosphat&:>46 |t would
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Table3.1: Consensusequences.

Loop Consensus  Dictyosteliumdiscoideum residues
P-loop  GESGAGKT GESGAGKT 179-186
Switch-1 NxXNSSR NNNSSR 233-238
Switch-2 DxSGFE DISGFE 454-459

Conseredin atleast80 out of 82 myosing
Residuenumber=f Dictyosteliumdiscoideunmyosinll areusedherethroughout.

be wastefulif the Switch-2loop could freely closeand re-openwith the lever arm still in the
pre-recoery orientation,allowing ATP hydrolysisand an unproductre releaseof the hydroly-
sisproducts.Thus,a mechanismis requiredto couplethe closingof the Switch-2loop with the
orientationof the converter domainto ensurethat ATP is hydrolyzedonly whenthe corverter
domain/leer armis in the post-recwery orientation(i.e., readyto performthe power strole). A
structuraimodelwasrecentlyproposedor this couplingmechanisnproviding useful rst insights
on how smallrearrangementat the ATP binding site canbe graduallyampli ed througha net-
work of couplingelementsnto a large-scalerotation of the corverterdomain®® It shaved that
the movementof Gly457 amidehydrogenon switch-2towardsthe -phosphates transmittedas
a pull on therelay-helixvia a hydrogenbondbetweernthe Gly457/Ser45eptidegroupandthe
sidechainof Asn475,which is locatedin the N-terminalendof the relay-helix(Figure 3.2A

3.2B,right panels).This pull resultsn asee-sa movementof therelay-helix(Figure3.4A) which
causesninitial rotationof the corverterdomainof about25 (Figure3.4A  3.4B).However,
someimportantquestionsstill remainconcerningthe later part of the mechanism.They are: (i)
How is the furtherrotationby 40 of the corverterdomaincoupledto the closingof the switch-
2 loop ? (ii) Is it possibleto rationalizea simple model suggestinghow the relay helix andthe
SH1-helix control the converter domainrotation? (iii) Why is the relay-helix “kinked” in the
post-recwery conformation(Figure 3.2C) ? Here, we addresghesequestionsso asto derve a

comprehense view of the couplingmechanism#volvedin therecorery stroke.

The minimum-enegy pathway (MEP) wasobtainedby “ConjugatePeakRe nement”
(CPR)? a computationamethodsthat generates continuousseriesof optimizedintermediates

connectingwo given crystallographiend-stateconformationsof a proteinwithout applyingex-
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ternaldriving constraintsAnalysisof this pathway shavs thatthe“See-sav” phasds followed by
asecondohasewhich is initiated by the movementof Switch-2towardsthe P-loopto form a hy-
drogenbondbetweenthe carboryl groupof Phe458ndthe amidegroupof Serl81(Figure3.2B
3.2C, right panel). The pheryl ring of Phe458remainsin a tight hydrophobicpackingwith
residue72-574on anadjacentoop (Figure3.7),which thusfollows the movementof switch-2
andwedgesagainsthe N-terminalendof the SH1-helix. The*"Wedgeloop” (Figure3.2)is highly
consered structurein the myosinfamily.2:1537:40 |n responséhe the Wedgeloop movementto-
wardsthe ATP, the SH1-helixtranslatesongitudinallyin relationto therelayhelix in apiston-like
fashion(Figure 3.4B). This resultsin a “See-sav” like motion of the SH1-helix,dueto the fact
thatthe corverterdomainis suspendetby the two helices:the SH1 helix andtherelay helix and
hasminimalinteractionwith therestof themyosin-headFigure3.6). This longitudinalmotionof
theSH1-helixpushegheconverterdomainoutwardwhichis covalentlyattachedo the C-terminal
endsof the SH1-helix(Figure3.2C)andthroughsalt-bridgeso therelay helix (Figure3.5). The
localkink of therelayhelix thatappearsluringthis second-phas@-igure3.2B  C) is dueto the
factthatthe C-terminughird of therelayhelix is tightly boundto (Figure3.5)andmovestogether
with thecorverterdomain,whose40 rotationforcestherelayhelix to partially unwindlocally by
aquarterof aturn. Thus,the presentesultsgive an essentiallycompletepictureof the coupling

mechanicsnvolved duringtherecorery stroke, afundamentastepin musclecontraction.

3.3 RESULTS

The conformationakthange®f the structuralelementsnvolved in the computedecorery-strole
transitioncanbe divided into two distinct phasescalledherethe “Phasel” andthe "Phasell”.
Early in the Phasd, theleverarmundegoesa 30 rotation(Figure3.3A) followedby a more
gradualrotationuntil theendof the Phasdl, wherethe nal 20 occursrelatively quickly. Phase
| is initiated by the formationof a hydrogenbond betweenthe amidegroup of Gly457 andthe
-phosphateWhile thePhasdl is characterizethy the movementof the Wedgeloop betweerthe
N-terminalendof SH1-helixandSwitch-2duringthe second-halbf the conformationapathway.
The RMS coordinatedeviation (RMSD) pro le for the Switch-2(Figure3.3B) exhibits

alargeinitial change( 1.5A) thenremainsrelatively constanffor therestof the See-sa phase
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beforeincreasingoy afurther 1A duringthePhasdl. TheWedgeloop changests conformation
alongwith the Switch-2initially duringPhase andlaterundegoesalargerconformationathange
(¢,28) during Phasdl. The Switch-2loop andthe Wedgeloop interactvia a hydrophobiccluster
comprisingPhe458&f Switch-2togethemwith His572, Tyr573andAla574 onthetip of theWedge
loop (Figure 3.7). During Phaséll, a small changein the Switch-2 conformation(j1A) brings
abouta larger conformationalchangein the Wedgeloop (Figure 3.3B). This movementof the

Wedgeloop causedurtherrotationof the corverterdomainandcompletesherecovery stroke.
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Figure 3.3: Plotsof internal rearrangementduring the recovery-strole transition. A. Ro-
tation of the corverterdomainand lever arm; B. RMSD pro le for the Switch-2 (in blue)

andthe Wedgeloop (red); C. HydrogenbonddistancesGly457:N
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3.3.1 PHASE | MECHANISM.

Phasd is initiated by the spontaneoutrmationof a hydrogenbondbetweernthe Gly457 amide
group on Switch-2 and one of the oxygenatomsof the -phosphate.This hydrogenbond is
believedto be essentiafor myosinATPasefunction>4¢ becausét positionsthe -phosphatén
the active site andmay facilitatethe attackby a nucleophilicgroupthatleadsto the cleavageof
the P- Pbond®

The seriesof conformationalchangeghat occurduring the recovery strole transition
aredepictedasa cartoonin Figure3.4asacartoon.The Gly457/Ser45peptidegroupis engaged
in ahydrogernbondwith the sidechainof Asn475(representetly a triangle)whichis locatedon
the N-terminalhalf of therelay helix. This hydrogenbond,whichis presenin bothendstatesjs
thoughtto be maintainedat all timeswhenATP is boundto the active site 3637 Thus,whenthe
Gly457/Ser456peptidegroup(redrectangleon switch-2loop in Figure3.4) movestowardthe -
Phosphatet pullsonAsn-475,whichmovesin thesamedirection. Theneteffect of thehydrogen
bondformedbetweenGly457 amidegroupand -Phosphatés thusto pull on the relay helix at
position475,via thehydrogen-bonded-latge, P-Gly457/Ser456-Asn-4754ag-helix. Thispull
on Asn475initiates a seriesof structuralchangesn the myosinhead. The rst responsas the
relay helix motion resemblingthat of a see-s& (Figure3.4A  3.4B) in which therelay helix
is pulledtowardsthe nucleotide.The fulcrum for the see-sa& motionis Phe652yellow hexagon
in Figure3.4)which is attachedo the strand-3of the 7-strand- -sheetandpositionedoy Phe481
andPhe482ntherelayhelix. Therelayhelix extremitiesmove by 4A androtatethe converter
domainandleverarmby 30 (Figure3.3A) by its contactswith converterdomain(Figure3.5).
This completePhasd of therecovery stroke transition.During this phasehereis relatively little

movementof the SH1or SH2-helicegFigure3.2A & B, right panelandFigure3.4).

3.3.2 PHASE || MECHANISM.

Theformationof ahydrogerbondbetweerthe Gly457amideandthe -PhosphateuringPhasd,
reduceshedistanceébetweerPhe458n Switch-2andSer18lontheP-loopby 1A (Figure3.3C
& Figure3.4B  3.4C).This alsopulls the Wedgeloop towardsthe ATP siteby 1A sincethe
pheryl ring of Phe458s part of the hydrophobicclusterinvolving His572, Tyr573 and Ala574,
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Figure 3.4: Cartoonrepresentinghe sequencef coupling eventsduring the return-strole
mechanism.
Wedgeloop in red; Switch-2in green;Relayhelix in cyan; SH1-helixin purple;corverter

domainin green;jleverarmin yellow.
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Figure3.5: Packingbetweerthecorverterd%aain(in green)andthe C-terminal-thirdof the
relay-helix(in brown). A. Salt-bridgesB. VanderWaalsspheres.
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whichtriggersPhasdl (Figure3.4B  3.4C& 3.7). Theformationof ahydrogenbondbetween
the Phe458arbolyl groupandSerl8lamideon the P-loop (Figure3.3C) pulls the Wedgeloop

towardsATPby 4 A (Figure3.3D).Thisforcesthewedgeloop to wedgeagainsthe N-terminus
of SH1 helix (Figure 3.4) and longitudinally translateit by oneturn relatve to the relay helix

(Figure3.2B& 3.2C,Figure3.3Fand3.8). Thewedgingmotionthus,pusheghecornverterdomain
outwardsincethe corverterdomainis covalentlyattachedo the SH1-helix.

The corverter domaincannotmove out-ward sinceit is strongly anchoredat the C-
terminusof the relay helix by salt-bridgesand non-bondednteractiongFigure3.5A & B). The
corverterdomaininsteadrotatesand pushesinto the C-terminusof the relay-helixthroughthe
interactionsalong the interface betweenthem. The relay helix is anchoredto strand-3of the
7-stranded--sheetby the pheryl rings of Phe48land Phe482which interactwith Phe6520on
strand-3.During therecovery stroke, the pheryl ring of Phe456lsorotatesandre-packsetween
the relay helix and the SH1-helix® and holds the two helicestogetherthoroughhydrophobic
interactions. The relay helix feels the greatestamountof pressurerom the converter domain
on Glu490which is involved in a salt-bridgewith Arg695of the corverterdomain(Figure3.5).
Therelay helix thusbreaks(forms a kink?12) by the breakagef theinter-helical hydrogenbond
betweerMet486andGlu490.Thekink allows furtherrotationof the corverterdomaindueto the
translationof the SH1-helixandcompletegherecovery stroke transition.

At theendof therecorery-strole (in Statelll), pheryl groupof Tyr573belongingto the
wedgeloopis placedright belav the Asn475.Upon ATP hydrolysis,Asn475 which playsa major
roleduringPhasé breaksts interactionwith the Gly457/Ser45@eptidegroup,rotatesaround
andswitchesto the side-chairhydroxyl of Tyr573to make ahydrogerbond2’” Thus,Asn475and
wedgeloop movementprovide a mechanisnby which myosinis “locked” in Statelll' (Figure

3.1)andpreventthereversalof therecovery stroke after ATP hydrolysisandbeforeactinbinding.

3.4 DISCUSSION

Regulationof ATP hydrolysisby proteinconformationglaysanimportantrole for enegy trans-
ductionin biologicalsystem$’=2° In myosinll, thecouplingbetweerthe corverterdomainorien-

tationwith the closingof Switch-2overthe ATP makesit unlikely thatATP is hydrolyzedwithout

63



THE STRUCTURAL COUPLING BETWEEN ATPASE ACTIVATION AND RECOVERY-STROKE IN
THE MYOSIN || MOTOR.

Figure3.6: Corverterdomainis held by just two helices,the relay helix andthe SH1-helix
andcanmove independenof therestof the head.
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Figure3.7: Thehydrophobiccradleof Phe458.
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a productve contractioncycle. This couplingis controlledby small structuralchangesearthe
ATP binding site which areampli ed into a large domainrotationandvice-versa. The present
pathway analysisindicatesthat the structuralcouplingbetweenATPaseactivation andtherecor-
erystroke occursin 2 phasesThe rst, See-sa phases initiatedby the pulling of Gly457toward
the -phosphatef ATP, which leadsto a see-s&v motion of therelay helix anda partial rotation
of thecorverterdomainby 30 . A molecularfulcrumanchorgherelayhelix onthe mainbody
of themyosinhead(at Phe652andprovidesa pivoting pointfor the see-se& motion. Thesecond,
Crank-shafphasejs characterizethy thewedgingof aloopin-betweerthe N-terminalendof the
SH1-helixandthe Switch-2loop. The Wedgeloop is a well-consered structurein the myosin
family.21537.40 Thewedgemotionis broughtaboutby movementof Switch-2loop towardsATP.
Thestronginteractionbetweerthe Switch-2andthe Wedgeoop pullstheWedgeoop towardsthe
ATP andthuslongitudinally translateshe SH1-helixrelative to therelay helix, leadingto further

rotationof the converterdomain.

The proposectouplingmechanisms consistentvith the following experimentalpoint

mutationalstudies:

() The mutationof the consered Ser456to a Leucinereduceghe stepsize of myosin
walking alongthe actin lament.®® The presenimechanisnsuggestshatthe larger Leucineside
chainin this mutantwould hinderthe movementof the Gly457/Ser456eptidegrouptoward -
phosphaten the S456L mutationduring the See-s& phase(Figure3.2A  3.2B), leadingto a
reducedoull on Asn-475andthusto a reducedupswingof therelayhelix. This hindrancewould

causea smallerrotationof the cornverterdomainandhencea smallerstepsize.

(i) Two studiesinvolving the mutationof consered Gly680to Valine or alaninehave
shavn lower basalATPaseactiity andsigni cantly lower in-vitro mobilities %3:°2 The Wedge
loopis just over 3A away from the C atomof Gly680. The presentmechanisnsuggestshat
alarger, Valine or alanineresiduewould preventthe Wedgeloop from moving betweenthe SH1
helix and the Switch-2in the G680V or G680A mutant. The G680V or G680A mutantsmight
alsopreventthelongitudinalsliding of SH1-helixrelative to therelay helix dueto wedging,thus
preventingthe mechanisnirom proceedingreyondthe See-s& phase.The mutationwould thus

preventthe completeclosureof the ATP bindingsite requiredfor ef cient ATP hydrolysis.

The coupling model proposedherecould be further testedexperimentallybecausat
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predictsthe phenotypeof several point mutations. For instance one elementof the mechanism
involvesa pull on the Asn475side chainby the formationof the -phosphate:Gly45hydrogen
bondinto apull ontherelayhelix (Figure3.2,right panel).If Asn475weremutatedo anon-polar
residue like Glycine, the hydrogenbondbetweerAsn475andthe Gly457/Ser45Geptidegroup
would be absent.Consequent|ythis would lesserthe pull on therelay helix andmight uncouple
ATP hydrolysisfrom corverterdomainmotion during the see-s&v phasewhile the Crank-shaft
phasewnould remaintheoreticallystill active. This mutationmight alsoreducethe ATPaseactvity
in thepost-recwery state dueto poorerpositioningof thecatalytically-importahGly457amidein
theabsencef thebackhydrogerbondto the Asn475sidechain.In theN475Gmutationonly the
See-sw phasevould beabolishedvhichmightallow determinatiorof whethertheinitial see-se
phasds requiredfor the Crank-shafphasesincethe Crank-shafphasés causedy themovement
of Phe458owardsthe P-loopwhich shouldnot be be affectedin this model.If the see-sa phase

hasno effect onthe Crank-shafphasethein-vitro mobility rateswill notbesigni cantly smaller

Anotherpoint mutationthat could give insightinto the structuralmechanisms muta-
tion of Phe458&0 a hydrophilicresidue which would decouplehe Switch-2from the Wedgeloop
movements.This would essentiallyblock the Crank-shafipphasewhile the see-sa phasewould
still be possible,and shouldthusleadto lower mobility. Consequentlyit might be possibleto
seperatendstudythe two phasesluringthe couplingbetweenSwitch-2maovementtowardsATP
andtherotationof the corverterdomain.The o w of structuralchangehasbeendescribechbore
in the directionof ATPaseactvationto lever armrotation. However, the couplingmechanisms
alsovalid in the reversedirection,i.e., a motionin the corverterdomaincanleadto the corre-
spondingmodi cations nearATP. The couplingsimply ensureshatwheneer thelever armis in
post-recwery-strole orientation,the ATPasefunctionis switchedon, andwhenit is in the pre-
recovery-strole position,the ATPasefunctionis switchedoff. It is plausiblethatsomeelements
of the couplingmechanisndescribecheremight be active duringthe power stroke, althoughthis
is not to imply micro-reversibility, becausehe power stroke occursin a different, actin bound,
conformation. In the light of the recovery stroke mechanismpne could speculateon the power
stroke mechanismATP hydrolysisis believedto openSwitch-1andtwist the central- -sheetand
theP-loop33344% Thetwisting of thecentral -sheefacilitatesactin-cleftclosureenablingstrong

actinbindingwhile the P-looptwist mightbreakthe hydrogerbondbetweerPhe45&arboryl and
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Serl8lamidegroupandallow the Wedgeloop, alongwith the relay helix and switch-2loop to
move away from the ATP binding site. This could allow the backtranslationof the SH1-helix,
leadingto straighteningpf the relay helix andthefacilitate backrotationof the cornverterdomain
leadingto the power strolke andsubsequenteleaseof ADP & Pi. At theendof the power strole
(in Statel) myosinis foundwith openSwitch-1,Switch-2in a new conformationdenotedoy C'
with twistedcentral- -sheetandP-loop33-34

In summary MEP betweenthe two endof the recovery strole transitionhasprovided
insightsinto key interactionghatcontrolthe recovery stroke. The Switch-2andthe Wedgeloop

motionsarelikely to play key rolesduringthe Lymn-Taylor cycle.

3.5 METHODS

3.5.1 PROTEIN MODELING

The crystal structurelMMD* complexed with Mg ADP BeF (a non-hydrolyzingATP analog)
was usedas the “reactantend-statefor the pre-receery conformation. For the post-receery
conformation,“productend-state” a structurewith Mg ADP Be  boundthatis very similar to
PDB entry 1VOM® wasused,asit providesthe coordinatedor the relay loop whereasl VOM

doesnot. In bothstructuresthe ATP wasmodeledby replacingtheBe  with aphosphatgroup.
A missingseggmentin 1IMMD (residuess01to 507)wasmodelecbasedon the 2MY'S structuré®
as previously described® 1MMD alsolacks coordinatesfor the non-essentiatesiduesl6-35,
which werethusleft out of all calculationsfor consisteng 31 crystalwatermoleculesresohed

in mostmyosinstructurego datewerealsoincluded.

3.5.2 PREPARATION OF END STATE STRUCTURES

The reactantand productstateswere thoroughlyenegy minimizedto relieve bad contactsus-
ing CHARMM, 80 version29a2with force- eld parameteset19 for non-aromatiaesiduesand
parameterset 22 for aromaticresidue$* Unlessstatedotherwise,all non-bondednteractions

weretruncatedwith a switch function between8 A and 12 A% andthe non-bondedists were
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Figure3.8: Longitudinaltranslationof the SH1-helix(in purple)relative to therelayhelix (in
cyan).
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updatecheuristically To includeelectrostatidgnteractionswe useda variantof GB modelscalled
the Analytic ContinuumElectrostatic§ACE) modef?°6 version2. The Born radiusde nesthe
extentof sohation of the chage while calculatingthe electrostaticsolhation enegy for a collec-
tion of chages. The smallerthe Born radius, the higherthe solvation>”-°868 Previous studies
have indicatedthatthe accurag of Born radiusis the limiting factorfor accuratecalculationof
electrostatisolvationenegies/? Default ACE parametersvereoptimizedhereby benchmarking
the interactionenegiesfor eachpair of chagesin the ACE modelwith the Poisson-Boltzmann
(PBEQ)model%? In ACE, we useahigherMXBSOLV valueof 20 A (default= 14 A) whichis a
parametethatde nesthemaximumbornradii allowedduringtheelectrostati@negy evaluation.
This constraintwasincludedto preventsingularitiesduring the evaluationof self enegy for each

chage andwasoptimizedfor smallpeptides’®

A direct minimization often trapsthe moleculein a high-enegy local minimumon a
multi-dimensionatonformationalandscapeHere,Simulatedannealing”-*® moleculadynamics
was usedto obtaina conformationthatis similar to the end-statecrystal structurein termsof
RMSD (RootMeanSquareCoordinateDeviation) andyet closerto thebottomof theenegy basin
associateavith thatparticularendstate.Iln performingsimulatedannealinghe enegy minimized
reactantindproductstructuresvereheatedo 300K over 50 psin stepsof 0.6 K per0.1 pswith
harmonicconstraint®f 1.0kcal/molA onall myosinatomsatconstantolume(NVE ensemble).
During equilibration,the harmonicconstraintsverereducedo 0.5kcal/molA ontheback-bone
atomsandno constraintsvereappliedto the side-chainatoms. The structuresvereequilibrated
usingNose-Hoorer??1%0 dynamicsatatemperatur@f 300K for 750ps. A productionrun of 500
psfollowedequilibrationwhile maintainingthesameconstraint®ontheback-bonendside-chains
atoms.Thetemperaturef the systemwasthenslowvly reducedo 0 K over 1.5nsin stepsof 0.2

K perl pswith harmonicconstraintof 0.1 kcal/mol A .

Non-relevant structuraldifferencesbetweenthe annealedend statescanleadto unde-
sirabletransitionsduring the CPR® calculation. Thesedifferencescanarisefrom differentatom
numberingof equivalentatoms,ambiguityof atompositioningin the crystallographicoordinate

les or from rotamerictransitionsduring the moleculardynamicssimulations. For instance,a
CO-NH3 groupcanhave its hydrogendabeledclockwiseasH1, H2, H3 or asH1, H3, H2: ar

rangementshat cannotbe mappedby a simplerotationaroundthe C-N bond, but ratherwould
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leadto theexchangeof the positionsof H2 andH3 duringthe path,whichis associatedvith avery
highenegy barrieror asymmetricaromaticring thathassimilar orientationsn theendstatesnay
have its ring atomsnamedin sucha way thatit would turn by nearly180 duringthetransition.
Theabove undesirabldgransitionswereavoidedhereby remaorving all classe®f differencedisted
in Table3.2. Rotamericdifferencesn non-symmetriggroupsmay alsoleadto irrelevant barriers
thatunnecessarilgomplicatethe path. Therefore all side-chairtorsionangleswvhosedifferences
betweertheendstatesexceede®0 wereidenti ed. Eachsuchtorsionalanglewasrotatedin the
reactantso asto matchthe correspondingnglein the productandvice versa. Oneof thesetwo
changesvasacceptedf therotationdid not leadto stericcollisionsor a poorerhydrogenbond
network. All thestructuralchecksmentionedabore have beenautomatedvith the programcalled
JANUS 101 Both the annealedeactanandproductstructuresverethenfurtherenegy minimized

aftercheckingfor non-releantstructuralchangesisingJANUS. 102

Table3.2: Symmetricchemicalmoieties

Symmetry Examples

C (sp) X-CO
C(sp) X-CH , X-NH
C(sp) X-CH -Y

C rings  Phe,Tyr

The RMS coordinatedeviations(RMSD) from the correspondingrystallographiceac-
tantandproductendstatesandthe annealed¢checlked andenegy minimizedend-statesvere2.3

A and2.0A respeciiely.

3.5.3 MOLECULAR KINEMATICS

In orderto computethe minimumenegy pathway (MEP) betweerthe pre-recoery conformation
(Figure3.2A) andthe post-receery conformation(Figure3.2C)we useCPR,a heuristicmethod
for re ning aninitial guesspathinto an MEP 2 Its basicideaof CPRis to identify thosepoints
alongthe pathwherethe enegy is highest(the peaks) andto move thesepointscloserto the
MEP by a controlledconjugate-gradieminimization. The mainadwantageof CPRis thatit auto-

matically handlegpathswith mary saddlepoints,eachof which is foundto ary desiredaccurag.
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Thealgorithmdoesnot evaluatesecondderivatives but usesonly the enegy (which mustbe con-
tinuous)andits gradient. The initial guesspathfor CPRwas generateduchthat the backbone
atomsareinterpolatedn Cartesiarcoordinateso asto presere the backbonegold, andthenthe
sidechainatomsarebuilt ontothe interpolatecbackboneusinginternalcoordinatevalues. This
“combinedinterpolation”producesaninitial paththatlies in areactionchannef® Re ning these
interpolatedstatesusing CPR produceghe requiredMEP betweenthe reactantandthe product
structures: 365986 Here, the CPR methodwas usedas implementedn the TREK module of
CHARMM,®° leaving all 7986atomsfreeto move independently

In the previous analysis3® the solventwasmodeledmplicitly usinga simpledistance-
dependentlielectricto approximatesolvent screening® The high polarizability of bulk wateg
which is re ected by its high dielectricconstantplaysa majorrole in proteinconformationand
functionin physiologicalconditions'®? The simpledistancedependentielectricmodelusedin
the previous work fails to reproducethe solvent effectsaccurately® A straightforward way of
more accuratelyevaluatingsolvent effectswould be to modelthe bulk solvent with explicit wa-
ter molecules.The explicit dipole elds of all watermoleculeghensumto yield the appropriate
reaction eld for the protein®? However, the explicit solvent moleculesincreasethe size of the
systemhereby afactorof 10, resultingin a large amountof computationatime spenton calcu-
lating the solvent, ratherthanthe soluteof primaryinterest.Further explicit solvent“freezes”the
solutewhenminimization-basedalculationsareperformedsuchasnormalmodeanalysis)igand
docking,or computingminimum-enegy pathwaysbetweertwo givenconformationof a protein
asperformedhere. An alternatve approachis to modelthe solvent asa implicit polarizabledi-
electriccontinuum. The electrostatigootentialcanthenbe describedoy the Poisson-Boltzmann
(PB) equation. This second-ordedifferential equationhasno analyticalsolutionfor ary given
geometryof a proteinand mustbe solved numerically®® However, a fasterapproachis to em-
ploy analyticalapproximationgo the Poisson-BoltzmanmodeP® suchasthe GeneralizedBorn
(GB) models®’ Here,we usea variantof GB modelscalledthe Analytic ContinuumElectrostat-
ics (ACE) model®®%¢ The presently-ealuatedpathway andthatfrom the previous work indicate

closelysimilar pathways,with differencesonly in minor details.
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CHAPTER 4

SIMULATIONS OF THE MYOSIN |l MOTOR
REVEAL A NUCLEOTIDE-STATE SENSING
ELEMENT THAT CONTROLS THE RECOVERY
STROKE

4.1 SUMMARY

Duringtherecovery stroke, themyosinmotoris primedfor thenext power stroke by a60 rotation
of its lever arm. This reversiblemotion is coupledto the actvation of the ATPasefunction of
myosinthroughconformationathangeslongtherelay helix, which runsfrom the Switch-2loop
nearthe ATP to the corverterdomaincarryingthe lever arm. Via a hydrogenbondbetweenthe
side-chairof Asn475ontherelayhelix andthe Gly457/Ser45eptidegroupon the Switch-2,the
rotationof the corverterdomainis coupledto theformationof a hydrogerbondbetweenGly457
and -phosphatahatis essentiafor ATP hydrolysis. Here, moleculardynamicssimulationsof
Dictyosteliumdiscoideummyosin |l in the two end conformationsof the recovery stroke with
differentnucleotidestateATP, ADP Pi, ADP) revealthattheside-chairof Asn475switchesway
from Switch-2uponATP hydrolysisto make a hydrogenbondwith Tyr573. This sensingof the
nucleotidestateis achieved by a small displacemenof the cleared -phosphateowardsGly457
whichin turn pushesAsn475away. The sensingplaysa dualrole by (i) preventingthe wasteful
reversalof therecovery stroke while the nucleotides in the ADP Pi state,and(ii) decouplinghe
relay helix from Switch-2,thusallowing the power strole to startuponinitial binding to actin
while Gly457 of Switch-2keepsnteractingwith the Pi (known to bereleaseanly lateraftertight
actinbinding). A catalyticallyimportantsalt bridge betweenArg238 (on Switch-1)and Glu459
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(on Switch-2),which coversthe hydrolysissite,is seento form rapidly whenATP is addedo the
pre-recwery stroke conformerandremainsstableaftertherecovery strole, indicatingthatit hasa

role in shapingthe ATP bindingsiteby inducedt.

4.2 |INTRODUCTION

Molecularmotor proteinssuchas myosins kinesinsanddyneins,usethe enegy of ATP hydrol-
ysisto generatdorce andmove alongactin laments or microtubles'?13 In myosin,movement
is generatedy the myosincrossbridgesthatundego conformationachangesndcyclically in-
teractwith actin laments, asdescribedn the Lymn-Taylor cycle'® (Figure4.1, solid arrons). In
therigor conformation)abeledhereStatel, myosinbindsstronglyto actinin theabsencef ATP.
Upon ATP binding to myosin, myosindissociategrom actin and changesnto the pre-recoery
conformation(alsocalledpost-rigorconformation) JabeledhereStatell. Myosinthenreversibly
undegoesthe “recovery stroke” transitionto reachthe post-receery conformation(also called
pre-paver-stroke conformation)JabeledhereStatelll. In this conformation ATP hydrolysiscan
occurto yield anintermediaryStatelll’, beforemyosinrebindsto actin (StatelV) andperforms
the“power stroke” to returnbackto therigor statewhile releasinghe productsof ATP hydrolysis.
The Lymn-Taylor cycle is madefunctional by several couplingmechanismshat link structural
changesdn different partsof myosin. For example, by sensingthe small structuraldifference
betweenhaving ATP/Mg  versusADP Pi/Mg boundto the nucleotidebinding site, myosin
controlsthe conformationof its actin binding region thatdeterminesvhetherthe binding af nity
for actinis low in stepl 1l orhighin steplll' V. 13333445 Anotherexampleis theactivation
of the catalyticATPasefunction whenthe lever arm undegoesthe recovery stroke in stepll
111.2:12:35.36 The aim of the presentwork is, by usingmoleculardynamicssimulations;to under
standatatomicdetailthe couplingmechanism&wvolved duringtherecovery stroke andafter ATP
hydrolysis.

The headof the DictyosteliumdiscoideumMyosin Il motor (henceforth myosin')
has been crystallizedin the absenceof actin with different ATP analogues,(Mg ATP S,3°
Mg AMP PNR3® Mg ADPBe ,* Mg ADP Al ,* Mg ADP  ®) undervarious conditions.

The corverterdomain/leer arm is found in either of two orientations ,betweenwhich it is ro-
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Figure4.1: Lymn-Taylor Cycle.

The structuraldomainsof myosinare: Lever arm (yellow); myosin head(red); corverter
domain(green).Theactin lament is shavn aswhite spheresSolid arrovs: Standard.ymn-
Taylor cycle. Dottedarrans: non-force-generatingeleaseof hydrolysisproducts.

tatedby about60 (Figures4.2A & 4.2D). Thesetwo conformationsvere assignedo Statesl|

andlll in the Lymn-Taylor cycle?#5 The orientationof the corverter domain (residues692-
748) is controlledby the positionof the “Relay helix” (which spansfrom the converterdomain
to the ATP binding site, residuest66-498§° and by the lengthwisetranslationof the SH1-helix
(to whichthe corverterdomainis attachedovalently residue$81-691)relative to therelayhelix
(Figures4.2B & 4.2E).Thenucleotide-bindingiteis surroundedy threeloop structuresthatare

conseredamongmotorproteins(Table4.1),andalsoamongG-proteinsn general.

Thep-loop (consered in mary nucleotidebinding proteing®3), the Switch-1loop, and
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Table4.1: Consensusequences.

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

Conseredin atleast80 out of 82 myosing
Residuenumber=f Dictyosteliumdiscoideunmyosinll areusedherethroughout.

the Switch-2loop togetherform the so-called'phosphatdube” aroundthe phosphatenoietiesof
ATP (Figures4.2C& 4.2F).Thep-loopis a Gly-rich elementthatbindsto the phosphate-endf
thenucleotide Thetwo switchloopsrecevedtheirnamedrom the obserationthatthey caneach
adopttwo differentconformationsthus possiblyservingas switchesfor informationtransduc-
tion. Thecombinationof Switch-1andSwitch-2conformationsarethoughtto pertainto different
conformationaktatesof the Lymn-Taylor cycle: The Switch-1closed/Switch-2pen(C/O) con-

formationcorrespondso Statell, andSwitch-1closed/Switch-Zlosed(C/C) correspondso State
[].13,33,34,41

Signi cant differencesxist betweertheendstatesf therecovery strolke. In particular
in Statell (pre-recoery)theopenSwitch-2is 6.0 A fromthe -phosphatéFigure4.2C)while
in Statelll (post-recwery) the closedSwitch-2allows its Gly457/Ser45@eptidegroupto make a
hydrogenbondwith the -phosphatef ATP (Figure4.2F).In the conformationof Statelll, and
comparedo Statell, therelayhelix is partially unwoundat half lengthandshiftedrelative to the

SH1-helix,sothatthe corverterdomainpointsthelever armupwards(in Figure4.1).

It is known thatthe ability to catalyzeATP hydrolysisis “off” in the pre-recoery state
andis only turned“on” aftermyosinhasundegonetherecovery stroke 33:34:41.104 Thjs gctivation
of the ATPasefunctionis believed to be dueto the closingof Switch-2andthe formationof the
hydrogerbondbetweerGly457andthe -phosphatef ATP (Figure4.2F) 24146 Thecouplingof
Switch-2closingandthe cornverterdomain/l&er armrotationduringthe recovery strole prevents
thewastefulhydrolysisof ATP while thelever armis still in the orientationof Statell. Recently
we have proposed structuralmodelfor this couplingmechanisnbasedon the computatiorof a

minimum-enegy pathway betweerthetwo end-statesf the recavery stroke 28 In this modelthe
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Figure4.2: End-state®f therecovery stroke.

A,B,C) Zoomedviews of the Pre-receery conformation(Statell in Figure4.1). D,E,F)
Correspondingiews of the Post-recwery conformation(Statelll in Figure4.1). Structural
elementsRelayhelix in cyan; SH-1helix in purple;converterdomainin green;leverarmin
yellow 7-stranded -sheetin blue; P-loopin orange;Switch-1in purple; Switch-2in green;
Wedgeloop in red. Phosphorusatomsof ATP in yellow and Magnesiumin green. The
pre-recoery structureis PDB entry IMMD*# and the post-recoery conformationis essen-
tially identicalto 1VOM® (seeMethods).PicturescreatedusingVisual MolecularDynamics
(VMD)® andPOVRAY’
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mavementof Gly457 on Switch-2towardsthe -phosphates transmittedasa pull on the relay
helix, througha hydrogenbondbetweerthe Gly457/Ser456peptidegroupandthe side chain of
Asn475locatedon the N-terminalhalf of the relay helix (this hydrogenbondis presentn both
the end-statescompareFigure 4.2C & 4.2F). The pull on the N-terminalhalf of the relay helix
initiatesa“see-sa” motionof therelayhelix, translatingts C-terminalend(whereit is connected
to the corverterdomain)thuspulling on the corverterdomain,which reactsby a partial rotation

(seereferencé® for details).

Fluorescencexperiment$’ shav thatwhenthereis no nucleotideboundor whenADP
is bound,myosinpredominantlyexists in the pre-receery conformation,which is favored by a
factor 10 overthe post-recwery conformation. This is con rmed by crystalstructuresof apo-
myosin(PDB IDs: 1IFMV*® & 1Q5G*) and of myosinwith ADP bound(PDB IDs: 1G8X10°
1MMA3°), which areall in the pre-receery conformation. On binding ATP, myosinis found
in boththe pre-recoery andthe post-recwery conformations’’ Experimentaising uorescence
probeshave shavn thatthe conformationakquilibriumof myosinwith aboundATP analoguean
be madeto shift towardseitherthe pre-recwery or the post-receery conformationby pressure
andtemperatur@erturbationd’ Myosin hasbeencrystallizedin boththe pre-recoery andpost-
recovery conformationsundersimilar experimentalconditionsin presencef a non-hydrolyzing
ATP analogue(Mg ADP BeF ) in the catalytic site»1%® The above information indicatesthat
Statesll andlll of the Lymn-Taylor cycle can exchangereversibly when ATP is bound (solid
arrons in Figure4.1). However, this reversibility mustsomehw be abolishedwhile ADP Pi is
boundto the post-recwery stroke conformation,i.e., Steplll’ II' (dottedarrans in Figure
4.1) mustnot be allowed. Otherwise returningthe lever armto the pre-recoery conformation
with thenucleotidein the ADP Pi statecould befollowed by actinrebinding(i.e., II' I, dotted
arrowns in Figure4.1) sinceactin caninducea conformationakchangein the myosinheadwhen
ADP Pi is bound?®® leadingto actin binding and releaseof hydrolysis productswithout force
generationln otherwords,reversibility of the recorery stroke mustoccurvia statedll' i
I, afterreversalof hydrolysis(indeedsteplll lII" is known to be essentiallyisoenegetic and
reversiblé®). This raisesa numberof questionsaboutthe mechanismshat couplethe recovery
strole, theactvationof the ATPasefunctionandthe controlledreleaseof hydrolysisproducts:(1)

How dotheinteractionswith ATPin Statell contrituteto thecouplingbetweerATPaseactivation
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andthe swingingof the lever arm duringthe recovery stroke ? (2) How doesATP hydrolysisin
the post-recgery conformationaffect the structureof the active site ? (3) How do thesechanges
preventthereversalof therecovery stroke while thenucleotides in the ADP Pi state? To address
thesequestionswe performedmoleculardynamicssimulationsof myosinon the two end-states
of therecovery stroke andexaminedthe effect of having ATP or ADP boundto the pre-receery
conformationandhaving eitherATP (Statelll) or ADP Pi (Statelll’) boundto the post-recuery
conformation.

Overall,we nd thatthe p-loop, the Switch-1andthe Switch-2elementsarerelatively
rigid whenATP is boundto the catalyticsite but aregenerallymore e xible with boundADP or
ADP Piorin theabsenc®f thenucleotide.The simulationsshav in which way the key residues
aroundthe ATP binding site dynamicallyreactto changesn the nucleotidestate. The moststrik-
ing resultis thebehaior of the Asn475side-chairin responseo the stateof theboundnucleotide.
Asnd75malkesa stablehydrogenbondto the Gly457/Ser456eptidegroupwhenATP is bound
(Statesll andlll), but when ADP Pi is bound (post-hydrolysis Statelll") this hydrogenbond
breaksspontaneouslgndthe Asn475side-chairswitchesto form a hydrogenbondwith Tyr573.
Becausen the post-recwery conformationTyr573wedgesagainsthe endof the SH1-helix(Fig-
ure 4.2F), this aromaticresiduepreventsthe length-wisetranslationof the SH1-helixrelative to
therelayhelix. Thus,formationof the Asn475-r573hydrogerbondin Statelll' lockstherelay
helix andthe SH1-helix(andhencehecorverterdomain)in the post-receery conformation.This
locking preventsthereversalof therecovery stroke while thenucleotides in the ADP Pi state.As
mentionedabove, rebindingto actinaftersuchareversalwould be wastefulsinceit couldleadto
thereleaseof the hydrolysisproductswithout generatingorce.

The presentsimulations give new insights into how changesin the state of the
nucleotideaffect the structurearoundthe ATP binding site. Theseeffects are instrumentalin

initiating the couplingmechanismshatmale the Lymn-Taylor cycle functional.
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4.3 RESULTS

4.3.1 FLEXIBILITY OF THE CATALYTIC SITE

The exibility of individual structuralelementsorming the nucleotidebinding site (i.e., the p-
loop, Switch-1andthe Switch-2)is rst analyzedThetime-areragedRMS coordinateuctuation
of eachelements plottedin Figure4.3. In the pre-receery conformationall the threeelements
aremost e xible in thenucleotide-freetate.ln absencef nucleotidethemost e xible elemenis
Switch-2( 1.3 A RMS- uctuation), followed by the Switch-1( 1.15A) andthep-loop( 0.75
A). All theseelementsecomeless e xible in presenceof ADP andleast e xible whenATP is
bound. This is indicative of a certainamountof induced t uponbinding the ATP substrateas

might beexpected.

Figure4.3: Root-Mean-Squareoordinateuctuations of structuralelements.

A) P-loop; B) Switch-1; C) Switch-2; D) N-terminalhalf of the relay helix (residuesA66-
476). White bars:pre-recaery conformationof myosin;grey bars:post-receery conforma-
tion. Thestateof the nucleotideis indicatedin eachbar.

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

doesnot signi cantly modify the e xibility of eitherof the threeelementswhich remainrigid.
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However, hydrolysisof the ATP resultsin a clearincreasen the e xibility of the Switch-1and
Switch-2 loops, asis apparentrom the increasein the coordinate uctuations in Statelll' in
relatve to Statelll (Figure4.3Band4.3C).In contrastthe e xibility of thep-loopis lessaffected
by thehydrolysisof ATP (Figure4.3A). This suggestshatSwitch-landSwitch-2aretheelements
thatareinstrumentaln sensinghe changeof the nucleotidestateuponhydrolysis.Thus,changes
in the e xibilities of Switch-1and Switch-2arelikely to be responsibldor the requiredchange
in the propertiesof the proteinwhenit is in Statelll’, which are: (i) becomingamenabléo the
conformationathangginducedby actin)thatincreasesctinaf nity in Statelll' relative to State
[l and(ii) locking of thelever arminto the post-receery conformation(comparedvith thefreely
swinginglever armin pre-hydrolysisStatelll). The e xibility of Switch-1is increasedlightly
going from the pre-hydrolysisStatelll (RMS of 0.7 A) to the post-hydrolysisStatelll' (RMS
0.9A), seeFigure4.3B. Thisis consistentvith the destabilizatiorof Switch-1thatis required
for theconformationathangeof Switch-1thatis believedto accompan the closureof the actin-
binding cleft uponactin binding, whengoing from Statelll' to StatelV. 333445 The e xibility
responseo ATP hydrolysisis particularlystriking for the Switch-2 (Figure4.3C). The Switch-2
elements veryrigid (time averagedRMS uctuationsof only 0.4 A) whenATP is boundto the
post-recwery conformation(Statelll), whereasvith ADP Pi bound(Statelll’) the e xibility of
Switch-2increaseso anaverageRMS uctuation of 1.0 A. This increaseafter hydrolysisis due
to thedecouplingof the Switch-2from therelayhelix, whichis causedy thelossof thehydrogen
bondbetweenAsn475andthe Gly457/Ser456peptidegroupwhich s triggeredby the motion of

the cleaved Pi towardsSwitch-2(describedn detailbelow).

4.3.2 THE HYDROGEN BONDING OF ASN475

In thecrystalstructuref boththe pre-recwery (Statell) andpost-recwery (Statelll) conforma-
tionsthe sidechainNH of Asn475belongingto therelay helix formsa hydrogenbondwith the
Gly457/Ser45peptidegroupbelongingto the Switch-2loop (Figure4.2Cand4.2F).In previous
work, this hydrogenbondwasimplicatedasone of the importantinteractionscouplingthe clos-
ing of Switch-2to the rotationof the corverterdomainduring the recovery stroke 3¢ Therefore,
we analyzedhe behaior of this hydrogenbondduringthe MD simulations.In the pre-recoery

conformation(Statell) the hydrogenbondis foundto be very sensitve to the presenceof a -
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Figure4.4: Protein-proteirinteractionsn responséo the nucleotidestate.

Hydrogen bond distances: Asn475:ND-Gly457/Ser456:0 (Blue), Arg238:N -
Glu459:0 (Red), Asn475:ND-yr573:0H (Green). A) Pre-recoery with ADP. B) Pre-
recoverywithout nucleotide(apo).C) Pre-recoerywith ATP. D) Post-recoerywith ATP. E)
Post-recwerywith ADP Pi.
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phosphaten the catalyticsite,i.e., the bondbreaksspontaneouslwhenthereis no -phosphate.
For examplewith ADP bound(Figure4.4A, plottedin blue), this hydrogenbondreadily breaks
in the rst 100 ps, reformingonly brie y after about450 ps and 750 ps and after 1.25 ns the
hydrogenbondis lost for the restof the 5 ns simulation. In the simulationof the apo-statei.e.
no nucleotidebound),the interactionbreaksalreadyin the rst 50 ps (Figure4.4B,in blue). In
contrastwhenATP is bound,this hydrogerbondinteractionis quite stablefor the total lengthof
the simulation(Figure4.4C,in blue). Oncemyosinadoptsthe post-recgery conformation(State
), the hydrogenbondbecomeseven more stable(Figure4.4D, in blue). However, after ATP
hydrolysis,i.e.,whenADP Piis boundin the catalyticsite (Statelll'), thehydrogenbondbreaks
afteronly 500 ps, reformsbrie y afteraboutl ns,andthenis lost permanentlyFigure4.4E,in
blue). After breakingits interactionwith Asn475side chain,the Ser456carboryl oxygeninter
actswith anadditionalwatermoleculecomingfrom a nearbywaterpoclet. Thus,thereis aclear

responsef this hydrogerbondto the hydrolysisof ATP, goingfrom Statelll to Statelll'.

4.3.3 BEHAVIOR OF ASN475 UPON HYDROLYSIS

Thereasorfor thebreakingof thehydrogerbondbetweerAsn475andthe Gly457/Ser45@eptide
groupwhengoingfrom boundATPto ADP Piin thepost-recuery conformationwasinvestigated.
In the courseof the 5 nssimulationof myosinwith boundADP Pi, Gly457 on the Switch-2loop
maovesaway from thenucleotideby 1 A (Figure4.7). Eventhoughthe Gly457/Ser45eptide
group remainstightly hydrogenbondedto the -phosphatethis motionis madepossibleby a
1.5 A displacemenbf thecleaved -phosphateway from the -phosphaté€Figure4.7). As a
result, the Switch-2 loop pressesgainstthe Asn475side-chainwhich reactsby rotating avay
(aroundits torsionangle ), therebybreakingits hydrogerbondwith the Gly457/Ser45@peptide
groupandmakinga nen hydrogenbondwith the hydroxyl groupof Tyr573(Figure4.5). Tyr573
is locatedon a -hairpin (residuess71to 575), calledherethe “wedge”, which movesby 4 A
duringtherecovery strole andwedgesagainsthe N-terminusof the SH1-helix(compareFigure
4.2B & 4.2E).In otherwords,Asn475switchesits hydrogenbondfrom the Switch-2loop to the
“wedge”in respons&o ATP hydrolysis.
Upon ATP hydrolysis, there is a chage transferfrom the -phosphateto the -
phosphateAs ATP is corvertedinto ADP  Pi , theformalchageon -phosphatehanges
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Figure4.5: Nucleotidesensingoy Asn475in the post-receery-strole conformation.
Rotation (black arron) of Asn475around , switching from a hydrogenbond with the
Gly457/Ser456eptidegroup on Switch-2to a hydrogenbondwith Tyr573 on the wedge
loop (residues71to 575).

from-2to-1andonthe -phosphatdérom-1to -2. Thequestionthusariseswhetherthe Asn475
side-chainrotatesaway dueto steric repulsionby Switch-2 or dueto the changedelectrostatic
interactionwith the nearbynucleotide. The answeris thatthe swingingaway of the Asn475side-
chainis a stericresponseo the motion of Switch-2away from the nucleotidesite andis not due
to thedirectelectrostatianteractiondbetweenAsn475andthe nucleotide.This becomesvident
from the following computationakxperiment: During a simulationof the post-recwery confor
mationwith ATP bound (Statelll), the electrostatidnteractionsof the Gly457/Ser45@eptide
groupandthenucleotideweremodi ed selectvely sothatthe chage distribution of the ATP seen
by this peptidegroupcorrespondetb the chage distribution foundnormallyon ADP Pi, i.e., the
peptidegroupinteractswith a-1 chage (insteadof thenormal-2 chage)onthe -phosphatend
with a-2 chage (insteadof -1) onthe -phosphateAll otherinteractionsverekeptasthey would
bein presencef anormal ATP (SeeMethods).After only 200 ps after this perturbationwasin-

troducedo the simulation,the Switch-2loop movesaway from the ATP dueto the wealeningof
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the hydrogenbondbetweerthe Gly457/Serd5@eptidegroupandthe -phosphateThis motion
pushegheside-chairof Asn475,which swingsaway from Gly457/Ser45@eptidegrouptowards
Tyr573justasdescribedabove for simulationwith ADP Pi, (seeFigure4.5).

This canbeseenin Figure4.6, wherethe electrostatigerturbations introducedat 350
psandthe hydrogenbondbetweenAsn475andthe Gly457/Ser45eptidegroupbreaks200 ps
later, concomitantlywith the formationof the hydrogenbondbetweenAsn475and Tyr573. This
switchingof hydrogenbond partnersby the Asn475side-chaincorrelateswith the movementof
the Switch-2loop away from the -phosphateasseenfrom theincreasen the distancebetween
the Gly457 nitrogenand -phosphatgFigure 4.6). During the perturbation,Asn475interacts
with the nucleotideaswith anormalATP , yet perturbingonly theinteractionof the nucleotide
with the Gly457/Ser45@peptidegroupis sufcient to triggerthe motionof the Asn475side-chain.
Thus, while the chage shift on the nucleotideuponhydrolysismay contrikute, it is mainly the
stericinteractionwith Switch-2thatis responsibldor the switchingof hydrogerbondpartnerdy
Asn475.Whentheperturbatioris removed(at 715psin Figure4.6), Switch-2movesbacktowards
the nucleotideandthe Gly457 nitrogenrestoregheinitial hydrogerbondwith -phosphate.
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Figure4.6: Effect of shifting chageson thenucleotidejn the post-recoery conformation.
The startandendof the electrostatigerturbationsreindicated(modi ed electrostaticsn-
teractionof the Gly457/Serd56eptidegroupwith the and -Phosphatgroups seetext).
Hydrogenbonddistances:Asn475:N-Gly457/Ser456:0 (blue), Asn475:N-yr573:0
(green)andGly457- -phosphatéyellow).
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Figure4.7: Movementof Switch-2uponhydrolysisin the post-recoery conformation.
Thepost-hydrolysistatelll (Crystalstructure)s shavnin color: P-loopin orange Switch-1
in purple; Switch-2in green. The post-hydrolysisstatelll' (after5 nsof MD) is shavn in
grey: ADP, Pi andSwitch-2only. The P-loopandADP wereusedfor the best- t overlapof
thesetwo conformersThetwo panelsarefor wall-eyedstereo-viaving.

4.3.4 ARG238-GLU459 SALT BRIDGE

Arg238in Switch-1and Glu459in Switch-2 form a salt bridge (seeFigure 4.2F) in all post-
recovery crystalstructuresThis salt-bridgehasbeenimplicatedashaving arole in the communi-
cationbetweerdifferentfunctionalregionsof themyosinhead®>#¢ We analyzedhe behaior of
the saltbridgein eachof the simulations(Figure4.4A-4.4E plottedin red). In the pre-recoery
conformationthesaltbridgeis unstablan the absencef a nucleotideor in the presencef ADP
in thecatalyticsite. With ADP bound thesaltbridgebrie y formsfor only 250psafter2 nsand
thenremainsbroken (Figure4.4A). In the absencef ary nucleotide the salt bridgeforms after

500psthenbreaksafter 3.25nsandremainsbrokenfor therestof the 5 nssimulation.In stark
contrastwheneer -phosphates preseni.e., whenATP or ADP Pi arebound),the saltbridge

is mostly stable(Figure4.4C-4.4E)In particular eventhoughthe saltbridgeis not presenin the
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crystalstructurethatsenedasthe startingpoint for the simulationof the pre-receery conforma-
tion (PDB-entry: 1IMMD#), thepartnerdeingseparatethy adistanceof 6 A (seeFigure4.2C),
it formsspontaneously 3 A) afteronly 20 pswhenATP is addedto the active siteandremains
stablefor the restof 4.5 ns simulation(Figure4.4C).In the post-recgery conformation the salt
bridgeis foundto be very stablewith ATP bound(Figure4.4D) andremainsmostly stableafter

ATP hydrolysis(i.e., with ADP Pibound,Figure4.4E).

Figure4.8: Numberof watermoleculesn the catalyticsite.

Water found within 6.0A radiusfrom the geometriccenterde ned over the C atomsof
Serl81(P-loop), Ser237(Switch-1) and Gly457 (Switch-2). Barsarelabeledasin Figure
4.3.

We nd that water contentaroundthe ATPasesite dependson the boundnucleotide
asseenin a similar moleculardynamicsstudy of myosin1®’ Conformationswith ATP or with
ADP Piboundhave fewer watermoleculemearthe ATPasesitethanwhenADP or no nucleotide
is bound,independentf themyosinconformationpre-recwery or post-recuery conformations).
On average, 10 water moleculesare seenaround6.0 A of ATP site when either ADP or no
nucleotideis bound(Figure4.8). In thesestatesthe saltbridgeis not stable(seeFigure4.4A &
4.4B, plottedin red). In the caseof boundATP or ADP Pi, thenumberof watermoleculess 7,
while the saltbridgeis stable(Figure4.4C-E).In the absencef the -phosphatdor Pi) thereis

morespaceavailablefor waterin the catalyticsite.
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4.4 DISCUSSION

In myosin,eventsat the ATP bindingsite aretightly coupledto changesn otherfunctionalsites
of the myosinmoleculeandvice-versa. Smalllocal structuralrearrangementdeterminecy the
nucleotidebindingstatemodulateactinbindingaf nity andtherecovery-strole.3334 Resultsfrom
uorescenceexperiments’’ electron-densitynap$?® andcryo-electrommicrograph#® all suggest
thattherecovery stroke dominantlyoccurswhenATP is bound. This shift of the conformational
equilibriumaway from the pre-recoery stateis mostlikely dueto the interactionsof the Switch-
2 loop with the -phosphateof ATP. In particular the ATPasefunction is actvated when the
peptidegroup of Gly457/Ser456pbelongingto the Switch-2loop, makes a hydrogenbond with
the -phosphaté® The resultis a coupling betweenactation of the ATPasefunction andthe
recovery strolke which ensureshat ATP is hydrolyzedonly whenthe corverterdomain/leer arm
isin thepost-recwery orientation(i.e., readyto performthe power strole). Therecovery strole is
reversiblewhenATPis bound?’ Fromthe ADP Pistatelll' thisreversibility canproceedvia state
Il (i.e.,afterprior reversalof ATP hydrolysis),but while the nucleotides in the ADP Pi statethe
lever armis locked in the post-recgery conformationaslong asmyosinhasnot boundto actin.
This avoids the wastefulreleaseof the hydrolysisproducts.The presentesultshighlight therole
of Asn475asa sensorto the stateof the boundnucleotideduring the recorery stroke and after
hydrolysis. This residueis involved in the couplingmechanisnbetweenATPaseactivation and
therecovery stroke andis alsoinvolvedin thelocking mechanisnof thelever armafterhydrolysis.
Thefollowing sequencef structuraleventsis proposedor goingthroughStatell  1ll  1II' of

theLymn-Taylor cycle.

In Statell, i.e., pre-recoery conformatiorwith ATP bound,the presenc®f ATP gives
rigidity to the Switch-2loop (asseenfrom thelarger uctuations of Switch-2in theabsencef a
nucleotide Figure4.3C). This allows the side-chainof Asn4750n the relay-helixto engagen a
hydrogenbondwith the Gly457/Ser456peptidegroupon the Switch-2loop (Figure4.2C). This
connectsswitch-2to the N-terminalhalf of therelayhelix, sothatwhenSwitch-2movestowards
the -phosphateof ATP during the recorery-strole (Statesll  111), the N-terminal half of the
relay helix movesalong. This motionof therelayhelix is coupledto therotationof the corverter

domain(andhencethe lever arm)in two ways: (i) By a see-sw like pivoting of the wholerelay
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helix (asdescribegreviously?®), whoseC-terminalendis connectedo the corverterdomain,and
(i) by a motionof aloop (residuess71to 575)thatis pacled againstthe N-terminalhalf of the
relay helix (Figure4.2B). This loop wedgesagainstthe N-terminalendof the SH1-helix(Figure
4.2E)andpusheghe SH1-helixlongitudinally relative to the relay helix. This resultsin further
rotation of the converterdomain,becauset is covalently attachedo the C-terminalend of the
SH1-helix. We have dubbedthe 571-575loop asthe “Wedge-loop"andits beha&ior duringthe
recovery-strole will be describedn more detail elsavhere. Thus, the hydrogenbond between
Asn475andthe Gly457/Ser45peptidegroupis essentiafor the couplingof the activation of the

ATPasefunctionto therotationof the corverterdomainduringtherecorery-strole.

In Statelll', with ADP Pi bound,the hydrolyzed -phosphatenovesaway from the
-phosphateand pushesSwitch-2 into the Asn475side-chain(Figure 4.7), which respondsy
rotatingaway soasto make a hydrogenbondwith the side-chainof Tyr573 on the WedgeLoop
(Figure4.5). As aresult,the Wedgeloopis now lockedin its post-recwery positionandprevents
the reversalof the longitudinaltranslationof the SH1-helixrelative to the relay helix which in
turn preventsreversalof the corverterdomainrotation. Thus,the Asn475-r573 hydrogenbond
is essentialn preventing reversalof the recavery-strole after ATP hydrolysisand beforeactin
binding. The proposednechanisntanbetestedoy mutatingTyr573,for exampleinto Phe.Sucha
mutatedmnyosinwould beexpectedo occasionallyollow anon-force-generatgpathway (dotted

arrons in Figure4.1),thusdisplayingareducecef ciency of themotorcycle.

The WedgelLoop (residuess71to 575),in particularthe tip of the loop (composedf
aminoacidsHis572,Tyr573Ala574,seeTable4.2)is awell-consered structureamongl6 classes
of myosinmotor proteins:1® In myosinmotorsthatarethoughtto be processie (Myosin V, VI
& VII) thetyrosineat residue573is replacedby a pherylalanine(His-Phe-Ala)?*%1%8 This pre-
cludesthe formation of the above describechydrogenbond betweerthe side-chainof Asn475
andresidue573, which thuscannotparticipatein blocking the Wedge-loopin the post-recoery
conformation. However, becauserocessie myosinmotorshave two headsandboth headsare
attachedo theactin bril for mostof the contractilecycle (evenin presencef ATP),10%-111rever
salof therecovery-strole is anunlikely eventandthusthe needfor a mechanisnior blockingan
individual headin the post-recwery conformationafter hydrolysisis not neededn theseclasses

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

MyosinClass Consensus

I HYA

I HYA
1] HYT
v HYA
\% HFA
VI HFA
Vi HFA
VI HYA
IX HYA
X HYA
X1 HYA
Xl HYA
X1l HYA
XV HTV
XV HYA
XVI HYA

Residue$72to 574in Dictyosteliumdiscoideum
Sequencefor 143myosinsfrom public database$°
Plantmyosins.

Thebehaior of thesaltbridgebetweenArg238(on Switch-1)andGlu459(on Switch-
2) shaws thatthis interactionis stablewhenATP or ADP Pi arebound,but is unstablen the ab-
senceof the -phosphatenoietysuchasin thecaseof ADP boundor withoutaboundnucleotide.
Saltbridgeformationis seento correlatewith the amountof waterin the ATPasesite: in the ab-
senceof the -phosphatenoietymorewatermoleculesarepresentn theactive siteandhencecan
bettershieldthechagesonthesaltbridge.In contrastwhenthe -phosphatenoietyis presen(in
the caseof ATP or ADP Pi), the spacdor wateris reducedandthe saltbridgeis morestable.The
Arg238-Glu459saltbridgeis not formedin mostpre-recoery crystalstructuresindingan ATP
analogu&3? (Statell). However, during the presenssimulationswith ATP, this salt-bridgeforms
spontaneouslyThefactthatthe salt-bridgeis brokenin the crystalstructuresouldbe dueto the
high saltconcentratiorin the crystallizationmediunt-3° which screenshagesandhencemight
wealentheinteractionbetweenArg238andGlu459. Alternatively, it couldbe dueto thefactthat
the ATP analoggMg ADP Be ,* Mg AMP PNP2 etc.,)do notbehae exactly asanATP,
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In summary moleculardynamicssimulationsof myosin on the conformationsat the
endsof therecovery strole with differentnucleotidesandin the absencef actin have provided
insightinto key interactionsthat control the recorery-strole. Theseinteractionsare sensitve to
the presenceand stateof the nucleotides.In particular the Asn475-Gly457/Ser45peptideand
the Asn475-r573interactionsarelikely to play key rolesduringthe Lymn-Taylor cycle.

45 METHODS

45.1 PROTEIN MODELING

The following protein/nucleotidecomplexes were prepared: (a) Statell (pre-rec@ery confor
mation)with ADP /Mg , (b) Statell (pre-receoery) without nucleotide(apostate),(c) State
Il (pre-recoery) with ATP /Mg , (d) Statelll (post-recwery) with ATP /Mg and (e)
Statelll (post-recwery) with ADP  Pi /Mg . The crystal structurelMMD* complexed
with Mg ADP BeF (a non-hydrolyzingATP analog)wasusedasa startingpoint for the simu-
lations of the pre-rece@ery conformation. For the post-recwery conformation,a structurewith
Mg ADP Be  boundthatis very similar to PDB entry 1VOM® wasused asit providesthe co-
ordinatesfor the relay loop whereaslVOM doesnot. In both structuresthe ATP wasmodeled
by replacingthe Be  with a phosphategroup. A missingseggmentin 1IMMD (residuesb01 to
507) wasmodeledbasedon the 2MYS structuré® aspreviously described® 1MMD alsolacks
coordinatedor the non-essentiatesiduesl6-35, which werethusleft out of all simulationsfor
consisteng. The apostatecrystalstructurelFMV43 and1MMD* arevery similar (the backbone
RMSD differenceis lessthan1.0 A). Thereforeto reduceeffectsfrom differencestherthanthe
nucleotidestate the apostateof the myosinpre-receery conformationwastaken asthe LIMMD
structurefrom which the nucleotidewas deleted. The volume occupiedby ATP in the binding
poclet wascalculatedo be 450 A . This correspondso aboutl14 watermoleculeswhich were
addedinto the ATP binding site of the apo-state.The post-hydrolysisstateof the post-recaery
conformatiorwasmodeledby replacingATP with ADP andPi (PO H ) in theactive site. The
Pi andthe protonson the Pi were placedasdescribedn the recentQM/MM studyinvestigating
the chemo-mechanicalouplingof the ATP hydrolysismechanisn{?®

For eachsimulation, the protein was placedin an orthogonalbox (a=125A; b=90A,
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c=75A) containingwatermoleculespreviously equilibratedat 300 K. Waterswithin 1.75A from
the protein atomswere deleted,resultingin 27,000remainingwater molecules. The box was
replicatedwith periodicboundaryconditions.At least10 A separatehe proteinfrom eachedge
of thebox. To presere solutionelectro-neutralitysodiumionswereplacedrandomlyat distances
8 A from the myosinmolecule(whosenetchage -1 in the presensimulations).Threesodium
ionswerethusaddecdto the complex with ATP or ADP Pi, two sodiumionsto the comple with

ADP andonesodiumion to theapo-state.

4.5.2 MOLECULAR DYNAMICS (MD)

MD simulationsandenegy minimizationswvereperformecusingCHARMM, 8% version29b2with
force- eld parameteiset 19°* for non-aromaticresiduesand parameterset 2212 for aromatic
residues Watermoleculesvere modeledwith the modi ed TIP3P potential’'? Non-bondedn-
teractionsveretruncatedvith acubicswitchingfunctionbetweers A and12 A.°® Theintegration
stepfor MD was1 fs. Badinitial interactionswith watermoleculesvereremoredby enegy mini-
mizationusingsteepest-desceribllowedby ashortmoleculardynamicq20 ps)simulationat 300
K, keepingthe coordinate®f the protein x ed. Thewaterwasthenagainenegy minimizedwith
the steepest-desceanhdconjugategradientmethodgo a gradientof 0.01kcal/mol/A. Thewhole
systemwasthenenegy minimizedto agradient 0.01kcal/mol/A. Theall-atomRMS coordinate
deviationswith respecto the IMMD myosincrystalstructureof theresultingpre-recoery struc-
turewith boundATP, ADP andno nucleotidewere0.59A, 0.68A and0.61A, respecitely. The
all-atomRMS coordinatedeviationswith respecto the post-recgery crystalstructurewith bound
ATP or ADP Piwere0.43A and0.68A, respecirely. The myosin-in-vater systemwasthen
heatedto 300K over 20 pswith small harmonicconstraintsof 0.1 kcal/mol/A on the positions
of the proteinatoms,at constantvolume. After heating,the harmonicconstraintson the protein
atomswerereducedslowly to zero(in two stepsof 0.05kcal/mol/A every 10 ps). The system
wasthenequilibratedin a Nose-Hoaover heatbatt?®190 at constanipressuref 1 barandtemper
ature300K for 550 ps (NPT conditions). The productionMD runswere 3.1 nsand4.5nslong
for ATP boundto the post-recegery andthe pre-recoery conformationrespectiely. Production
runsof 5.0 nswereperformedor the systemsf the pre-receery conformatiorwith boundADP

andno nucleotideandthe post-recgery conformatiorwith boundADP Pi. Thetotal enegy and
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temperatureverestable.For example,in the pre-receery conformationwith ATP bound,theto-
tal enegy convergeswithin the rst 100 psof the 550 psequilibrationperiodandthetemperature
remainsstable(300 1K), andthebackboneRMS deviation betweerthe averagestructurefrom

4.5nssimulationandthe IMMD crystalstructures 2.20A.

----- Time averaged fluctuations from MD
6 —— Derived from crystallographic B-factofs .

RMS (Fluctuations) (<{») []

[P-loop (179 - 184)
[SW-1 (230 - 238)

[Sw-2 (455 - 468)

e —
.
———
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Figure4.9: Root-Mean-Squareictuationsof C atoms.
Calculatedrom eitherthe MD trajectoryor the experimentaB-factors(SeeMethods).

The e xibility of the proteinduringMD wascomparedo thetemperaturéactorsdeter
mined crystallographicdy. The time-areragedRMS uctuations of the C atomsin the crys-
tal structure, , were derived from the crystallographicB-factors(B ) using the relation:

113 The MD uctuations correlatewell with the crystal uctuations, asshavn
in Figure 4.9 for the RMS uctuations of the C atomsin the pre-receery conformationwith
ATP bound(correlationcoefcient of 0.77). Note thatfor the non-resoled residuesn the crys-
tal, the temperaturdactorin the PDB- les is setarbitrarily to 100 A , which correspondso a 2
A RMS- uctuation. As expected during moleculardynamicssimulationsnon-resoled residues

oftenhave higherRMS- uctuations.
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4.5.3 PERTURBATION OF THE ELECTROSTATIC INTERACTIONS WITH ATP.

To performthe computationakxperimentinvestigatingthe causeof the hydrogenbond partner
switchingof the Asn475side-chairuponATP hydrolysis(from the Gly457/Ser456peptidegroup

to Tyr573), we selectvely modi ed the electrostatianteractionsof the Gly457/Ser45@eptide
group(atomsC , N, H, C & O, whosepartialatomicchagessumup to zero)with ATP . The

electrostatignteractionbetweenhe peptidegroupatomsandthe -phosphatatoms(P andthe

threeterminalO bondedto P , which togetherhave a netchage of -2) werehalved, while the

electrostatidnteractionswith the -phosphateatoms(P andthe oxygensbondedto P , which

togethehave anetchageof -1) weredoubled.Thismodi cation mimicsthechagechangesipon

hydrolysisfrom theinitial P andP toP andP . Asaresult,the Gly457/Ser456eptide
groupseesa chage distribution on the ATP thatmimics the chage distribution of ADP  Pi

while all othergroupsin the proteinstill interactelectrostaticallywith a normalATP  andall

stericinteractionsof the nucleotide(including thosewith the Gly457/Ser456eptidegroup)are

still thoseof a normal ATP. After 715 ps, the simulationwas switchedbackto normalinterac-
tionsbetweemTP andGly457/Ser45@eptidegroupatoms.This perturbatiorof the electrostatic
interactionsvasdoneusingthe BLOCK featurein CHARMM. &°
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CHAPTER 5

OUTLOOK

The presentwork describedan attemptto understandhe conformationalmechanisnby which
Myosin Il couplesATPaseactvationto the 60 rotation of the corverter domainduring the
recovery-strole in the acto-myosinmotor cycle with computationatechniques.MEP methods
essentiallyexplore the potentialenegy surfacewith no entropiccomponentncludedin thecom-
putationandessentiallydescribaheprobablemechanisnat0 Kelvin, while MD simulationgper
formedonthetwo-endsof therecorery-strole aretoo short(in theorderof afew nano-secondsd
really probethesemechanisms;omprehensely. Thus,the mechanisndescribedn thethesisis
aqualitatve mechanisnanda quantitatve procedurestill needgo be evolvedto understanguch

complex conformationatransitions.Thus,a numberof possibleprojectscanbe conceved.

5.1 DEVELOPMENT OF ACCURATE CONTINUUM ELECTROSTATICS

METHODS.

GeneralizedBorn methodsarea hugestepforwardin evaluatinginteractionenegiesof a chage
distribution in a proteinsohatedin a mediumof high dielectric. Thesemethodsarefastandgive
reasonablygorrectsohationfreeenegies( G ) for system®f smallsize.Whenthesemethods
areappliedto alarge protein-systembk e Myosins,the methodsarenot stableandinvariably give
large errorswhile quantitatvely describingsolvation. It hasbeenshavn thattheaccurag of aGB
methodis dependenbn the accurag of the Born radii calculatedfor eachatomin the protein/3
MostGB methodsassuméhe Coulomb- eldapproximatior(describedn Chapter?) whichessen-

tially ignoresreaction- eldeffects. Effort hasto bedoneto includesome-kindof anapproximation
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for theseeffects. Anotherareathatrequiresre nementis accuratelyde ning the molecularsur
faceasfastasaspossiblewvhichis thespeed-determinain thesemethods Considerabl@rogress
hasbeenmadein the recentyearswith the publicationof GeneralizedBorn MolecularVolume
(GBMV)1* and GeneralizedBorn model with a simple smoothingfunction (GBSW) 1> Nev-
erthelessthesemodelsnumerically evaluatethe GeneralizedBorn equatioR”-°8-8 resultingin
a dis-continuousenegy function, thus not usefulto work with MEP methodslike CPR® which

requiresa continuousenegy functionfor gradientevaluation.

5.2 FREE ENERGY CALCULATIONS.

Oneway to getan estimatefor free-enggy is by calculatingminimum enegy pathways (MEP)
using methodslike CPR® or NudgedElasticBand*6*17 betweenthe reactantand productcon-
formations. This will give a putatve mechanisnfor the conformationalchange. While using
the MEP asthe reactioncoordinate pne cancomputefree enegiesusingmethoddike umbrella
samplingto drive the systemfrom the reactanttonformationto the productconformation. This
givesanestimateor the free-enegy alongthetransitionbetweertheinitial conformatiorandthe
nal conformation.Successfulpplicationof umbrellasamplingmethodsdependsn the choice
of thereactioncoordinate MEP would be oneof the bestestimatessa reactioncoordinatgor an

umbrellasamplingmethod.

5.3 TRANSITION PATHWAY SAMPLING.

Onecanformulatethe conformationachangedetweentwo given end-statesn proteinsystems
asa“Traveling-SalesmaRroblem”. Theideais to build anetwork of pointsusingthe“T ransition
PathSampling”approach!® Here,onecanusethe Minimum Enegy pathway (MEP) betweerthe
end-statesnsteadof a MD/MC (moleculardynamicsor Monte Carlo) trajectoryand usepoints
along MEP to shoottrajectories. One canthenbuild a network of pointsand nd the shortest
distancebetweenthe initial conformationandthe nal conformation.The distancebetweenary
two given pointsis de ned in termsof enegy barrierbetweenthem,which is computedusinga
MEP method. Its probablethat the proteindoesnot take, just the MEP betweenthe end states

but a collectionof paths(whoseenepgy barrieris belov somethreshold)andmight passthrough
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somekey transitionpoints(which canbe callednodes).If onecan nd thesenodesit s already

interestingo understandunction.

54 MODELING STATE IV IN THE LYMN-TAYLOR CYCLE

Oneof themainbottleneckgor computingthe conformationathangeduringthe “Power-stroke”

is the non-aailability of the Myosin boundto actinin the pre-paver-stroke conformation(State
IV, of the Lymn-Taylor Cycle, Figure 1.4). This statehasa very small life-time andits in a
non-equilibriumconformationwhich spontaneouslyndegoesconformationathangeo perform
the power-stroke 1220:31.33:34 One canmodelthe statelV by performingMD simulationswhile
constrainingheglobalconformatiorto agreewith the7 or 8A resolutionstructuradatafrom cryo-
electromicroscoy and NMR.?811° Molecular Dynamicssimulationscould generatea putative
structurewhich canbe usedto do MEP betweerStatelV and Statel andunderstandhe Powver-

strole conformationatransitionin myosinmolecularmotor.

55 MYOSIN Il RIGOR CONFORMATION TO MYOSIN |l PRE-

RECOVERY CONFORMATION

Determinationof a possiblereactionpath correspondingo the O/O to C/O structuresof Dic-
tyosteliumdiscoideunMyosin I, for which crystalstructuresareavailable*34 This canbedone
with molecularmechanicapath calculationsusingthe CPRE or NEB!'7 algorithmin analogyto

the determinatiorof thereactionpathfor thereturnstrole.

5.6 NORMAL MODE ANALYSIS

Oncethe Normalmodesaredeterminedor the Myosin ATP comple in the C/C andO/C confor
mationsonthepotentialenegy surface they canthenbeprojectedntothe previously determined
reactioncoordinateusing MEP methods.The modesthat overlapsigni cantly with the reaction
coordinatewill coupleto the reactioncoordinateandthuspromoteor inhibit the conformational
change$n question.Theidenti cation of suchmodeswill contrituteto understandhow theglobal

andcollectve propertiethatemepge only whenconsideringheproteinasasinglecomple entity
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ratherthanasanassemblyf somevhatconnectedtoms)of the myosinproteinin uence speci c

functionalitiessuchasthe catalysisof ATP hydrolysis.
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