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Intr oduction

Asparticproteasesareaubiquitousclassof enzymes,whichuseasparticacidsinto the
active site to hydrolyzepeptidebonds.Themembersof this enzymaticclassarein-
volvedin a varietyof metaboliticprocesses[1], andareimportanttargetsin different
pharmacologicaltherapies.The �rst asparticproteaseto be sequencedwasporcine
pepsin[2], by Tanget al. in 1973,while the �rst 3D structure(penicillopepsin)ap-
pearedtenyearslater, by JamesandSielecki[3]. Up to date,two familieshave been
structurallydetermined:pepsinsandretropepsins[1, 4].

Recently, our labhasshown thatin thefarmostcharacterizedretropepsin,aspartic
proteasefrom HIV-1, conformational�uctuationsplayamajorrole for theenzymatic
catalysis. In fact, the proteinactsasa sophisticatedmachinerycapableof steering
thesubstratetowardthecatalyticAspdyadto favor a reactiveconformation[5, 6, 7].
Thisresulthaspointedoutthatthe�e xibility of theproteinscaffold mayplayacrucial
rolein enzymaticactivity, andit hasbeenuncoveredby analogousresultsobtainedfor
oxido-reductaseenzmyes,suchas�a vin reductase[8] or dihydrofolatereductase[9].
Since,inspite of the structuraldifferencesand the low sequenceidentity [4], it is
believedthat thefolds of pepsinsandretropepsinsareevolutionarily related,thehy-
pothesisof functionalmechanical�uctuationsto beageneralcharacteristicof pepsins
andretropepsinssoundedlikeanappeallingtaskfor computationalinvestigations.

This issuehasbeenaddressedin this thesisby aseriesof computationalinvestiga-
tions: �rst, thereactionof hydroysisof a peptidebondin waterhasbeeninferred,in
orderto getsomeideasof wherethecatalyticactionof theenzymecouldplayamajor
role. In fact,althoughthegeneralfeaturesof thecatalyticactionareunderstood[10],
detailsof theenzymaticmechanismarestill underdebate.Thestudyonthereference
reactionhasbeencarriedoncouplingCar-Parrinello[11] to Multiple-SteeringMolec-
ular Dynamics,anef�cient techniqueoriginatingfrom Jarzynski's equality[12, 13]
that allows reconstructionof the free energy pro�les from non-equilibriumsimula-
tions. During this thesisthe reliability of this relatively new methodologyhasbeen
�rst testedin a classicalMD framwork, focusingon the singlewatermoleculeex-
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changereactionin thesolvationshellof alkali ionsin water[14].
Then,onespeci�c memberof the pepsinfamily (human

�

-secretase)hasbeen
studiedby meansof classicalandhybrid QM/MM simulations[15]. The choiceof

�

-secretaseasbeendictatedby the intrinsic interestof this enzyme,being itself a
key-target in researchanddevlopmentof possiblepharmaceuticaltherapiesagainst
Alzheimer'sDisease[16].

Thechoiceof DFT-MD basedapproaches,suchasCarParrinelloorhybridQM/MM
moleculardynamics,is validatedby the fact that suchtechniqueshave emerged in
theselastyearsaspowerful toolsfor descriptionof avarietyof molecularsystemsof
biological interest[17, 18], from enzymaticreactions[19, 7] to drug-DNA interac-
tions[20, 21].

Finally, resultsfound in
�

-secretasehave beenmatchedand comparedto data
fromCoarse-grainedcomputations,followingaschemedevelopedhereatSISSA[22],
madeon a setof differentAP structuresandto familial characterizationsbasedon
multiplesequencealignment.

Ourresultssuggesttheexistenceof anextremelyre�ned mechanismof enzymatic
activity modulationthroughmechanical�uctuations commonto all pepsinsandre-
tropepsins,in spiteof thedifferencesin their folds.



Chapter 1

Familiesof Aspartic Proteasesand
Biology of

�

-Secretase

1.1 The aspartic proteaseenzymaticclass

Hydrolysis of peptidebondsis a key step in a variousnumberof biological pro-
cesses[23]. This biological taskis typically regulatedby enzymaticactivity. Up to
date,� ve classesof proteases(alsocalledpeptidases)areknown, namely, serineand
threonineproteases,cysteineproteases,asparticproteasesandmetalloproteases[24].
Examplesof processesin which proteaseactivity is importantincludecell growth,
cell death,bloodclotting, immunedefenceandsecretion[25]. Moreover, pathogenic
virusesandbacteriauseproteasesfor their life cycleandfor infectionof hostcells.

In pastdecades,the understandingof the structureandfunction of the aspartic
proteases(APs)hasgreatlyincreased1.

APs are directly dependenton asparticacid residuesfor catalytic activity, and
make up a widely distributedclassof enzymes.They areubiquitousin life beings,
from vertebratesto fungi, plantsandto retroviruses(seetab. 1.1). APsarecharacter-
ized by optimal acid pH2, inhibitedby pepstasin,andshow speci�city for extended
peptidesubstrates[1]. Up to now, only threeAPsfamiliesareknown: pepsins,retro-

1Interestingly, humansocietieshave beenunwillingly getting practicalbene�ts from enzymatic
activity of APs long beforeknowing them: chymosinhasbeenusedfor millennia in the makingof
cheese,andAPs areknown to be involved in makingsoy sauce,which reportedlyoriginatedduring
theZhoudynasty(770-221B.C.).

2in 1909,Sörensennotedthat if activities of pepsinwereplottedagainsthydrogenion concentra-
tions,theresultsweresimilar. To solvehisscalingproblem,heemployeda logarithmicabscissa- and
inventedpH [26]
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pepsins,andAP of theCauli�owermosaicvirus type[4].
Structuraldataareonly availablefor two of thesefamilies:pepsinsandretropep-

sins,showing that they areat leastdistantlyrelatedin evolution [10]. A total of 370
structureswereavailablein theProteinDataBankin 2002,asreportedby Dunn[27],
andthenumberis constantlyincreasing.Amongthem,morethan50%areof HIV-1
protease,which is oneof themajortargetsin HIV-1 pharmaceuticaltherapy [28], and
arguably, oneof theproteinsfor which onethelargestnumberof structureshasbeen
solved. Little is known aboutthe third family, whosearchetypalmemberhasbeen
detectedin theCauli�owerMosaicVirus [29], althoughit mightberelatedaswell to
retropepsins[4].

1.1.1 Pepsinfamily

All membersof thepepsinfamily havebeenfoundin eukaryotes.Thefamily includes
animalenzymesfrom thedigestivetract,suchaspepsinandchymosin,lysosomalen-
zymes,suchascathepsinD, andenzymesinvolved in post-translationalprocessing,
suchasrenin andyeastasparticprotease3. Membersfrom protozoa,suchasPlas-
modium,fungi andplantsarealsoknown. Mostof thepepsinmembershaveamolec-
ular weightof � 35 kd. Theenzymesareapproximately330aminoacidslong,with
only � 5% of sequenceidentity betweenall membersof the family. Thezymogens
featureaN-terminalpro-peptideof up to 50aminoacidslong,which is cleavedupon
activation.

Pepsinsare bi-lobed monomericproteins,with the active-sitecleft locatedbe-
tweenthe lobes(see�g. 1.1). The two lobesare linked by a shortesapeptideand
eachof themcontributesoneof thepair of asparticacid residuesthat is responsible
for the catalyticactivity [10, 30]. The two lobeshave similar mainly

�

-structures,
anda similar position in the sequenceof the loop that displaysthe catalyticaspar-
tate.Thesefeaturesstronglyindicatethatthetwo lobesarehomologous,despitevery
little aminoacidsequencesimilarity. In fact, it hasbeenproposedthat theancestral
enzymeevolvedby geneduplicationfollowedby genefusion[31]. Experimentalev-
idencethatdimersof theN-terminallobeof pepsinogencanexpresssomecatalytic
activity [32] con�rm thishypothesis.

A largecleft, about35Å long,runsentirelyacrossthemolecule,andseparatesthe
two domains.Six segmentsmake up thebasedpleatedsheetthatcross-linksthetwo
lobes;eachdomaincontributesthreestrands,thecentraltwo beinglonger(9 amino
acids)thantheexternalone(5 aminoacids).This is theonly structuredmotif shared
by thetwo lobes.
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class name source PDB code
mammalian pepsin human 1QRP

pig 4PEP
(�sh!) Atlantic cod 1AM5

gastricin human 1HTR
renin human 1HRN

mouse 1SMB
cathepsinD human 1LYA

�

-secretase human 1FKN
uropepsin human 1FLH
chymosin calf 3CMS

fungal endothiapepsin E.parasitica 1EPM
penicillopepsin P. janthinellum 1BXO
rhizopuspepsin R.chinesis 3APR
SAPs C. albicans 1EAG

C. tropicalis 1J71
proteinaseA S.cerevisiæ 1DPJ
mucorpepsin M. pussillus 1MMP

R.miehei 2ASI
aspergillopepsin A. phœnicis 1IBQ

protozoan plasmepsins P. falciparum 1PFZ
P. vivax 1QS8
C. chabaudi model

plants phytepsin H. vulgare 1QDM
cardosin C. cardunculus 1B5F

viral HIV-1 1DAZ
HIV-2 1IDA
SIV 1AZ5
FIV 4FIV
RSV 2RSP
EIAV 2FMB

Table1.1: Asparticproteasesof known structure. For eachprotein the PDB structureat

bestresolutionhasbeenreported.Abbreviations:SAPs=secretedasparticpeptidasesof Can-

dida; SIV= simianimmunode�ciency virus;FIV= felineimmunode�ciency virus;RSV=rous

sarcomavirus;EIAV= equineinfectiousanaemiavirus.
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Figure1.1: 3-D structureof porcinepepsin[2]. TheN- andC-lobesarecolouredin orange

andred,respectively. Thecatalyticasparticacidsaredrawn in spheres.

In almostall the membersof the pepsinfamily, the catalyticAsp arecontained
in anAsp-Thr-Gly-Xaamotif, whereXaais a serineor a threonine,theside-chainof
which H-bondsdirectly to theAsp(Fig. 1.2).

Thismotif in theactivesiteis in commonwith retropepsins,althoughin thatcase
theXaaresidueis anAla. This mutationis presentin theC-terminallobeof human
renin. This particularpepsin,like retropepsins,is characterizedby anhigherpH op-
timumfor its enzymaticactivity. Site-directedmutagenesisexperiments[33] support
theideathat thelack of a hydrogenbondon thecatalyticaspartatemayin�uence its
acidity.

An extended
�

-hairpinon theN-terminallobesurfaceprojectsacrossthebinding
cleft at thejunctionof thetwo lobesto form a“�ap” thatenclosesligands(substrates
or inhibitors) into the active site (see�g. 1.3). The majority of the membersof the
family show speci�city for thecleavageof bondsin peptidesof at leastsix residues
with hydrophobicaminoacidsin boththeP1andP1' positions[34]. Thespeci�city
sub-sitesareformedby hydrophobicresiduessurroundingthecatalyticAspdyad,and
by theresiduesin the�ap-turn. Mutationsin theseregionscorrespondto thenecessity
of bindingdifferentkindsof substrates.

Somefungalasparticproteasesareableto activatetrypsinogenby cleavageof a
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Figure1.2: conservedactive siteloop in Asparticproteases.TheXaaresidue,in this caseis

aSer, typicalof theN-terminallobeof pepsins.

Figure1.3: Exampleof ligand bindingcleft of pepsins(human� -secretase,in particular).

Thesurfacesof thetwo lobesarecolouredin orangeandrose,respectively, while the �ap is

colouredin green.Theligandis representedin cylinders.
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Lys+Ile bond,showing asaf�nity for thecationicLys side-chain.In fact,all family
membersableto activatetrypsinogenshow aconservedaspartatein the�ap turn[35].
Yeastasparticproteinase3, instead,requiresbasicaminoacidsin boththeS1andS1'
subsites.

Conserved Cysteine-Cysteinedisul�de bridgesarereportedin the literature[4].
In fact,theincreaseof availablesequences/structureshasshown thatarelatively large
variability in their positionandnumberis allowed. ThreeS-Sbridgescharacterize
the archetypalpepsin:oneon the N-terminallobe, following thecatalyticAsp, and
two on theC-terminallobe,oneprecedingthesecondAsp, andtheotherbeforethe
C-terminus.The �rst loop is conserved in mostof the family members,except for
several fungalenzymesandhuman

�

-secretase.This loop is generallycomposedby
� veresiduesbut largerloopsin thesamepositionarepresentin thedatabase(eg. can-
didapepsin).Thesecondloopis commonly5-6residueslong,andit is presentonly in
animalproteins.Thethird, andthelargest,is conservedin all theenzymesbut poly-
poropepsin,which doesnot containany cysteinresidue. Other relevant exceptions
arecathepsinD, which containsanadditionalcystein-cysteinbondin theN-terminal
lobe,andhuman

�

-secretase,which hasno disul�de bridgesin theN-terminallobe,
while it is characterizedby threecysteine-cysteineloopsin theC-terminalone(that
is, onemorethanusual).

Thefactthatthetwo domainsof pepsinshavedifferentdisul�de bondingpatterns
indicatesthat loopshave beenbeingintroducedafter the internalduplicationof the
ancestralgenome.

Therearesevenidenti�ed humanasparticproteases.Pepsinandgastricsinpartic-
ipatein digestionin thestomach,whereascathepsinD andcathepsinE functionin in-
tracellularproteindegradationin lysosomesandendosomes.Renincatalyzesthecon-
versionof angiotensinogento angiotensin,a clinically importantstepin hemostasis.
cathepsinD hasbeenimplicatedin themetastasisof breastcancerandin Alzheimer's
disease.Very recently, two new humanasparticproteases,memapsin1 and2, have
beencloned[36]. Most importantly, memapsin2 hasbeenidenti�ed as

�

-secretase
(BACE),akey proteinin theAlzheimer'sdiseasedevelopment.Theintimateinvolve-
mentof humanasparticproteasesin physiologyanddiseasesillustratestheir central
role in biology andmedicine.

1.1.2 Retropepsinfamily

Theretropepsinfamily is typically expressedin retroviruses.Theout-comingof the
structuresof the �rst retropepins[37] have illuminatedtheevolutionaryrelationship
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Figure1.4: 3-D structureof HIV-1 protease.The two symmetricsub-unitsarecolouredin

orangeandred,thecatalyitcasparticacidsaredrawn in balls.

betweenthemandpepsins.Whereasthe pepsinsaresingle-chainproteins,with an
approximatetwo-fold symmetry, theretro-viralproteasesarehomo-dimerswith two
identicalsubunits relatedby anexact two-fold axis (see�g. 1.4). Thehypothesisof
the existenceof sucha fold for an AP family by Tanget. al. [31] hasbeenoneof
thegreatestexamplesof thepredictivepowerof considerationsbasedonevolution in
structuralbiology.

Retroviral proteinsareusuallyinitially synthesizedaspolyproteinsthathaveto be
cleavedduringthematurationprocessof thevirus. This fundamentalfunctionfor the
viral life-cycle is performedby a speci�c retropepsin.Retropepsinsaresmallerthan
pepsins(eachdomaincontains� 100-130aminoacids),whereasthe fold of eachof
theirdomainsresemblesthatof theN-terminallobeof pepsins.In particular, eachdo-
mainhasa

�

-structure,andtheexternal�ap is clearlypresent(�g. 1.5).Dimerization
of the two subunits occursby molecularrecognition,while the N- andC- terminal
residuesfold in a 4 strandswide anti-parallel

�

-sheet,whereeachchainalternates
onestrand.Like in pepsins,this structuralmotif is theonly onethatcross-linksthe
two subunits.

Theactivesiteregionof retropepsinsis verysimilar to thatof pepsins.In particu-
lar thealreadydiscussedAsp-Thr-Gly-Ala motif is presentin thecleavageloops.The
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Figure1.5: Comparisonof theN-terminallobeof a pepsin(A) anda monomericunit of a

retropepsin(B). � -helicesarecolouredin magenta,� -sheetsin yellow.

two subunitsareseparatedby acavity thatresemblesthegrooveof pepsins,wherethe
substrateis binding.For effectivecatalysis,theretroviral APsseemto requireat least
a seven residueslong peptide[38]. Theseshow unusualspeci�city in their ability
to cleave a peptidebondof polyproteinsubstratescontaininga proline in P� ' [39].
Their actionis optimal on oligopeptidescontainingthe Tyr-Pro sequence,although
they show someactivity againstpeptideswith otheraminoacidresiduesin P� andP� ';
amongall, theMet-Metsequencehasbeenfoundparticularlyeffective [38].

1.1.3 Mechanismsof enzymaticcatalysis

Asparticproteasescatalyzehydroysisof peptidebondsby activatingthenuclophilic
attackof awatermoleculeto thecarbonyl carbon[10]. Takingthedifferent3D struc-
turesof pepsinscomplexedwith pepstatinasmodelsfor thetetrahedralintermediate,
differentmechanismshave beenproposed[27]. In fact, the observation by Bott et
al. [40] andJameset al. [41] on the structuresof the active sitesof rhizopuspepsin
and penicillopepsinboundto pepstatinshowed that the hydroxyl group of the in-
hibitor wasboundto theasparticdyad,replacingthepositionof thewatermolecule
seenin thenative enzyme.However, therealstructureof the transitionstateshould
bedifferent,asanotherhydroxylgroupis presentin thediol intermediate.

It is agreedthat the asparticdyadactsasa baseasto deprotonatewaterduring
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Figure1.6: Generalreactionmechanismfor catalysisof AP. Startingfrom the lower-left

angleandfollowing the reactionclockwise: Asparticdyadin the free form; binding of the

substrateandnucleophilicattackof water;formationof thetetrahedralgem-diol intermediate;

protonationof theNitrogenatomandformationof theproducts;releaseof theproductsand

regenerationof thecatalyst.

the activation process[10, 42, 43]. The microscopicdetailsof this mechanism,on
the contrary, arestill underdebate.Jameset al. [43] andVeerapandianet al. [42]
proposedthat the Asp on theC- lobe is the realbasethat removesoneprotonfrom
thewatermolecule,while theAsp on theN-lobe,which is at thebeginningin a non-
ionizedform, donatesits protonto theoxygenatomof thecarbonyl of thesubstrate
(see�g. 1.6). The gem-diol intermediateboundswith both hydroxyl groupsto the
Asparticacid of the N-lobe. Then, transferof the hydrogenatomfrom the C-lobe
Aspto thenitrogenof thescissilebondoccurs,formingthetwo products,andleaving
theAsp dyadin thesameprotonationstateof thebeginning.

A differentmechanismhasbeenproposedby Northrop[10], whichpostulatesthe
low-barrierhydrogenbondbetweenthetwo asparticacids,whoseexistencehasbeen
�rst predictedin our lab [44], asthekey featureof theenzymaticaction.Within this
mechanism,thecatalystis not reformedat theproductreleasestate,andthereforean
isomerizationstepis required(see�g. 1.7). The suggestionof an isomechanismin
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Figure1.7: ReactionMechanismas proposedby Nothrop. All the processoccursin the

presenceof a low-barrierhydrogenbondsharedby theAsp dyad.

which theenzyme�nishes onecatalyticcycle in thewrongionic stateandmustlose
aprotondoeshelpto explainsomekineticandisotopedatain theretroviral enzymes,
asthosereportedby Meeket al. [45] for HIV-1 protease.Themechanismproposed
by Northrop [10], which is characterizedby a symmetricinitial stateof the active
site,accountswell for thehighly symmetricstructureof retroviral enzymes,while, in
pepsins,structuraldatawould suggestthattheN-lobeaspartateis theonethatbrings
theproton.

A role in the stabilzationof the asymmetryin the protonationstateof the two
aspartatesmightbeplayedby aburiedwatermolecule,which is H-bondedto theSer
of theN-terminallobecatalyticloop,asproposedby AdreevaandRumsh[46].

The studyby Marcinkevicieneet al. [47] on inhibitor binding to porcinepepsin
providessupportfor theconceptof anisomechanismwheredifferentconformational
isomersor prototropicformsarein equilibrium. Thestructureof plasmepsin2 from
Plasmodiumfalciparum[48] hasrevealedasigni�cant rotationof theC-terminaldo-
mainwith respectto theN-terminalone(5.2� ). This �nding con�rms thepossibility
that eukarioticAPs are indeedable to changetheir conformation,yet if this might
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havesomein�uenceontheircatalyticactionis notknown. Indeed,theoreticalstudies
by Pianaet al. [5, 6] have put into direct correlation,in HIV-1 protease,such�e x-
ibility of the enzymaticscaffold to its catalyticactivity, at leastfor HIV-1 protease.
Recentsimulationsby McCammonet al. [49] have con�rmed the�e xibility proper-
ties of suchenzyme.Thus,thehypothesisof a generaldirect correlationbetweena
�e xible scaffold andan enzymaticactivity in all asparticproteasesseemsto be re-
ally appealingandreliable. Within this hypothesis,conformational�uctuations of
thewholeenzyme/substratecomplex shouldenhancethecatalyticrateby favouring
the presenceof reactive conformationsin the active site alongtime. In this thesis,
sometheoreticalinvestigationsthat leadto promisingresultson the subjectwill be
presented.

1.2 Biological function of 	 -secretaseand Alzheimer's
Diseasedevelopment

1.2.1 Historical perspective

Few subjectsin biomedicinehave arousedthe interestof the scienti�c community
ashashadAlzheimer's disease(AD). Neurodegenerative disordershave becomea
commonproblemin modernsocieties,wherelife expectation,in thelastcentury, has
beenconstantlyrisingup. AmongthemAlzheimer'sdiseasehasemergedasthemost
prevalentform of late-lifementalfailurein humans[16].

Althoughneuropathologicalstudiesledquitesoonto recognitionof thecommon-
nessof thesyndrome,it wasonly afterthe'60s thatthe�rst descriptionsof thelesions
in thebrain tissues,namely, senile(neuritic)plaquesandneuro�brillary tangles,re-
latedto AD cameout.

In thelate'70sandearly'80s it becameincreasinglyclearthatAD, unlikeParkin-
son's disease,did not involve degenerationof a singletransmitterclassof neurons,
but washighly heterogeneous.Advancesin biochemicalpathology, which lead to
de�nition of thecompositionof plaquesandtangles,andadvancesin molecularge-
neticsof AD, whichde�ned thecritical roleof thesubunit proteinsin thefundamental
mechanismsof AD, have leadto agrowing consensusabouthow at leastthefamilial
formsof thedisordermaybegin. The resultof this continuingwork is thata rough
temporaloutlineof thediseasecascadehasbegunto emerge.

In particular, oneof thekey biochemicalstepsthat leadto formationof neuritic
plaquesinvolvetheenzymaticactionof

�

-secretase,amemberof thepepsinAP class.
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As inhibitionof thisenzymemighthavearelevantpositivefall-out in apharmacologi-
cal therapy againstat leastsomeformsof AD, it is thereforeinterestingto concentrate
someattentionon its features.

1.2.2 Neuritic plaquesand the amyloid 
 -protein

Compositionof the Neuritic plaques

Neuriticplaquesaremicroscopicfoci of extra-cellularamyloid
�

-protein(A
�

) depo-
sition, generallyfound in large numbersin the limbic andassociationcortices[50].
A

�

aggregatesprincipally in a �lamentousform. Theneuritesaremarkedby struc-
tural abnormalities,like enlargedlysosomesor incrementin thenumberof micoton-
dria. Thetime thatit takesto developsucha neuriticplaquesis not known, but these
lesionsprobablyevolve graduallyover a substantialperiodof time, perhapsmany
monthsor years.

Origin of the amyloid
�

-protein: APP

A
�

is derivedfrom its largeprecursorprotein(APP)by sequentialproteolyticcleav-
ages.APPcomprisesa heterogeneousgroupof ubiquitouslyexpressedpolypeptides
rangingfrom 110 to 140 kDa. APP is a single transmembranepolypeptidethat is
translocatedinto the endoplasmicreticulum via its signal peptide,and then post-
translationallymaturedthroughthe secretorypathway [16]. Both during andafter
its traf�cking throughthesecretorypathway, APPcanundergo differentproteolytic
cleavagesto releasesecretedderivatives into vesicle lumensand the extracellular
space(see�g. 1.8). Themainproteolyticcleavageprocessoccurs12 aminacidsbe-
fore the single trans-membranedomainof APP ( � -cleavagesite). This processing
resultsin thesecretionof a largefragment,called � -APP� , andin retentionof an83-
aalongresidueC-terminalfragmentin themembrane(C83).Alternatively, someAPP
moleculesarecleaved by

�

-secretase,which cutsthe APPchain16 residuesbefore
the � -cleavagesite,andthus,generatinga slightly smallerectodomainderivative(

�

-
APP� ), andretaininga 99-aalong residuein themembrane(C99). After both � - and

�

- processes,thefragmentretainedin themembraneis cleaved40or 42 aminoacids
afterthe

�

-cleavagesiteby anotherenzyme,called 
 -secretase.Thisulteriorcleavage
leadsto secretionof a 24/26aalong peptidefragment,calledp3, or to A

�����������

, de-
pendingonwhethertheinitial cutwasperformedby � - or

�

-secretase,respectively3.

3Until 1992, it wasassumedthat A � generationwasa pathologicalevent, becausethe cleavage
of theC99fragmentfrom � -secretaseactivity appearedto occurin themiddleof thetrans-membrane
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Figure 1.8: Schematicdiagramsof the � -amyloid precursorprotein and its principal

metabolicderivatives. Top diagramdepictsthe 770 splice form of APP. The �rst 17 N-

terminalaminoacidswork asa signalpeptide.KPI indicatesa serineproteaseinhibitor do-

main.TM indicatesthetrans-membranedomainataminoacids700-723.Theamyloidprotein

fragmentis representedby theredband,thewhitedot is thecleavagesiteof � -secretase.The

following diagramsrepresenttheproteolyitcderivativesaccordingto the � - or � - secretory

paths.
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Figure1.9: Mutationsof APPidenti�ed with developmentof differentfamilial AD. � -, � -

and � -secretasecleavagesitesareexplicitly indicatedby thecorrespondinggreekletters.

Familial Alzheimer's disease

It hasbeenknown for severaldecadesthatclinically typicalAD canclusterin families
andcanspeci�cally beinheritedin anautosomaldominantfashion.Determininghow
frequentlygeneticfactorsunderliethediseaseis dif�cult, asAD wasnot speci�cally
diagnosedandrecordedbeforethe last two decades;someinvestigatorsbelieve that
in the fullnessof time, a large majority of AD caseswill be shown to have genetic
determinants.

Missensemutations in APP Althoughmutationsin APPthatleadto AD haveonly
beencon�rmed in sometwo dozenor so familiesworldwide, their locationsat the
cleavagesitesof the three ��� ,

�

� and 
 -secretaseshave provided critical insights
into themechanismof developmentAD, althoughin sporadiccasesof AD otherex-
ternalfactors,suchasanti-nerve growth factor(NGF) antibodies[55, 56], mayplay

domain.It wasassumedthatthiswouldrequirethereleaseof C99from themembrane,e.g.,asaresult
of somepre-existing membraneinjury thatallowed accessto a solubleprotease.Discovery of p3 to
be the productof sequential� - � - cuts [52], anddetectionof A � in cerebrospinal�uid andplasma
of healthysubjectsthroughoutlife [53, 54] demonstratedthat, indeed,productionof A � is a normal
metabolicevent.
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acrucialrole.
Thenineknownmissensemutations(�g. 1.9)havebeenfoundto increaseA

�

pro-
ductionbysubtlydifferentmechanisms.In particular, theso-calledSwedishmutation,
characterizedby doublemutationin the two aminoacids(K670N, M671L) preced-
ing

�

-secretasecleavagesite, inducesincreasedcleavageby
�

-secretaseto generate
aberrantproductionof A

�

proteins.

1.2.3 
 -secretase:a keyenzymein AD development

Overproductionof A
�

andincreaseof its capabilityof self-aggregationarethecrucial
stepsthat lead to developmentof, at least, familial forms of AD. Somemissense
mutations(astheso-called)Londonmutationsin APPleadto alterationof therelative
productionof the 40- and42-isoformsof A

�

. The 42 aa long form is moreprone
to aggregation[57], however, A

�����

is usuallycolocalizedwith A
�����

in theplaques.
Nonetheless,thesemutationsdo not affect the total amountof A

�

formation[58].
Theseresultshave suggestedthat amino acidscloseto the 
 -cleavagesite are not
critical to thetotal cleavage.

In fact,in healthyindividualsthecorrectregulamentationof A
�

proteinis guaran-
teedby thelow pro�ciency of

�

-secretasecatalyticaction( ���! �"$#&%(')�+*-, s
�

� M
�

� ).
Swedishmutationactson this factordramatically, asin thatcase,the �.�! /"$#0%(' ratio
increasesup to 2450s

�

� M �

� [36]. Identi�cation of
�

-secretaseastherate-limiting
enzymefor A

�

productionhasmeantidenti�cation of a highly promisingpharma-
ceuticaltargetfor a futuredevelopmentof AD drugtherapies.

The searchfor enzymesthat speci�cally cleave at the
�

-cleavagesite in APP
wasinitiated long beforetherewasany cellularevidencefor thepresenceof sucha
metabolicpathway [59]. Thesearchendedin 2000,whenTanget al. �rst, identi�ed
the extracellularC- domainthe membrane-anchoredmemapsin2 proteinas the

�

-
secretaseenzyme[36], andthen,providedalsoits �rst crystallographicstructure[60].

1.2.4 Structural characterization of 
 -secretase
�

-secretase(BACEhereafter)is anasparticproteasewhosebilobalstructure(�g. 1.10)
hasthegeneralfold of pepsins(�g. 1.1).Comparedto humanpepsin,themostsigni�-
cantdifferencesin thestructureof BACEarerelatedto six insertionsanda35-residue
longextensionin theC-terminus.Thesix insertionsareall loopsbut the�rst (labelled
A in �g. 1.11),which containsa shortsolvent-exposed� -helix. Four of theseinser-
tions(A,C,D andF in �g. 1.11)arelocatedonthesideof themolecularsurfacewhere
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Figure1.10: 3D pictureof � -secretase.� -helicesaredrawn in magentacylinders, � -sheets

in yellow arrows, theligandin orangesticks,andtheAspdyadin spheres.

theN-terminusof thesubstrate-chainis bound.Oneof theseinsertions(F) bringsa
high negative charge,asit containsfour acidic residues.InsertionsB andE arelo-
catedin theoppositesideof theproteinsurface(�g. 1.11).TheC-terminalextension
is highly structured,beingcomposedby a loop, a

�

-sheet,anotherloop, anda short
� -helix. As previouslydiscussed(seesec.1.1.1),BACEhasdifferentiatedfrom other
pepsinsin the positionof two of its threedisul�de bridges;in fact, they fastenthe
C-terminalextensionto theC-terminallobe(residues155-359and217-382).

Theactive-sitecleft of BACEisslightlymoreopenedthanthatof theotherpepsins
of known structure.This characteristicis relatedto modi�cations in theS

�

, S
�

, and
S� ' subsites,andto adeletionof six residuesonaloopacrossthe�ap over theactive-
sitecleft [60]. Thesemodi�cationsmaybeusefulin designingof inhibitorsselective
for BACE towardsotherhumanasparticproteases.Determinationof the molecular
transition-stategeometryfor the activatedMichaelisComplex could alsobe a very
important�rst-step for a rational designof different BACE inhibitors, as peptido-
mimeticinhibitorslike theonespresentin BACE3D structures[60, 61] couldnot be
pharmacologicallyrelevantin vivo, asthey werenot enoughsmall to beableto pass
theblood-brainbarrier.
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Figure1.11: Insertionsin BACE structure,ascomparedto pepsin.TheN- andC- lobesare

colouredin cyan andyellow, respectively, the six helices/ loops insertionsarecolouredin

blue,andlabelledwith capitalletters(A-F), theC-terminalextensionis colouredin red.
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Chapter 2

Computational Methods

The constantincreasealong the yearsof computerperformancesin termsof both
computationalfastnessanddatastorage/accessibilityhasleadcomputersimulations
tobeapowerful tool for thestudyof biologicallyrelevantsystems.Thetheoryandthe
implementedalgorithmsusedthroughoutthis work aredescribedbelow. Becauseof
theintrinsiccomplexity of researchtargetsin life sciences,all thedevelopedmethod-
ologiesrequiredifferentdegreesof approximation,which arealsodiscussed.This
work hastakenadvantagefrom a broadvarietyof computationaltools,rangingfrom
moleculardynamics(MD) simulations(bothabinitio andclassical) to coarse-grained
computations,andto database-searchandmultiple-sequencealignmenttools.

2.1 TheMany-Body Problemand theDensity-Functional-
Theory approach

2.1.1 The many-bodyHamiltonian

Theequationsof quantummechanicsarerequiredto rigorouslydescribemicroscopic
propertiesof molecularsystems.In thenon-relativistic formulationof quantumme-
chanics,a groupof M atomsandN electronis describedby its wave-function 1 , a
functionof the3M+3N geometriccoordinates,thenuclearandelectronicspinstates,
andof thetime,whichsolvesthetime-dependentSchrödingerEquation[62]

2/354

476

1+8:9;1 (2.1)

in theabsenceof externalperturbations,andneglectingthespincouplings(which
is reasonablefor closed-shellsystems),the Hamiltonianoperator9 is givenby the
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summationof thenuclearandelectronickineticoperatorsandthecoulombicinterac-
tion amongnucleiandelectrons:
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In thiscase,thetime-dependentproblemcanbesimpli�ed intoatime-independent
formulation,which leadsto theeigenvalueequation:

9\[]8_^`[ (2.3)

where [ now is aneigen-functionof 9 anda functionof only the3N+3M coor-
dinates.

2.1.2 Born-Oppenheimerapproximation: theelectronicstructur e
problem

Analyticalsolutionsto theformerN+M bodiesproblemarenotaccessible,therefore,
approximationsto its original formulationhave to beintroduced.

Within the time-independentformulation, the most straightforward approxima-
tion consistsinto separatingthenucleardegreesof freedomfrom theelectronicones
(Born-Oppenheimerapproximation)[63]. Here,thewave-function[ is expressedby
thefollowing ansatz:

[ba$Rdc

Pfe

�hgia$Rdj

P\e�k

a

P\e

(2.4)

Where
k

is the nuclearwave-function,and g is the electronicWave-function,
which dependsonly parametricallyon thenuclearcoordinates.Theelectronicwave-
functionwill solve the“�x ednuclei” electronicSchrödingerequation:
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where9
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and ^

K

8q^

K

asr

e

.
Thenuclear-coordinatedependentelectronicenergy is thenincludedin theeigen-

valueproblemfor thenuclearpart1:
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(2.7)

Thus, within the Born-Oppenheimerapproximation,the solution of the N+M
many-body problemis reduced,�rst, to the solutionof the M electronsproblemat
�x ednuclearpositions,andthento thesolutionof theN nucleiproblem,in which the
electronscontributeasanexternal�eld.

The solution of the N electronsproblemitself, nonetheless,is a major task of
quantumphysics. Therefore,different theoriesand approximationshave beende-
velopedto facethis task. The work donein this thesishasgot pro�t from Density
FunctionalTheory [64], which allows treatmentof relatively large systemswith a
reasonablecomputationalcost.

2.1.3 DensityFunctional Theory

DensityFunctionalTheory(DFT) is a rigoroustheoryof the groundstateof many
particlesystem[64]. Themainidealiesin assumptionthattheground-stateproperties
of aquantumsystemof N particlescanbedescribedstartingfrom its densityandnot
from its explicit wave-function,thus,from a three-dimensionalfunction xya$z

e

, rather
thana3N dimensionalone:
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The Hohenberg-Kohn theorems

DFT is basedon the two Hohenberg-Kohn theorems,enunciatedin the early six-
ties [64]. The �rst theoremdemonstratesthat, given a Hamiltoniancharacterized
by a generalexternalpotential n

KsŠ

" , the ground-statedensity xya!R

e

associatedto it is
unique.As n

K$Š

" univocally determinestheHamiltonianof thesystem,it follows that
thegroundstateenergy andall theobservablesarefunctionalsof theelectrondensity

x .

1neglectingthecontributionsof thenuclearkineticoperatorover theelectronicwave-function;this
approximationis justi�ed by thelargedifferencein theelectronicovernuclearmassratio.
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Thesecondtheoremprovidesa variationalprinciplefor thegroundstatedensity.
In fact,it demonstratesthat,givenany trial density ‹x(Œ:, for which •S‹ xya$R

e
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RŽ8|{ , it
follows that ^
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v••
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t
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v

.
Fromthisresult,onecangetavariationalequationto gettheground-statedensity.

In fact,re-writing theelectronicSchrödingerequation2.5in termsof thedensity:
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is theHohenberg-
Kohn functional. 9

K

includesthe kinetic energy operatorandthe electron-electron
repulsionfunctionals.Ground-statex ful�ls thefollowing stationaryprinciple:
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and ¡ solvesthefollowing Euler-Lagrangeequation:
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—¤˜•š is not dependenton the externalpotentialand, thus,canbe assumedasa
universalfunctionalof the density. Although DFT is formally rigorous,the lack of
knowledgeof ananalyticalexpressionfor this functionalleadsto necessaryapproxi-
mationsto make it usefulfrom apracticalpointof view.

The Kohn-Shamequations

TheHohenberg-Kohntheoremswerere-formulatedinto acomputationallyaccessible
approachin 1965by KohnhimselfandSham[65]. Themainideaof thatpaperlies in
thepossibilityof mappinga systemof N interactingparticlesinto a non-interacting
ones,characterizedby thesamedensity.

For suchsystems,thedensitycanbewritten asa summationover single-particle
contributions:
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andthekineticenergy functionalhasananalyticalexpression:
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TheHohenberg-Kohnfunctionalcanberewrittenas:
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where ° is theclassicalpartof theparticle-particleinteraction,and ^

Š

� is de�ned
as:
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andit is named̀ Exchange-correlation'functional,asit is obtainedby thesumof
thecorrectionin thekineticenergy andof thenon-classicalpartof theparticle-particle
interaction.

Equation2.11,turnsout to be:
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Thetotal energy of thesystemis expressedas:

^º8

G

> ?A@

�¼»

?

�

Y

E

}

xya!R

e

xya$R¶µ

e

O

Rb�½R

µ

O�¾

R

µ

ˆ

R

V

·•¸M¹

t

x

v

�
}

Ÿw·•¸M¹

t

x

v

Ÿ

x

ˆ

R (2.18)

where
»

?

are the KS orbital energies of the non-interactingsystem,which are
obtainedsolvingself-consistentlytheKohn-Shamequations:
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TheKSequationshavethegreatprivilegeof beingsingle-particleequationswhich,
in principle,exactlycollectively solveamany-bodyproblem.Anyway, thelackof an
explicit analyticalformulationof theexchange-correlationfunctionalleadsto require-
mentof approximatedformsfor it.

Exchange-Correlation functionals

LDA approximation. A �rst successfulapproximationfor theexchange-correlation
functionalhasbeenproposedalreadyin theoriginalpaperbyHohenbergandKohn[64],
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andit is basedon theuniformelectrongasproperties.In fact,within thisapproxima-
tion, theelectrondensityis thoughtto behavelocally asauniformelectrongas(LDA:
LocalDensityApproximation);thus,theexchange-correlationfunctionalsreads:
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TheLDA approximation,althoughsuccessfulin thedescriptionof abroadvariety
of highly covalentsystems,exhibitsheavy de�cienciesin describinghydrogen-bonds,
which arecrucialfor studiesonbiologically relevantobjects.

Gradient-Corr ectedapproximations Thetypical approximationintroducedto go
beyonda LDA descriptionis to explicitly introducethegradientof thedensityin the
functional form of ^

Š

� . Thesecorrectionaregroupedunderthe nameof “General
Gradient-correctedapproximations”(GGA).

Becke exchangefunctional This correctionwas introducedby Becke [66] to
reproducethe exact asymptoticbehaviour od the exchangeenergy. The analytical
formulareads:
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with

Ñ

8

O

B

x

O

x

Ï

Í

(2.22)

the parameter
�

is determinedby a �t on the exact HF data,andwas �x ed by
Becke as

�

=0.0042a.u.

Lee Yang Parr correlation functional The Lee-Yang-Parr (LYP) functional
for thecorrelationenergy wasderivedfrom theColle-Salvetti formula[67], andcom-
putescorrelationenergies from HF secondorder densitymatrices. Its expression
reads:
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where
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x . a=0.04918,b=0.132,c=2533and
d=0.349parametersareobtainedby �tting thefunctionalformulainto HF resultsfor
theHeliumatom.

TheBLYP exchange-correlationfunctional,obtainedby summingtheBecke and
LYP corrections,hasbeenusedin the DFT calculationsduring this work, asit has
beenshown to providereasonableresultsfor chemicalbondscharacteristicin organic
andbiologicalsystems,without beingtoocomputationallyexpensive.

Planewavesand pseudopotentials

Theuseof aplanewavebasissetis extremelyconvenientfor solvingtheKohn-Sham
equationsin periodicsystems.Following theBloch theorem,eachKS wave-function
canbeexpandedas:
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whereV is the volumeof the cell, k vectorsbelongto the �rst Brillouin zone,
g is a reciprocallattice vector, c is the �rst Fourier componentof the planewaves
expansion,andthe summationis extendedto in�nite latticevectors.This approach
offerstheadvantagethatresultsmaybesystematicallyconvergedwith respectto the
basissetby varyingasingleparameter, namely, thecut-off energy ^i�èûC" for thekinetic
energy mýü

ã

that determinesthe accuracy of the calculation. Moreover, the useof
basissetwith anonlocalizedorigin providesthattheincomplete-basissetcorrections
(or "Pulayforces")areanalyticallyannihilated,andthereis nobasissetsuperposition
error.

Fast-Fourier-Transform(FFT) techniquesallow ef�cient handlingof thecompu-
tationalefforts for increasinglylargersystems.

In thetreatmentof isolatedclusterswith a low symmetry, suchas,organicmole-
culesor theactivesitesof enzymes,the þ -pointapproximation(k=0) still guarantees
a goodaccuracy, leadingto a relevantreductionof thecomputationalcost.Thesim-
ulationof isolatedclusterswithin a periodicboundaryconditionschemeneedssome
care,asself-interactionamongreplicashasto becancelled.In our calculations,we
haveusedtheproceduredevelopedby MartynaandTuckerman[68] thatallowstreat-
ing thesystemasisolated.Thisalgorithmisbasedonthegeneralpossibilityof writing
anelectrostaticpotential g asthesumof two arbitraryfunctions:
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Thesefunctionsarede�ned so that ÿ
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containsall the long-rangecomponentsof
thephysicalpotential.It canbedemonstratedthattheaveragepotentialenergy for a
clustercanbewritten in thereciprocalspaceas:
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Where
�

g is the Fourier transformof the potentialfunction, and ‹x is the Fourier
seriesexpansionof thedensity. Thescreenfunction �

ÿ
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is the differencebetweenthe Fourier series ‹
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of the long-rangepotential,and its computationin the reciprocalspaceis
ef�cient for all g vectors( � ( ��������� )). The screenfunction hasthe meaningof
“screening”the interactionof the systemwith an in�nite arrayof periodic images,
thuscancelingtheself-interactionamongreplicasof thesystem.

Pseudopotentials The greatestdrawback in using a plane-wave basis-setcomes
from the impossibility, from a practicalpoint of view, of describingcoreelectrons
within a reasonablecomputationalexpense.Indeed,thesharpspatialoscillationsof
their wave-functionsnearbythe nuclei would requirean extremelyhigh numberof
plane-wavesfor anaccuratecharacterization.On theotherhand,thecorelevelsare
well separatedin energy from valenceelectrons,and,ata�rst level of approximation,
do not play any role in thechemicalpropertiesof molecularsystems.Thus,thecore
electronorbitalscanbefrozenin theKS equationsandonly thevalenceelectronsare
describedexplicitly. The core-valenceelectroninteractionsare implicitly included
into thenuclearpotential,which will assumean“effective-potential”or “pseudopo-
tential” form.

Pseudopotentialareusuallyderived from all electron(AE) atomiccalculations,
andseveral recipeshave beenproposedto date. In this work, we have used“norm-
conserving”pseudopotentialsderivedfrom theMartins-Troullier method[69].

Pseudopotentialshave to satisfythefollowing conditions:

� Thevalencepseudo-wave-functionshouldnot containany radialnodes.

� ThevalenceAE andpseudopotentialeigen-valuesfrom theradialKS equations
mustbethesame:
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where! is theangularmomentum.

� The pseudoandAE atomicradial wave-functionsmustbe equalfor r greater
thanachosencut-off distance"¶�èûJ" .

Theseconditionsensurethat thepseudo-atombehaveslike the realonein the
regionof interactionwith otheratomswhile formingchemicalbonds.

� theintegratedelectrondensitywithin thecut-off radiusfor thetwowave-functions
mustbethesame.

Thisrequirementguaranteesthetransferabilityandthenormconservingruleof
theMT pseudopotential.

� at " 8#" �èûJ" , thepseudowave-functionandits �rst four derivativesshouldbe
continuous

� thepseudopotentialsshouldhavezerocurvatureat theorigin.

Consideringtheseconditions,thegeneralformfor apseudopotentialwave-function
is:
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, andthecoef�cients areobtainedby imposingthe
�rst threeconditions.

Thefunctionalform of thepseudopotentialsis
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aresphericalharmonics.The"semilocality"of this functionalform
(local in theradialcoordinate,non local in theangularones),impliesan increasein
thecomputationalcost.This dif�culty is overcomein our calculationby themethod
of Kleinman-Bylander[70], which implies additionandsubtractionof an "ad-hoc"
radial functionV

Â

a7"

e

to thepseudopotential,which leadsto a new functionalform,
wherethelocalandnon-localpartscanbecompletelyseparated.
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2.2 Car-Parrinello molecular dynamics

DFT, planewavesandpseudopotentialsallow computationof theelectronicstructure
of largeenoughbiologicallyrelevantmolecularsystems.Anyway, astheprocessesof
life involvedynamicaltransformationsthatoccurat �nite temperature,it is crucial,in
principle,to solve eq.2.1,which explicitly takesinto accountthetime variable,and,
moreover, to somehow introducetemperatureeffectsin thetime-evolution.

2.2.1 nuclear dynamics: principal approximations

TD-SCF equations An approximatesolutionto eq.2.1canbewritten introducing
anexplicit timedependenceinto thetime independentansatz2.4for eq.2.3:

1•a$Rdc

P

c

6

e

�hgia$Rdj

P

c

6

e�k

a

P

j

6

e

ò=< >

¿

2

3

}

"

"@?

^

K

a

6

µ

e

¾

6

µ

À

(2.28)

wherethenuclearandelectronicwavefunctionsareseparatelynormalizedatevery
time,respectively.

Thisansatz,wheninsertedinto eq.2.1,leadsto thefollowing relations:
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Theseequationsde�ne thebasisof thetime-dependentself-consistent�eld (TD-
SCF)methodintroducedby Dirac in 1930.Bothelectronsandnucleimovequantum-
mechanicallyin time-dependentmean-�eldpotentialsobtainedfrom expectationval-
uesof theotherdegreesof freedom.

Ehrenfest dynamics It can be shown [71] that the nuclearequationsof motion
(EoM), which, in principle, follow a quantum-mechanicalevolution, in theclassical
limit (

3BA

, ) canbereducedto standardnewtonianequations:
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. Thus, the nuclei move accordingto classicalme-
chanicsin aneffective potentialgeneratedby theelectroniccon�guration at a given
time

6

. Thenuclearwave-functionsin eq.2.29,in theclassicallimit, arereplacedby
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deltafunctionscenteredattheinstantaneouspositionsof theclassicalnuclei.Eq.2.29
then,reads:
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Thus,thequantumM+N bodiesproblemis againreducedto theN electronsquan-
tumproblemandto its time-evolution.

The equationsproposedcomefrom a mean-�eld theory, nonetheless,sinceex-
plicit time-dependencein the electronicwave-functionis kept, transitionsbetween
electronicstatesareaccessibleduringtime-evolution.

Born-Oppenheimer dynamics The major back-draw in the Ehrenfestdynamics
schemelies in its implementation.In fact,a numericintegrationof theEoM for an
electronicwave-functionwould requireanextremelysmalltime-step.

Thus,analternative approachis to introducea “ground-state”approximationfor
theelectronicwave-function:in this scheme,themainassumptionis that if theelec-
tronic excited statedarewell separatedin energy from the groundstate,then,elec-
tronicexcitationsareextremelyimprobable.Thus,electronswill alwaysremainin the
groundstate.This assumptionleadsto theneedto solve time-independentelectronic
problemsateachtime,providedasetof �xed nuclearpositionsis given.
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In practice,starting from a nuclearcon�guration, one has to solve the time-
independentSchrödingerequationfor theelectrons,move thenucleiwithin theelec-
troniceffectivepotentialanditeratetheprocess.

Thegreatestadvantagein thisschemeis thatthenucleimoveonthe“frozen” time-
independentBorn-Oppenheimerelectronicenergy surface,andthus,thetime-stepfor
thenumericalintegrationof theEoM canbechosenaccordinglyonly to thenuclear
degreesof freedom.On thecontrary, thelargestbottleneckcomesfrom thenecessity
of solvingtheelectronicHamiltonianateachstep.Theoccurrence,in bothdynamical
schemes,of seriousbottlenecks(e.g.,thesmall time-stepin Ehrenfestdynamics,and
theelectronicHamiltoniandiagonalizationat eachstepin BO dynamics)hasleadto
theneedof developingotherschemesthatcouldovercometheselimitations.



32 Computational Methods

2.2.2 CP lagrangian

The Car-Parrinello approach[11] exploits the quantum-mechanicaladiabatictime-
scaleseparationof fastelectronicandslow nuclearmotionby transformingthat into
classical-mechanicaladiabaticenergy-scaleseparationin theframeworkof dynamical
systemstheory. The two-componentquantum/ classicalproblemis mappedonto a
purelyclassicalproblemwith two separateenergy scalesat theexpenseof losingthe
explicit time-dependenceof thequantumsubsystemdynamics.

In classicalmechanicstheforceon thenuclei is obtainedfrom thederivativeof a
Lagrangianwith respectto the nuclearpositions.This suggeststhat, if the quantity
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•

is consideredasa functionalof thewave-function,a functionalderivative
with respectto theorbitals,interpretedasclassical�elds, mightyield theforceonthe
orbitals,providedthecorrectLagrangianis written.

TheLagrangianproposedbyCarandParrinellotakesthefollowingexpression[11]:
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Where¡ is a�ctitious “electronmass”associatedto theelectronicorbital,andthe
constraintsreferto impositionof orthonormalityof theelectronicorbitals.

2.2.3 CP equationsof motion

Following theEuler-Lagrangeequations,CPequationsof motiontake theform:
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Accordingto theCPequationsof motion,thenucleievolve at a certaininstanta-
neous“physical” temperatureproportionalto the nuclearkinetic energy, while the
electronicdegreesof freedomevolve in time at a certain “�ctitious” temperature
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•

. Then, if the startingelectroniccon�guration is optimizedto the
Born-Oppenheimersurface,during its time evolution it will remaincloseto it, pro-
videdtheadiabatichypothesisis veri�ed.

A simpleway of monitoringwhetherthe adiabaticconditionsare ful�lled is to
considerthe KS orbital dynamicsas a superpositionof harmonicmodeswith fre-
quency proportionalto:
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thus,thelowestfrequency of theelectronicsystemis [
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. Thus,adiabaticity

canachievedwith a suitablechoiceof the �ctitious mass¡

2. For insulators,suchas
all the systemtreatedin this work, whereseparationin energy betweenthe HOMO
andLUMO levels is large, it turnsout that the electronicandionic frequenciesare
well separated,andtheCar-Parrinellodynamicscanbeproductively performed.

2.2.4 Noséthermostats

The CP equationsof motion, as they are written in eqs.2.36-2.37,map a micro-
canonicalensemble3, asthe total energy is strictly conservedduring time evolution.
Constanttemperaturedynamicscanbeachievedby couplingtheionic degreesof free-
dom to a Nosé-Hoover thermalbath[72]. Within this scheme,a dynamicalfriction
coef�cient is addedto theCPlagrangian:
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whereQ is aparameter, S is theadditionaldegreeof freedomof thethermalbath,
andF is thetotal numberof thedegreesof freedomof thesystem.Theequationsof
motionsfor thesystemtake theform:

D

P

?

8

Y

F

?

S

��g

?

�

E

NS

L

P

?

S

(2.40)

b

T

S 8

>ý?

F

?

N

P

�

?

S¬�:a$—

V

Y

e

�ed

m

S

(2.41)

Q canbearbitrarily chosento determinethestrengthof thecoupling;highvalues
result into a low couplingandvice-versa. Although the dynamicsis strictly "non-
Hamiltonian",the friction coef�cient hasthe effect of accelerating/deceleratingthe
system,keepingthe energy aroundthe KT value. As a result, the total energy is

2It hasto bementionedthat the largestapplicabletime-stepis proportionalto the inverseof h i ,
thus,anexcessive increaseof its valuewould notberecommendable

3assumingthatergodichypothesesareveri�ed
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conserved,andit canbe shown that the dynamicsmapscorrectlythe canonicalen-
semble,providedthesystemis ergodic. It hasalsobeenshown thatthecorrectsam-
pling of thecanonicalensemblecanbeobtainedalsofor non-ergodicsystems,such
astheharmonicoscillator, by addingaseriesof coupledthermostats,ratherthanonly
one[73, 74]. This morere�ned scheme(called“Nosé-Hoover chains”)is, actually,
theoneusedin oursimulations.

2.2.5 Integration of the nuclear EoM

Analytical integrationof thenuclearEoM for realsystemsis unaffordable;therefore,
numericalschemeshave to beimplemented:
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Summingor subtractingtheexpansionsof
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whichneedspositionsat time
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, andaccelerationsat time
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. The main advantagesof this numericalalgorithms
lie in its straightforwardnessandmodeststoragerequirements,althoughthevelocity
calculationsarenot veryaccurate.

Leap-frog algorithm A betterprecisionin thevelocityestimatescanbeachie-
ved by the so-calledleap-frogalgorithm,usedin our dynamicssimulations.In this
scheme,�rst, the velocitiesarecalculatedat half-integer time steps
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Theadvantageof thisalgorithmis thatthevelocitiesareexplicitly calculatedand
usedto obtain the positions,the disadvantageis that they arenot calculatedat the
sametimeasthepositions.4

2.2.6 Long-range interactions evaluation

Car-Parrinello MD is performedunderperiodic boundaryconditions. Within this
condition,eachparticle,in principle,interactswith all theotherN-1 particlesinto the
simulationbox andwith all theN particleimagesin anin�nite 3D arrayof periodic
cells. Theelectrostaticpotentialenergy V of the in�nite system,therefore,takesthe
form:
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whereL is the length of the periodic box, and n are the direct lattice vectors.
Convergenceof this seriesis extremelyslow, andcalculatinĝ from this expression
is inef�cient.

Simpli�cation of theelectrostaticcalculationsis achievedby splitting theenergy
functionsin two parts: a short-rangeterm (involving chargeswithin a spherewith

"-o&" ��o&n #

E

, thatis, within theprimitivecell) anda long-rangeterm(for atomsthat
arefurtherthan "¶� ).

Ewald summationtechniques[76, 77] areof greathelp in performingthis com-
putationmoreef�ciently: at eachcharge positionR
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, a gaussiancharge distribution
of oppositetotal charge -q
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), so that the total point
chargedistributionof thesystemp (R) maybewrtittenas:
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At this point, p

V

p

ª and pFq contributionsto the total charge distribution canbe
consideredseparately. Fromthe�rst termonegetsthefollowing potential:

4All the DFT and CP calculationsare performedwith the CPMD codedevelopedby Hütter et
al. [75].
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where

x

is thecomplementaryerror function:
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ª in realspaceis now easier, astheoppositechargeddistributionshieldsthepoint
charges,giving a negligible long-rangecontribution.

The long rangeelectrostaticpotentialcontribution is thereforecontainedin the
potentialthatcomesfrom thesecondtermof thechargedensity, which, now, canbe
moreeasilyevaluatedin thereciprocalspace:
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This expressionmay be calculatedwith � (N
ë

�³�

) operations,andcanbe further
improvedin ef�ciency throughapproximatealgorithms.

2.3 ClassicalMolecular Dynamics

The largecomputationalcostsin the implementationof Ab-initio moleculardynam-
ics endup into two major limitations: in therelatively smallsizeof thesystemsthat
canbesimulated(hundredsof atoms),andin therelatively shortsimulationtimescale
(tenthsof picoseconds).As relevant biological processesusuallyinvolve large sys-
tems(thousandsof atomsor more),andoccurin relatively longtimescales(from nano
to microsecondsor more),it is necessaryto developeffective parameterizedpoten-
tials, which arefasterto integrate,albeit lessaccurate,in orderto studythis kind of
systems.

2.3.1 Empirical force-�elds

Force-�eldsbasedsimulationsoriginatefromtheassumptionthattheBorn-Oppenheimer
potentialenergy surfacecanbe approximatelydescribedby additive parameterized
many-body termsthat canbe obtainedby �tting experimentalandhigh-level quan-
tum chemicaldatainto simple functional forms. In this work, the AMBER force
�eld [78] for descriptionof proteinsin solutionhasbeenused,while theGROMACS
package[79, 80] hasbeenusedto integratethe EoM. The functional form of this
particularforce-�eld canbewrittenas:
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is theFourierdecompositionof thetorsionalenergy. Dihedralparam-
etersarecalibratedon small modelcompounds,comparingthe energieswith
thoseobtainedby quantumchemicalcalculations. Improperdihedralangles
areinsertedbetweennon-covalentlybondedatomsto preserveplanarityin aro-
maticrings.
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describestheVanderWaalsinteractionsvia a Lennard-Jonespotential.
Parametersact as to reproducechemical-physicalproperties(e.g., densities,
enthalpiesof vaporization,solvationfree-energies,etc)in organicliquids.
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� is theelectrostaticenergy evaluatedby assumingthedielectriccon-
stantequalto 1, andusingtheRestrainedElectrostaticPotentialpartialatomic
charges(RESP)[81] asmodelatomicpoint charges.

VanderWaalsandelectrostaticinteractionsarecalculatedbetweenatomsbelong-
ing to differentmoleculesor for atomsin the samemoleculesseparatedby at least
threebonds.

Constraints

Thetime-stepin the integrationof theEoM is limited by thehighestfrequency mo-
tions,which, in thecaseof parameterizedforce�elds, arethebondstretchingvibra-
tions (in particular, thoseinvolving hydrogenatoms).As thesemotionsareof little
interestin classicalsimulationsof biologicalsystems,constrainingthesebondlengths
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during the simulationis of greathelp,asthe time-stepcanbe increasedwithout af-
fectingtheaccuracy of thesimulations.

The setof �`� molecularconstraints’�“ , one for eachconstrainedbond,canbe
writtenas:
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Satisfactionof the �`� constraintscanbeaccomplishedby applyingtheLagrange
multipliersmethod.An extra termis addedto thepotentialenergy function,andthe
equationsof motionsbecome:
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The LINCS algorithm[82], asimplementedin theGROMACSprogram,allows
satisfactionof thesetof holonomicconstraintsby anef�cient parallelizablematricial
representationof the equations,and it hasbeenusedin classicalMD calculations
donein thiswork.

Long-range interactions evaluation

ClassicalMD is usuallyperformedunderperiodicboundaryconditions,in orderto
minimizeboundaryeffectsandto mimic thepresenceof thebulk.

TheVdW interactionscanbetreatedasshort-rangeinteractions,sincetheirenergy
functionsdecayrapidly; in fact,althoughthesepotentialfunctionsarenot rigorously
zero for "

•

"¶� truncationat "¶� in the calculationwill result in a systematicerror
which may be correctedaddinga tail contribution. For Coulombicinteractions,in-
stead,the tail correctiondiverges,astheelectrostaticpotentialfunctiongoesslowly
to zeroas "

A œ

. Therefore,interactionswith all periodicimagesmustbeexplicitly
considered.Ewald summationspresentedin sec.2.2.6canbeef�ciently usedalsoin
classicalMD to solve this computationaltask.

In the GROMACS package,an ef�cient Particle meshEwald implementationis
used,consistingof an interpolationof thereciprocalspacepotentialon a grid using
smoothfunctions. Therefore,the sum can be evaluatedby using �\a����

Ö

�

e

Fast
FourierTransformalgorithms.
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Sampling the NPT ensemble

NuclearEoM aswritten in 2.2.4allow MD trajectoriesto sampletheNVT canonical
ensemble.Nonetheless,thermodynamicpropertiesof biological systemsshouldbe
computedatconstantpressure,ratherthanatconstantvolumeconditions.It is, there-
fore, importantto introducein the EoM the Parrinello-Rahmanalgorithm[83, 84],
which is similar to the Nosé-Hoover temperaturecoupling. With the Parrinello-
Rahmanbarostat,the box vectorsas representedby the matrix • obey the matrix
equationof motion:
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whereV denotesthevolumeof thebox,W is a matrix parameterthatdetermines
the strengthof the coupling, and Ÿ and Ÿ

�

K³²

are the instantaneousand reference
pressures,respectively. The EoM for the particleschangeas for the Nosé-Hoover
coupling:
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In theGROMACSimplementation,thecouplingmatrix is determinedproviding
thecompressibility

�

andthepressuretime-constant¢ ' asinput:
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wheren is thelargestbox matrixelement.
In theGROMACSpackage,EoM, integratedvia the leap-frogalgorithm,canbe

coupledto bothNosé-HooverandParrinello-Rahmanbaths,thus,they canprovide a
correctsamplingof theNPTensemble.

2.3.2 Analysisof MD trajectories

Datafrom MD trajectoriescanbe collectedandusedto calculatevariousstructural
properties,asreportedhere:
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Root meansquare displacement

Therootmeansquaredisplacement(rmsd)of asetof N atomsat time
6

, with respect
to theinitial structure,reads:
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where
¦
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a

6

e

is thedisplacementof thei-th atomat time t.

Root meansquare �uctuation

Therootmeansquaredeviationcanbecomputedwith respectto theaveragepositions
during dynamics,ratherthanto the initial positions,andmediatedover time. This
otherquantityis calledrootmeansquare �uctuation (rmsf) :
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wherethebrackets ›I‚„‚ƒ‚

•

standfor a temporalaverage.This quantitycanbecom-
paredto crystallographicB-factorsthroughtheDebye-Waller relation:
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Lar ge-scalemotions

Descriptionof the proteinmotion in termsof over-dampeddynamicsappearsto be
particularlyvalid for protein's low frequency vibrations,whicharerelevantin protein
functionaldynamics[85, 86,87,88]. Large-scaleor essentialmotionsderivedfrom
over-dampeddynamicscanbe calculatedon the basisof the C
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where¬
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indicatetheinstantaneousvaluesof the3N cartesiancoordinatesof
theN C
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s. Thesymmetricmatrix « canbediagonalizedbyanorthonormalcoordinate
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which transforms« into a diagonalmatrix of 3N eigenvalues
˜

?

. Provideda suf-
�cient numberof independentcon�gurationsis available(at least3N+1),six of these
eigen-values,representingthe roto-translationalmotionswill collapseto zero. The
roto-translationaldegreesof freedomcanbeeliminatedby performinga rmsd�t be-
tweeneachMD snapshotandtheinitial con�guration.

In general,long-rangemotionsof a proteinaresuf�ciently describedby only M
³ 3N+1 eigenvectorscorrespondingto the largestM eigen-values. Indeed,it turns
out that mostof the total motion is usuallyspannedover the �rst 2-4 eigenvectors.
Thecorrectdescriptionof theproteindynamicsin termsof essentialmotionsdepends
stronglyontheconvergenceof thecovariancematrix « . A usefulwayof checkingthe
well de�nition andrelevanceof essentialmodes(thatis, of checkingwhethertheMD
simulationis longenough)is performedcomparingcovariancematricescomputedin
differenttime-windows during the run, usingthe samereferencestructure[89, 90].
So, if ´ and µ arethecovariancematricescomputedin the �rst andsecondhalf of
thetrajectory, we cande�ne their “distance”as:
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andit is 1 for identicalmatrices,while is 0 for completelyorthogonalsubspaces.
Anotherusefulcheckis thecosinecontent.It hasbeenprovedthat theprincipal

componentsof randomdiffusionarecosineswith thenumberof periodsequalto half
the principal componentindex [89, 90]. The eigen-valuesare proportionalto the
index to thepower -2. Thecosinecontentis de�ned as:
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If thecosinecontentis closeto 1, that�uctuation is notconnectedwith thepoten-
tial, but with randomdiffusion.
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2.4 Hybrid QM/MM molecular dynamics

Although very useful in overcomingthe small-size/time-limitbottlenecks,parame-
terizedpotentialsare not adequatefor descriptionof a variety of phenomena,for
example,wherethe force-�eld transferabilityis low (e.g. in the presenceof strong
and/orvaryingelectric�elds) or duringchemicalreactions.

In thosesystemswheretheinadequacy of aparameterizeddescriptionoccuronly
for asmallnumberof atoms,hybridquantummechanics-molecularmechanicsmeth-
odsallow to overcometheproblem.In fact,in thesecomputations,partof thesystem
canbedescribedat a quantum-chemicallevel, whereastherestis treatedby parame-
terizedHamiltonians(WarshelandLevitt, 1976;SinghandKollman,1986;Field et
al., 1990;Sherwood,2000).TheHamiltonianfor ahybridsystemcanbewrittenas:
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where 9„Ây'ÆcM9\'i' aretheHamiltoniansfor thequantumandclassicalsystems,
respectively, and 9ÃÂy'

�

'i' containstheinteractionsbetweenthetwo parts.
Mixed QM/MM approacheshave beendevelopedapplyingboth semi-empirical

and ab initio levels of theory. In this thesis,the methoddevelopedby U. Roeth-
lisberger andco-workershasbeenused[91], in which the quantumpart is treated
at DFT/BLYP level (seesection2.1.3) and dynamicsis performedfollowing Car-
ParrinelloEoM, whereastheclassicalpartis describedby theAMBER force-�eld.

2.4.1 The Interface Hamiltonian

Thecrucialissuein developingaQM/MM methodis in thede�nition of the 9ÄÂ�'

�

'i'

partof theHamiltonian. The schemeadoptedin this thesisis theonedevelopedby
Laio etal. [91], whichwill bebrie�y introducedbelow.

Bondedinteractions

The bondedinteractionsat the interface(e.g. thoseamongquantumand classical
atomsdirectlyconnectedby chemicalbonds)areincludedin theclassicalforce�eld.
Stretch,bendandtorsionaltermsaretreatedasin theclassicalMM Hamiltonian(see
section2.3.1). Thesetermsallow the geometryat the interfaceto be kept stable,
nonetheless,sincetheir parameterizationdoesnot take into accountchangesdueto
chemicalreactions,they might not bevery accurate,if theboundaryregion getscru-
cial distortionsuponchemicalrearrangements.QM atomsthataredirectly linkedto
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MM atomsby chemicalbondsareleft with unsaturatedvalenceorbitals. This prob-
lem can be overcomeby saturatingthe valencewith “capping” dummy-hydrogen
atoms,which can�ll thevalences,but whoseinteractionswith theMM partarenot
considered.

Non-bondedinteractions

The electrostaticandstericcontributionsbetweennon-bondedatomsaretaken into
accountfollowing:
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The electrostaticterm takes into accountthe interactionof the classicalpoint-
chargeswith the total charge-densityp , which is thesumof theelectronicdensity x

andthenuclearpoint charges.Two majorproblemsarerelatedto calculation
of the electrostaticinteractions:(i) the electronspill-out phenomenonand(ii) a

veryhigh computationalcost.Theovercomingof thesetwo problemsis achievedby
treatingin differentwaysshortandlong rangeinteractions.

Short-range electrostatic interactions Thespill-out problemderivesfrom the
anomalousrearrangementof theelectrondensitythat is attractedontotheMM point
chargesnearbythe interfaceregion. This problemis particularlypronouncedasthe
wave-functionsareexpandedin a delocalizedplane-wave basisset. A simplesolu-
tion is givenby modifying the Coulombpotentialin the coreregion of MM atoms:
whereasthe 1/r behaviour is maintainedfor large r, for valuesof r shorterthanthe
covalentradius,theCoulombpotentialgoesto a �nite value. Thus,theelectrostatic
termis rewrittenas:
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where " � arethecovalentradii. This choiceof thesmoothingfunctionhasbeen
testedto produceaccurateresultsfor the structuralpropertiesof a quantumwater
moleculein aboxof classicalwatermoleculeswithoutany adhocre-parametrization
of theforce�eld.
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Long range electrostatic interactions The explicit calculationof the long-
rangeelectrostaticterm is too expensive in a planewave basedapproach.In fact,
thecalculationof aboutN �

ƒ N 'i' integrals,whereN � is thenumberof real-spacegrid
points( �

Y

,

ë

) andN 'i' is thenumberof classicalatoms( �

Y

,

È ),wouldberequired.
This problemis solvedby lowering the degreeof accuracy of thecalculationasthe
MM atomsgetfurtherfrom theQM region. TheMM region is partitionedinto three
regionsby providing two cut-off radii "•� and "

�

.

� Interactionof the QM charge distribution with all MM atomswithin "-� is ex-
plicitly calculated.

� For MM atomswith "&�Éo�"ÊoË"

�

, theCoulombinteractionis approximatedto
interactionbetweentheMM atomicpointchargesandtheD-RESPcharges[15]
of theQM system(seebelow for D-RESPchargesderivation). Thus,theelec-
trostaticHamiltonianreads:
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� for "±Œ#"

�

The MM chargesinteractwith a multi-polar expansion(up to the
quadrupolarterm)of theQM chargedistribution. In this case,theHamiltonian
takestheform:
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where ‹" is theorigin of themulti-polarexpansion(e.g.,thegeometricalcenter
of thequantumsystem)and

ß

c

Ð

and
b

arethetotal charge,thedipoleandthe
quadrupolequantumchargedistributions,respectively.

Theonly freeparametersin thisapproacharethecut-off radii "d� and "

�

. Thisap-
proachallows a fully Hamiltoniandescriptionof theelectrostaticinteractions.Thus,
energy conservationduringdynamicsis achievedif thepotentialenergyandtheforces
are consistentlycomputed. The correctnessof the implementationcan be directly
veri�ed by monitoringtheconservationof theenergy duringMD simulations.Some
examplesaregivenin refs.[91, 92], andexhibit negligible shifts.
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2.4.2 Partitioning the system

Partitioning thesystem(i.e. de�ning thequantumregion) is a crucial issuein mod-
elling biologicalcomplexeswithin a QM/MM approach.As a largerQM region en-
suresabetteraccuracy andabetterpredictivepowerfor thesimulation,it alsoheavily
increasesthe computationalcostof the whole calculation,which scalesasthe third
power of theQM region size. Whenstudyinganenzymaticreaction,asin thework
presentedin thefollowing chapter, all thereactivemoietieshave to bewithin theQM
part (i.e. thenucleophileandthe electrophiliccentre).Moreover, asin our speci�c
casedifferentacidic hydrogensare presentin the active site, all hydrogenbonded
groupsto the active site were introducedin the QM region, aspolarizationeffects
over differentgroupsmay play a crucial role in the whole protondynamicsof the
system.

2.4.3 Electronic structur ecalculations

Electronicstructurecalculationsareof crucialimportancebothfor providing thecor-
rectparametersin long-rangepartof theinterfaceHamiltonianandfor dataanalysis
of thetrajectories.

D-RESPcharges

Within theQM/MM schemethereexists thepossibilityof calculating,at eachtime-
step,restrainedelectrostaticpotentialderivedcharges(RESP)associatedto theQM
atoms[15]. RESPchargesare�tted in orderto reproducetheelectricpotentialdue
to theQM electronicdensityon theMM atomswithin the�rst shellof thehierarchi-
cal partition asdescribedin section2.4.1. Sincethe explicit contribution hasto be
computedin any caseat every time-step,RESPchargescanbecomputedon the �y
with no additionalcomputationalcost. For this region, they arere-called“dynam-
ically generatedRESP”(D-RESP).The instantaneouselectrostatic�eld on the i-th
MM atomgeneratedby theelectrondensityis:
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the collectionof n

?

's is usedastarget for a least-square�t. As D-RESPcanbe
de�ned asthesetof point charges
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, locatedon theQM nucleiwhich
reproducein thebest-possibleway theelectrostatic�eld on theMM atoms,they can
bederivedminimizing thenorm:
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whereW is a restrainingquadraticfunction:
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where ×
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is a freeparameter�x edto 0.1,and
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aretheHirschfeldchargesof
theQM atomsde�ned as:
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Where p

 �"

?

is thepseudo-valencechargedensityof the
i-th atom,andZ is its valence.

Maximally localizedWannier functions

“Traditional” chemicalrepresentations(bondorders,lone-pairsetc..) �nd a straight-
forward relation to electronicstructuresas the latter are expressedin termsof lo-
calizedorbitals. Boys orbitals[93] (BO's) arebroadlyusedin the literatureto per-
form suchcharacterization.In a planewaves approach,a generalizationof BO's
areintroducedto mapelectronicdensityin highly localizedmolecularorbitals. The
maximally localizedWannierfunctions(WF [94, 95, 96]) arederived by a unitary
transformationfrom the KS wavefunctions.The positionsof the WC centersallow
anaccuratedescriptionof polarizationeffectsduringquantum(i.e. CPor QM/MM)
simulations.

Accordingto Marzari andVanderbilt[95], the Wannierfunctionsarede�ned in
termsof Bloch functionsin the þ pointapproximation:
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theWannierfunctionsetin not unique,becauseof thephasetermin Bloch func-
tions,thus,asa generalunitarytransformation
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preservestheWF centerpositions ›sR
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, it is plausibleto �nd thesetof WF's that is maximally localizedon their
centers,by minimizing with respectto the unitary transformation,the spreadfunc-
tional: Þ
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2.5 Free-energy pro�le reconstructions

Many biologicallyrelevantevents(conformationalchanges,enzymaticreactions,etc)
requirethe crossingof relatively large free energy barriers. As a result, is too im-
probableto observetheseprocessesduringtypical timescalesof quantumof classical
mechanicsMD simulations.

It is thereforenecessaryto somehow force the systemto undergo the requested
transformation.Thistaskimpliestwomajorproblemsthatcanberesumedinto: (i) the
eventualsimpli�cation of thephasespaceinto few (or evenone!) relevantparameters
(so-called“Reactioncoordinates”) alongwhichdrivethetransformation,and(ii) the
de�nition of ef�cient schemesfor samplingthe(eventually)reducedphase-space.

Differentalgorithmsthat allow answersto thesepointshave beendevelopedin
thelastdecades[12, 97,98,99,100, 101, 102].

Although reactioncoordinatesare, in principle, combinationsof large setsof
atomiccoordinates,in somecases,asin enzymaticreactions,monodimensionalap-
proximationscanbe reasonable,asthe otherdegreesof freedomin�uence the sys-
temonmuchmorelonger-timescales.Themonodimensionalapproximationhasbeen
usedin this thesis,andthe algorithmsusedto addressquestion(ii) areherebrie�y
presented.

2.5.1 Constraint dynamics

TheConstraint MD methodhasbeendevelopedby Ciccotti et al. [101] in 1998,and
hasbeenusedto avarietyof molecularsystemsup to date.

In this scheme,the reactionfreeenergy is calculatedby rigidly constrainingthe
chosenreactioncoordinate. The force on the constraint(

x

) is time-averagedupon
successive variationsof the reactioncoordinatevalue â , andthenintegratedalong

â . TheFreeenergy, then,reads:
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For the simplecaseof an interatomicconstraint,like in the caseof the simula-
tionsof thiswork, theforceon theconstraintis equalto thecorrespondingLagrange
multiplier:
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wherethe brackets standfor an ensembleaverageover the trajectory, and the
reactioncoordinateâ is de�ned by thedistancebetweenatoms

•

and
‘

.
Thevalidity of this thermodynamicintegrationschemeis independenton thena-

ture of the interatomicforces,andit hasbeensuccessfullyextendedto a variety of
chemicalsystems(e.g.[20]) Practically, thevalueof â is increasedor shortenedin
a small amountstartingfrom the �nal con�guration of the simulationat the former

â value.Theamountof theseincrementsdeterminestheaccuracy of thefreeenergy
estimationfor e.g. a chemicaltransformation:nonetheless,theshorterthey are,the
more time-consumingthe simulationwill be. This methodologyhasbeenusedin
this work to computethefreeenergy of the�rst-step of theenzymaticreactionof

�

-
secretase,asto comparetheresultsobtainedwith thesametechniquesin refs.[5, 7]
on theHIV1 protease.

2.5.2 Multiple SteeringMolecular Dynamics(MSMD)

In 1997,Jarzynskiestablishedarelationbetweennon-equilibriumdynamicsandequi-
librium properties[12, 13]: let 9 a r c
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betheHamiltonianof a systemthatis subject
to anexternaltime-dependentperturbation,andlet
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wherethebracketsrepresentanaveragetakenover anensembleof trajectories.The
previousequalitycanbealsoreformulatedas[103,104]:
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TheHamiltonian9 a r c

6

e

canbewrittenasthesumof thetime-independentHamilto-
nianof theunperturbedsystem,9

�

a$R

e

, plusthetime-dependentexternalpotential.In
thepresentstudy, aswell asin refs. [105, 14, 106, 104]theperturbationhasbeencho-
sento bea harmonicpotential,which minimumpositionmovesat constantvelocity

k accordingto:
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where
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representsa chosenreactionpath. In this way, at any given time, only
a small window aroundthe equilibrium position
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substitutingEq.2.81into Eq.2.80one�nds:
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Thus,the free-energy of a processalonga selectedreactioncoordinatecanbecom-
putedperforminga representative numberof �nite-time transformations,collecting
ateachtime-stepthework done,andthenproperlyaveragingit.

Eq. 2.82 requiresthe convergenceof an exponential,which is slow. Thus, it is
moreconvenientto useasecond-ordercumulantexpansion[107]
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where ›øƒ·ƒ·ƒ

•­÷

ê

denotesan averagerestrictedto trajectoriessatisfyingthe condition
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is thevarianceof theaveragework done.
An experimentalvalidationof thereliability of Jarzynski's methodologyhasalso

recentlyappeared[108].
Thismethodoloy hasbeenusedin thiswork to computethefreeenergy of thehy-

drolysisof formamidein aqueoussolution,asareferenceparameterfor theenzymatic
reactionof

�

-secretase.

2.6 CoarseGrained computations

The capabilitiesof actualcomputercalculationsallow, within a reasonablecost, to
follow the dynamicalevolution of few hundredresidueslarge proteinsfor tenthsof
nanoseconds.Althoughsuchsystemdimensionsandsimulationtimescalesallow to
gainconsiderableinsight into relevantaspectsof proteindynamicsfrom simulation
data,they are too small, or short, for studyingothermajor aspectsof dynamicsof
biological systemssuchas larger conformationalchangesor molecularrecognition
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processes[109]. In addition,MD runsmight not besuf�ciently long to legitimatea
timeaverage/ thermodynamicaverageequivalence[90].

Several studieshave attemptedto bridgethe gapbetweenthe dimensionsor ti-
mescalesof feasibleMD simulationsandtheonesof relevantbiologicalmechanical
processesby recurringto amesoscopicratherthanamicroscopicapproach[110].

In fact, the large-scaledynamicalfeaturesencounteredin MD trajectoriescan
be interpreted,at �rst approximation,as a superpositionof independentharmonic
modes[109] thatcanbeachievedby simply substitutingdetailedforce-�eld interac-
tionsby harmoniccouplingswith thesamespringconstant[110].

2.6.1 
 -GaussianModel

The resultsfound by Tirion leadto developmentof coarse-grainedschemeswhere
amino acidsare representedby effective centroidscorrespondingto the

ß

s

atoms
andtheHamiltonianis asummationof harmoniccouplingsbetweenpairsof spatially
closecentroids[111, 112,113].

At variancewith previous approaches,in this thesisthe so-called
�

-Gaussian
model[22] hasbeenused.Themaindifferenceconsistsin introducingeffective

ß

Ñ

centroids,tetheredto the
ß

s

's, that mimic the side-chain,allowing a bettercontrol
of the directionalityof pairwiseinteractionsin the protein, leadingto an improved
vibrationaldescription.

Modeling the Hamiltonian

TheHamiltonianof a proteinis describedasanexpansionin termsof deviationsof
theaminoacidsfrom their referencepositions:
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where
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is thenativecontactmatrixthatloadsthevaluesof 1 or 0 if thenativedistance
betweentwo particles

2

and ý is below a certaincutoff valueR.
To accountfor the higher strengthof the peptidebondswith respectto non-

covalent contactinteractionsbetweenamino acids,an explicit chain term 9þd has
beenadded,wheretheinteractionof consecutive

ß

s

's is controlledby �\Œ

Y

.
By construction,theglobalminimumof this Hamiltoniancoincideswith thena-

tive state. For small �uctuations aroundthe native structure,the potentialinterac-
tion energy of two particlescanbeexpandedin a Taylor series.If �
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where ¡ and
’

run over thethreeCartesiancomponents.Basedon this quadratic
expansion,theHamiltonianin eq.2.84canbeapproximatedas:
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Where� 'saresymmetricmatrices.
However, the locationof the

ß

Ñ

atomsin a proteinstructureis almostuniquely
determinedby thegeometryof thepeptidechain[114]. Thus,thedegreesof freedom
canbe reducedto only thoseof the

ß

s

's, whereasthe �uctuations of the
ß

Ñ

's are
dictatedby thoseof theformer.
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Thelocationof thei-th
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is givenby:
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where! = 3 Å. Deviationsof thethe

ß

Ñ

positionsarethenfully derivedfrom those
of the

ß

s

's:
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In this way,

ß

Ñ

arelocalizedasa functionof the

ß

s

's5, andequation2.87takes
theform of:
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where
�

� is a new 3Nx3N symmetricmatrix,andtheelasticresponseof thesys-
temis uniquelydictatedby theeigenvaluesandeigenvetorsof

�

� .

Equilibrium properties

Several theoretical,experimentalandcomputationalstudieshave demonstratedthat
thedynamicsof a proteinis over-dampedby thesolvent[85, 86, 87,88].

For small deviations from the referenceposition, the dynamicsof the coarse-
grainedaminoacidscanbewrittenas:
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thestochasticnoisesatisfy:
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Thesetwo conditionsensurethe onsetof canonicalthermalequilibrium,so that
theprobabilityof agivencon�guration{ Ñ } for theparticlesin thesystemis controlled
by theBoltzmannfactor.

5 ��� positionsaredeterminedfor all residuesbut Gly, andfor the initial and�nal residuesin the
chain,asthey lackoneof the�anking ��� 's.
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Covariancematricesand temperature factors

The main observablequantity that canbe calculatedwithin the Gaussianmodel is
the correlationbetweendisplacementsof pairs of

ß

s

atoms. The thermodynamic
averagesof the correlateddisplacementsareobtainedfrom the inversionof the

�

�

matrix. In fact,if thethermalfactor
�

�

� is setto 1, onehas:
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theinversematrix
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is referredasthecovariancematrix « , andits eigenvec-
tors representthe three-dimensionalindependentmodesof structuraldistortion for
theprotein(seesection.2.3.2).

Themean-square�uctuations(rmsf
�

) for eachaminoacidareeasilyobtainedas:
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which arerelatedto experimentaltemperature-factors(or B-factors),asalready
statedin section 2.3.2.

2.7 Evolutionary patterns in protein families

Fromdeterminationof theDNA structure[115] to decodi�cationof theaminoacidic
alphabet,evolutionarytheoriescoupledto molecularbiology andgeneticshave been
beingableto shedlight on themechanismsfollowedby naturethatleadto differenti-
ation,speciation,andeventuallyfamiliar geneticdiseases.

2.7.1 Evolution of a protein sequence

Theanalysisof evolution at molecularlevel mustconsidertheprocesseswhich alter
theDNA sequences(e.g. errorsin DNA replicationof DNA repair). Thesechanges
provide the mutationsupon which naturalselectioncan act. The resultsof geno-
typic changesprovidethemolecularrecordof evolution: themorecloselyrelatedtwo
speciesare,themoresimilararetheirgenomesequences.In thecaseof proteins,sim-
ilarity relationshipscanbeextendedfrom their sequenceto their structure.In fact,as
thefunctionof a proteinis strictly relatedto its three-dimensionalstructure,conser-
vationof theshapeis usuallya betterindex of theevolutionaryrelationshipbetween
two proteinsratherthansequenceidentity itself.
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Evolutionaryrelationshipsbetweenmembersof proteinfamiliescanbeclassi�ed
accordingto the conceptsof homology andanalogy: sequencesarehomologousif
they arerelatedby evolutionarydivergencefrom acommonancestor, analogousif the
haveacquiredsharedfeatures(e.g.proteinfold or function)by convergentevolution.
Homologoussequencesleadto structurallysimilarproteins.

A critical taskconfrontinggenomesequencingprojectsis thestructuralandfunc-
tional characterizationof new proteins. This taskcanbe solved by recognizingthe
evolutionarypatternof newly discoveredproteinsequences,andthusreconstructing
their “f amily trees”, startingfrom alreadycharacterizedproteins.

2.7.2 Protein homologyand sequencesimilarity

The major postulatein divergent evolution is that eachsingle mutationprocessis
not likely to changevery muchthe structure/functionof the original protein. As a
result,proteinsequencescanhighly mutatewhile keepingtheir functionality, aslong
as the functional regionsof the protein (e.g. the active site of an enzyme)remain
untouched.This featurehasbeenproved by SanderandSchneiderin 1991 [116],
whenthey showedthatnaturalproteinsaresurely“homologous”up to a thresholdof
around70-75%of mutationsin their sequence.

Thus,whendiscovering a new proteinsequence,it is crucial to identify in the
proteindatabasewhetherthereexistsany homologousproteinwhichhasbeenalready
characterized,in orderto reconstructthestructureandde�ne thefunctionof thenew
sequence.

Identity matrix

Theonly way to recognizewhethertwo proteinsbelongto thesamefamily, andhow
distantthey arealongthe evolutionarypath,is to matchthe aminoacidsin the two
sequences,andlook athow many of themareconserved. If S

Ä

and S

d aretwo protein
sequences,their identity canbede�ned as:
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As evolution mayhave causedinsertionsor deletionsin thesequences,it is nec-
essaryto includea �

�

 

' penaltyscoringfunction in the formula, in order to allow
handlingof thesefeatures.



2.7Evolutionary patterns in protein families 55

Similarity matrices

Theidentitymatrixprovidesalowerlimit for homologyrecognition,aseverymutated
aminoacidscoreszero. In practice,a betterevaluationof mutationsin analignment
canbeachievedby using“similarity matrices” � , which assigna differentscorede-
pendingwhich residueis mutatedinto which. Thetotal score� will thenbewritten
as:
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thede�nition of thematrix elementsof � is not unique,andseveralschemesare
proposed;themostcommononesareusuallybasedonthefrequency two aminoacids
aremutatedinto eachotherin familiesof homologousproteins[117].

Multiple sequencealignment

The schemespresentedso far allow to align two proteinsequences,provided they
arehomologous.Anyway, �nding the evolutionaryconnectionsin distantlyrelated
proteins(so-called:remote-homolog detection) is acomplex anddif�cult task.In this
case,a singlealignmentcould be not accurateenough,asthe bestalignmentscore
might beheavily dependenton thegappenaltyfunction,or on thechosen� matrix.
Therefore,it canbe useful to try to align asmany sequencesaspossible(up to the
wholefamily) into amultiplesequencealignment.

Moreover, asproteinsaresubjectto evolutivepressure,functionalrelevantregions
shouldbebetterconservedthantheothers;therefore,analignmentof thewholefam-
ily surelyresultsextremelyusefulin identifyingwith highaccuracy theseregions.

Dif ferentalgorithmwhichareableto ef�ciently searchin theproteindatabaseand
alignhomologoussequencesarenowadaysavailable[118,119]. Themethodusedin
this thesisis theSAM-T99 HiddenMarkov Model (HMM) algorithm,implemented
by Karplusetal.6 andbrie�y resumedhere.

Hidden Mark ov Models Pro�le Hidden-Markov Models[120,121,122] havebeen
demonstratedto be very effective in detectingconserved patternsin multiple se-
quences[123]. The main algorithm follows the schemeas in �g. 2.1: the pro�le
is a chainof match(square),insert(diamond)anddelete(circle) nodes,with all tran-
sitionsbetweennodes,andcharactercostsin the insertandmatchnodestrainedto

6freeserveravailableat http://wwww.cse.ucsc.edu/research/compbio/HMM-apps/T99-query.html
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Figure2.1: Schemeof an HMM, wheresequencesgo from Start to End passingthrough

match(Square),insert(diamonds)or delete(circles)states.

speci�c probabilities. The singlebestpaththroughan HMM correspondsto a path
from “start” to “end” in whicheachcharacterof thesequenceis relatedto asuccessive
matchor insertionstatealongthatpath.Deletestateindicatethatthesequencehasno
charactercorrespondingto thatpositionin theHMM. Theaccumulationof datafrom
alignedsequencestrains the transitionprobabilities;therefore,if a HMM is trained
on sequencesthataremembersof thesamefamily, theresultingHMM will identify
the regionsin the sequenceof aminoacidsthat areconserved andcharacteristicof
the family. This schemeis alsoableto discriminatebetweenfamily andnon-family
membersin thesequence-databasesearch,or to identify cross-conserveddomainsin
proteinsbelongingto differentfamilies.In this thesisHMM hasbeenusedto identify
conservedsequenceregionsin thepepsinfamily.



Chapter 3

Enzymatic activity of
�

-secretase

Theidenti�cation of Memapsin2beingthelong soughtkey-pharmaceuticaltarget
�

-
secretase[36] hasresultedin a largeconcentrationof efforts on this protein.In these
lastyears,a largeamountof structuralinformation[60, 61, 124] hasbeenproduced.
Thedeterminationof themoleculardetailsof its catalyticactionandtheidenti�cation
of the transition-stategeometrymay have a positive fallout in the determinationof
possiblemodel-drugs.

In the most characterizedretropepsin,HIV-1 AP[125], conformational�uctua-
tions play a major role for the enzymaticcatalysis,as the proteinactsasa sophis-
ticatedmachinerycapableof steeringthesubstratetowardthecatalyticAsp dyadto
favor a reactiveconformation[5, 6, 49]. Thekey questionis, therefore,whetheralso
BACEenzymaticactivity couldbemodulatedby mechanical�uctuations.

Here,differentmoleculardynamicstechniqueshavebeenusedasto �nd answers
to thesekey questions.The enzymaticreactionhasbeenstudiedby, �rst, inferring
a model referencereactionin water (section3.1) through full QM computations;
then,structuralanddynamicalfeaturesof the enzyme-substratecomplex are iden-
ti�ed by performing20 ns of classicalMD simulationson the enzymein complex
with amodelsubstrate.In particular, conformationalchangesin theprotein-substrate
complex whichaffectthestructureof theactivesitehavebeenevidenced(section3.2).
Finally thereactionin theMichaeliscomplex (section3.3)hasbeeninvestigatedvia
aQM/MM scheme.
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3.1 Referencereactions:formamide hydrolysis

A reliablemodel referencefor the enzyme-catalyzedhydrolysisof peptidesis pro-
videdby hydrolysisof amidesin aqueoussolution[126].

Small amidesarevery stablein aqueoussolutionandhydrolysisof their amidic
bonddoesnotoccurat roomtemperatureandphysiologicalpH [127]; in thesecondi-
tions,theuncatalyzedreaction,

which is initiated by wateraddition, is so disadvantagedthat, even thoughthereis
someexperimentalevidencefor thisreactionto occur[127], kineticdatafavor abase-
catalyzedmechanismevenat neutralpH [127,128]. On theotherhand,bothacidor
basicsolutionsexhibit catalyticactivity on thereaction.Fromabiochemicalpointof
view, thebase-promotedreaction

is moreimportantthantheacid-promotedonebecauseof its closeranalogywith most
enzymaticmechanisms[126]. Theexperimentalactivationfree-energy for thebase-
catalyzedreactionsis of � 20-30kcal mol

�

� [129, 130] dependingon thesubstrate
andthetemperature.

The �rst stepof the reactionat both neutralandalkalinepH hasbeenthe sub-
ject of many computationalstudies.The ab-initio calculatedactivation free-energy
of the uncatalyzedreactionis about55 kcal mol

�

� in vacuo[131, 132], and 48-
51 kcal mol �

� in the presenceof the solvent [133], whereasthe free-energy barrier
for the base-catalyzedreactiondecreasesto 18 kcal mol �

� . Furthermore,for the
base-catalyzedreactionthe activationbarrierhasbeenshown to be completelysol-
vent induced[134, 135, 136]. Empirical valencebondcalculationsby Warsheland
coworkers[126,137, 138]on thebasecatalyzedreactioncon�rm thisproposal.

Here,�rst principlesmoleculardynamicssimulationshavebeencarriedoutwithin
theCar-Parrinello(CPMD)[11] approach,usingtheCPMDcode[75], andfree-energy
computationshave beendonefollowing the MSMD scheme,as reportedin chap-
ter2.5.2.
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Simulation parameters

The model for the reactionin waterhasbeencomposedby a formamidemolecule
(FOR)and56watermoleculesenclosedin aperiodicboxof
13.5Å � 11.8Å � 11.8Å edges(Fig. 3.1).

This correspondsto take explicitly into accounttwo completesolvationshellsof
formamideplusa partof the third shell. TheOH � attackhasbeeninvestigatedin a
simulationcell obtainedfrom thepreviousoneby mutatinga randomlychosenwater
moleculeinto a hydroxyl ion (Fig. 3.2). Here,an uniform positive backgroundhas
beenaddedto neutralizethetotal electriccharge. In this way, it hasbeenpossibleto
simplify themodelandavoid thecontinuouspresenceof thecounter-ion nearbythe
reactionsite,which couldnonphysicallyalterthedynamicsbecauseof thesmallsize
of the cell. Previous CPMD studiesof chargedaqueoussolutions,carriedout with
simulationcellscomparablein size,numberof atomsandcharge,showedthat �nite
sizeeffect arenot crucial in determiningthe main dynamicalpropertiesof an ionic
aqueoussolution[139,140].

Accuracy of the quantum-chemicalcalculations Themajority of thestudies
of chemicalreactivity carriedout sofar usingDFT seemto indicatethatthereaction
barriersareunderestimated(seefor exampleRefs. [141, 142]). To have anestimate
of apossibleintrinsicerrorin ourpseudo-potential-DFT/BLYP calculations,wehave
computedtheactivationenergy for theadditionof waterto formamidein vacuo(con-
certedmechanism).No zero-point-energy effectshave beentakeninto account.The
calculationhasbeenperformedat DFT/BLYP level, asdescribedin sec.2.2,in a 8.5
Å � 9.0Å � 9.0Å cell. Thevalueobtained(40.5kcalmol

�

� ) is only slightly lowerthan
thevaluereportedby Jensenet al. [132] at MP2/6-311G** level (42.8kcal mol �

� ).
This resultmakesuscon�dent that thepresentDFT/BLYP calculationsareadequate
to reasonablydescribetheenergeticsof thereactionsinvestigatedin watersolution.

3.1.1 Hydr olysisby H � O addition

Energetics.Thefreeenergy pro�le of thedirectadditionof waterto formamidecon-
vergeswithin few steeringtrajectories(Fig. 3.3a).Furthermore,within ourstatistical
uncertainty, it coincideswith thatof thereversereaction.Hence,for thissystem,hys-
teresisdoesnot seemto berelevant. Thecalculatedfreeenergy of thereactionis of
44 kcalmol �

� , which is fairly goodagreementwith previouscalculations[133]. The
inversereactionfeaturesasmallactivationenergy (2 kcalmol �

� ). Althoughthissug-
geststhattheintermediateis verylabile,it mustbepointedout thatrecent�ndings [7]
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Figure3.1: Simulationbox for WAT additionto FOR.FOR andWAT aredrawn in
dark-grey ballsandsticks,theotherwatermoleculesaredrawn in light-grey cylinders.
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Figure3.2: Simulationbox for HYD additionto FOR.FOR,HYD andits hydration
shellaredrawn in dark-grey ballsandsticks,theotherwatermoleculesaredrawn in
light-grey cylinders.

indicatethatthefreeenergy of theintermediatein this reactionmaybeoverestimated
by theBLYP calculationsby severalkcalmol �

� .
Structural features.At largeWAT-FORdistances,thesolvationof reactantsresem-
blesthat in thebulk; in particular, WAT hydrogen-bondlengthis �

Y

‚

ä��

,W‚

E

Å, as
in CPMD simulationsof bulk water. WAT attacksFORperpendicularlyto theFOR
molecularplane. The molecularplanesof FOR andWAT atomsgetalmostparallel
as the transitionstate(TS) is approached.Furthermore,as the reactioncoordinate
goesbelow 2.5Å, oneof thetwo H-bondsreceivedby WAT breaks.After breaking,
thenew solvationstructureof WAT is conservedupto theformationof thetetrahedral
adduct(Figs.3.4aandc). Thetwo H-bondsdonatedby WAT neverbreakduringreac-
tion. Thetetrahedralanglesof theTS dependon thestructureof thesolvent,without
showing apreferencefor staggeredor eclipsedcon�gurationsof thetwo molecules.

The approachof WAT to FOR, up to the TS, neitherinducesrelevant changes
in the solvation shell of FOR nor involve interactionsbetweenreactantssolvation
shells. Thus,the dynamicalfeaturesof the direct reactionareessentiallyrelatedto
theapproachingmotionof thetwo reagentsthatdoesnot requiresany complex rear-
rangementof the solventcloseto theTS. TheTS is foundat a C-O����� distanceof
1.73Å, with an activation free-energy of 44 kcal mol �

� . The equilibrium distance
of theintermediateis foundat a distanceof 1.61Å. Theintermediateadductresem-
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Figure3.3: Free-energy pro�le of WAT (a) andHYD (b) additionto FOR.In thein-
setstheTSregionis enlargedto show theconvergenceof thefreeenergy asafunction
of thenumberof trajectories(two: dashedline; four: dottedline; six: solid line). In
bothsimulations,nodifferencesin thefree-energy pro�les obtainedaveragingover5
and6 trajectorieshavebeenevidenced.

blestheTS (lateTS, Fig. 3.4c). After formationof the tetrahedralintermediate,the
N atomactsasH-bondacceptor, whereasthecarbonyl oxygenis ableto coordinate
threeH-bonds.
Electronic structures. The electronicstructuredoesnot changesigni�cantly until
the TS is reached(C-O����� = 1.73Å). Then,asthe É systemof FOR is disrupted,
oneof the two BO's [96, 95, 143] migratescloseto theoxygenatom,andtheother
betweenthe two atomsof the carbonyl group,asevidencedin Fig. 3.5a,wherethe
relativedisplacementof thetwo BO's relatedto theCObondis shown.

3.1.2 Hydr olysisby OH � addition

MSMD runshave beenperformedfollowing thesameprotocolasfor WAT addition.
In this case,oneof the two reagentsbringsa negative charge. Becauseof the long-
rangenatureof electrostaticinteractionsbetweenthetwo reagents,theoxygenatom
of the hydroxyl ion (O”���� ) hasbeenrestrainedat a longerdistancefrom C (4.5 Å
) by a harmonicpotentialwith force constant� = 25 kcal mol �

� Å �

�

. During the
equilibrationphase,a coordinationconstraint[144] hasbeenseton O ”���� in order
to avoid unwantedprotontransfers.Six steeringsimulationshave beencarriedout
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Figure3.4: Structureof the transitionstateandthe intermediateof WAT (a-c) and
HYD addition(b-d). BO's aredrawn asspheres.WatermoleculesH-bondedto OH

�

aredrawn assticks.For sakeof clarity, theotherwatermoleculesarenotdrawn. The
C-Odistance(in Å) is alsoreported.
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Figure3.5: Relativedisplacementof thecarbonyl BO'sduringWAT (a)andHYD (b)
approachto FOR.Therelativedisplacementis computedas a
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for boththedirectandinverseprocesses,usingasstartingpoint con�gurationssaved
every500fs from theprevioussimulation.

In our simulation,OH � hasa four-fold coordination,in agreementwith previ-
ouscalculationsat a pH comparableto ours [145, 146, 147, 139, 148], and it has
to progressively loosetwo solvationwaters,in orderto reactto FOR.Both the four
andthreewatersolvationstructuresarevery stable[146]. As a consequence,O ” ���

cannotapproachtheC atomrelaxingcorrectlywith respectto theharmonicrestraint;
hence,the free energy cannotbe reliably calculatedwith a �nite numberof trajec-
tories. Simulationsperformedwith a slower pulling speed( k = 0.2 Å ps�

� ) have
manifestedthe sameproblem. In contrast,the inverse reactionis not affectedby
this problem. (Fig. 3.3b). In fact, in this casethereis a pre-orientationof the reac-
tants(e.g. the H ” ��� -O”���� -C angle)in the cleavageof the C-O” ��� bond,andthe
subsequenthydrationof OH � occursreadilybecausethestrongH-bondinteractions
betweenthehydroxyl ion andwatermoleculesdrivea fastformationof thesolvation
cluster. Hence,thefreeenergy pro�le of theinversereactioncanbecalculatedusing
C-O” ��� distanceasreactioncoordinate.

Energetics.1 As for theuncatalyzedreaction,thefreeenergy pro�le converges
within a few trajectories(Fig. 3.3b,inset).Thecalculatedactivationfreeenergy with
respectto solvent-separatedFORandOH � is 15 kcal mol �

� (Fig. 3.3b). This value
is in goodagreementwith the experimentalenergy of � 19 kcal mol �

� , measured
for FORderivatives[129, 130]. Theinversereactionfeaturesanactivationenergy of
6 kcalmol �

� ), similarly to whatfoundin ref. [137].

Structural Features. Although the OH � ion doesnot relax properlywith re-
spectto theminimumof theharmonicrestraint,the structural featuresof thedirect
simulationshave reproducedthesameonesfound in the inversereaction.Thus,for
sakeof clarity, wewill describethereactionastheOH

� attack.
Theequilibriumdistanceof thetetrahedraladductis foundat a C-O”���� distance

of 1.55Å. TheTS is locatedat a C-O” ��� distanceof 2.20Å, which is considerably
longerthantheaverageTS distanceof thewateraddition.Theorientationof thehy-
droxyl ion with respectto theC atomis correlatedto thereactioncoordinate;in fact,
theaveragevalueof theangleformedby H ” ��� , O”���� andC atoms,asthereactants

1It is referredonly to the freeenergy pro�le of the inversereaction,as,during thedirect reaction
of thebase-catalyzedattack,thestronglyH-bondedOH % watermoleculesdo not allow, on the time
scaleof our simulations,for thelargerearrangementsof thesolvationshellthataredeemednecessary
for thereactionto occur. In otherwords,theapproachingtime of OH % to FORis too shortcompared
to thatrequiredfor theOH % shellto undergopartialdisruption.



66 Enzymatic activity of
�

-secretase

arefurtherthantheTSregion,is almost180� . Thisgeometryis preserveduntil theC-
O” ��� distanceapproachesthatof theTS. ThereactionoccursastheH ” ��� -O”���� -C
anglebendsto avalueof about100� .

The four ligandsnever leave the solvation shell as the reactioncoordinatere-
mainsout of theTS region (approximatelylocatedbetween2.0 and2.3 Å). Theav-
erageO”���� -H distance(1.7

�

0.3 Å) is shorterthanH-bondsformedin bulk water
( � 1.9Å). Thenumberof wateroxygensH-bondedto O”���� decreasesfrom four to
three,beforetheTS (Fig. 3.4b). At the TS, theOH �

reactswhentheH ” ��� -O” ��� -
C anglebendssuitably, dueto thermal�uctuations. After the TS, oneof the three
remainingOH �

-boundwatermoleculesis lost (Fig. 3.4d).
Theenergeticsof ourcalculationsarecomparablewith thosecalculatedbyWarshel

et al. [126] andKollman et al. [135]; however, the presentstudydiffers for the de-
scriptionof thesolvationshelldynamicsof theOH

�
: indeed,thesolventis implicitly

treatedin Warshel's calculations[126], whereasthe empirical potentialdescribing
theOH

�
-solventintraractionin [135] providesa differentgeometryfor thesolvation

structureof OH � (averagenumberof H-bondsof about5.8).

Electronic structures. At all the C-O”���� distances,the MD-averageddipole
momentof thefour watermoleculesformingH-bondswith theOH � anionareappre-
ciablylargerthanthoseof bulk water( � 3.2and3.0D, respectively). Thepolarization
of theOH � , for C-O” ��� distanceslarger thanthatof theTS, resultsto benegligible
(Fig. 3.6b),suggestingthat the long-rangeinteractionbetweenOH

�
andFOR does

notplay any crucialrole.
Changesin the electronicstructurealongthe reactionareabserved after the TS

is crossed(Fig. 3.5b). Thus, the featuresof the reactionappearto be relatedthe
solventeffects,asopposedto electronicproperties.This suggeststhat theactivation
free-energy for thebase-catalyzedreactionis completelysolventinduced,asstatedin
refs.[135,136].

3.1.3 Summary

The mechanismandenergeticsof peptidebondhydrolysisdiffer dramaticallyupon
changeof thenucleophile(Wateror Hydroxyl ion). In bothcases,polarizationeffects
on the nucleophileseemnot to play a fundamentalrole in the reaction,while the
solventhasacrucialpartin bothmechanisms,althoughfor oppositereasons.In fact,
in the caseof thebase-catalyzedreaction,thesolvent is entirely responsiblefor the
activation-freeenergy, asdisruptionof the hydroxyl ion solvation shell is the time-
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Figure3.6: Displacementof BO's relatedto thelone-pairsof WAT (a) andHYD (b)
alongthe reactioncoordinate.The vertical dottedline indicatesthe positionof the
TS.
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limiting event for the reaction. The bottle-neckfor waterattackis, on the contrary,
representedby theextremelylow probabiltyof waterdeprotonationduringreaction,
that is, by the too low pK … value of the solvent. Therefore,the solvent,or, more
generally, the environment,might reducethe free-energy barrier of water addition
by enhancingthe probability for waterto loseoneof its protonsalongthe reaction
coordinate.

Theseconsiderationsis validatedby resultsobtainedin humancaspase-3[19] and
HIV-1 asparticprotease[5], for which similar computationalsetupshave beenused.
In fact, during reactionin watersolution,WAT is practicallyaspolarizedasin the
bulk, showing a MD-averageddipolemomentof � 3.1D, that is slightly largerthan
that of the other water moleculesin the cell ( � 3.0 D). Similar valueshave been
calculated,usingDFT/BLYP, for peptidehydrolysiscatalyzedby theseenzymes.In
theseenzymaticsystems,in contrast,ef�cient proton-shuttlesystems,which areable
to ef�ciently deprotonatethereactivewatermoleculearealwayspresent,in particular,
thecatalytichistidine(His237)in caspase-3[19], andthecatalyticAspdyad(Asp25,
Asp25') in HIV1-PR[5]. In purewater, thisef�cient protonshuttleis absent,andboth
WAT hydrogenatomsremainboundto O�&��� until the tetrahedraladductis formed.
Only after this event, O���'� -H bondsareweakenedand the averagebonddistance
increasesfrom 0.97 Å to 1.05 Å. Hence,deprotonationcan happenonly after the
low-ratestepof thereactionhasoccurred2.

Therefore,somecarewill beput in observationof protondynamicsin theenzy-
maticreactionof BACE,andeventualdifferenceswith thatof HIV-PR.

3.2 Molecular Dynamicsof 	 -secretasein water

3.2.1 X-ray data

Up to date,thereare threestructuresof BACE depositedin the PDB databank,all
solved by J. Tanget al. [60, 61, 124]. The structureof the unboundenzyme(pdb
entry:1SGZ[124]), solved at 2.0 Å resolution,was the latter to comeout (2004),
while the �rst two structures(pdbentries:1FKN, 1M4H [60, 61]) werecrystallized
in the presenceof peptidomimeticinhibitors. In particular, the inhibitor Om99-2,
presentin the1.9Å resolutionstructuredepositedin 2000[60] canbeeasilymutated
into anaminoacidicsequencethatcloselyresemblesthatof thesubstrate

�

-APPin its

2Waterdeprotonationhasbeenobservedwithin few fractionsof psin two outof six MSMD simu-
lations.
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Figure3.7: Chemicalformulaof theOM99-2inhibitor. Thehydroxyl-vinyl group,changed

into apeptidebondin MD simulations,hasbeenevidencedin red.

swedish-mutation(seesection1.2.2).Therefore,thisX-ray structurehasbeenchosen
asthestartingpoint for theclassicalMD simulations.

The PDB �le containstwo non-equivalentimagesof the protein-inhibitorcom-
plex. Oneof thetwo images( labelledas“Chain A” in thepdb�le) hastwo residues
moreresolvedin theN-terminal“pro-sequence”,adestructuredlinkerregion,nonethe-
less,thecorrespondinginhibitor (“Chain C”) divergescritically from standardstruc-
tural parameters(e.g. therearelinearpeptidebonds);therefore,the“Chain B- Chain
D” complex hasbeenchosenasstartingstructure(Fig. 1.10).

Om99-2inhibitor is basedon a EVNLAAEF octo-peptidechain(�g. 3.7),where
thecleavagesite, locatedat theLeu-Ala peptidebond,is substitutedby a hydroxyl-
vinyl group (�g. 3.7).

The substratestructurewas obtainedby substitutingthe hydroxyl-vinyl group
with apeptidebond,andminimizing its geometrykeepingall otheratoms�x ed.The
hydroxyl groupof the inhibitor is putatively occupying thecatalyticwatermolecule
position,thereforeawatermoleculewasaddedto themoietyin betweenthesubstrate
andtheasparticdyad.

3.2.2 Systemsetup

ClassicalMD simulationsof
�

-secretase(BACE) wereperformedapplyingthe fol-
lowing protocol.

Structural model TheBACE/EVNLAAEF substratecomplex wasobtainedby
replacingthe hydroxyl-vinyl groupof the OM99-2 inhibitor with the amidegroup
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Figure3.8: Simulationbox for the MD run. The protein is depictedas a cartoon,water

oxygensarerepresentedby smallredspheres,counter-ionsaredrawn in bluespheres.

in the X-ray structureof BACE (pdb code: 1FKN, X-ray structure:1.9Å resolu-
tion [60]). Oneof the two catalyticaspartates(Asp32)wasprotonated,following
Ref. [149], whilst other ionisablegroupswereassignedtheir charged forms. His-
tidines were protonatedaccordinglyto their putative H-bond patternin the X-ray
structure.

MD simulations Theproteinwasimmersedin awaterboxof size75Å x 87Å
x 90Å. Chargeneutralitywasaccomplishedbyadding9sodiumcounter-ions(�g. 3.8).
Thewholesystem,composedof about48,000atoms,underwent20 nsof MD at300
K and1 atmpressuresimulationscarriedout with theGROMACSprogram[79, 80].
TheAmberforce-�eld (Parm98[78]) wasusedtodescribetheproteinandthecounter-
ions,whilst theTIP3Pmodelwasusedfor water[150].ParticlemeshEwald routines
wereusedto treat long-rangeelectrostaticinteractions[76, 77]. A cut-off of 12 Å
wasusedfor thevanderWaalsinteractionsandtherealpartof theelectrostaticinter-
actions.
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Figure3.9: Thermsdof thebackboneof theproteinhasbeenplottedasa functionof time.

3.2.3 Structural and dynamical insights

Thestructureof theMichaeliscomplex (Fig. 1.10)equilibratesafter0.8ns,andafter
this time its rmsd�uctuatesaroundanaveragevalueof 1.5Å (Fig. 3.9). Theoverall
fold of the protein is well maintained.The largestchangesoccurr in the long loop
rangingfrom Val 309to Asp317,which is alsothelessrigid region of theprotein,as
evidencedfrom rmsfcalculations(see.Fig. 3.10).

Rmsfdataarein goodqualitative agreementwith experimentalB-factors,asev-
idencedin Fig. 3.10. Themaindiscrepancy is in theThr254-Pro258loop, which, in
MD simulations,is foundmoremobilethanin experimentalB-factors.This discrep-
ancy maybeattributedto crystalpackingeffects,asthePDB �le evidencesthat this
partof theproteinsurfaceis closerthan3 Å to theotherimagein thecrystal.

The rmsf plot evidencesthat the protein core is ratherrigid, whereashydrated
loopsarethe mostmobile regions. The substrateis alsoallowed to �uctuate in the
bindingcleft.

3.2.4 Essentialmotionsof 
 -secretase

In order to rationalizemotion of the substratein the binding cleft, essentialmodes
of the Michaelis complex have beencomputedfrom covariancematrix (seesec-
tion 2.3.2).

The plot of the eigen-valuesof the covariancematrix denotesthat the �rst ten
slowestfrequency eigenvectorsaresuf�cient todescribemostof themotionof BACE.
In fact,theamplitudeof theeigen-vectorsdropssigni�cantly after thethird one(see
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Figure3.10:ComputedB-factors(blackline) arematchedwith experimentalvaluescoming

from thetwo independentimagesin theX-ray crystal[60].

�g. 3.11a).

The secondeigenvectordescribesmovementsof thehydratedloops,leaving the
coreof theproteinratherimmobile. Projectionof this modeonto theMD trajectory
hasaquitehighcosinecontentvalue(see�g. 3.11b),therefore,thismodeshouldnot
representa real "coherent"motion,but, rather, a randomdiffusionof lessstructured
partsof theprotein.

The �rst and the third eigenvectors,on the contrary, are characterizedby low
cosinecontents(�g. 3.11b), implying that theseonesshouldbe true over-damped
vibrationalmodesof the protein,andthus,any functionalmechanicsof the protein
mayberelatedto thesemotions.

Both eigenvectorsrepresentquasi-rigid rotationsof the two lobestoward each
other(see�g. 3.12),in qualitativeagreementwith therotationof theC-lobefoundin
the 3D structureof AP from PlasmodiumFalciparum[151], andboth modesaffect
therelativedistancesof theC

s

s in theactivesite(seetab. 3.1).

Duringbothmodes,astructurallyconservedregion,namely, thefour anti-parallel
�

-sheetslocatedoppositethe substratebindingpocket, with respectto the cleavage
site (see�g. 3.13),remain�x ed. In particular, the largestdisplacementbetweenthe
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Figure3.11:Ontheleft, thelargesteigen-valuesof thecovariancematrixareplotted;onthe

right thecosinecontentof the�rst 4 eigenvectorsis reported.

Figure 3.12: Schematicrepresentationsof the �rst and third eigenvectors. The N- lobe

is colouredin blue, the C-lobein red, the substratein orange. Yellow arrows describethe

relative rotationsof thetwo lobes.
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Figure3.13: Cartoonrepresentationof BACE. The hinge � -sheetsthat cross-linkthe two

lobesareevidencedby ayellow color.

Mode Asp32-Leu Asp32-Ala Asp228-Leu Asp228-Ala

1 0.51 1.05 -0.36 0.08
3 0.77 1.31 -0.46 -0.09

Table3.1: Variation ( (in Å) of the relative distancesin theactive site,alongthe �rst and

third eigenvectorof thecovariancematrix.

endsof theexternalsheetsis � 0.3Å. Therefore,this region,which is theonly struc-
turedregion that links the two lobesof theenzyme,canbe recognizedasthehinge
for thesetwo modes.

The analysisof the covariancematrix shows that the substratemotion is highly
correlatedto its nearestneighbours,andparticularlywith the cleavagesite andthe
turn of thesubstrate-binding�ap (see�g. 3.14).

Correlationof the substratewith this region is guaranteedby the presenceof a
conserved tyrosin (Tyr71), which is is thoughtalsoto play a key role for substrate
binding [124]. Tyr71 is locatedoppositethe cleavagesite with respectto the sub-
strate,but it is directly linkedto it throughaburiedwater(BW) detectedin theX-ray
structure[60] (Fig. 3.15).
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Figure3.14:Correlationof Leu)+*

�

andAla )+*

�

residueswith theproteinaredrawn in black

andredlines.Positionof thetwocatalyticaspartatesandTyr71areevidencedbyblackarrows.
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Figure3.15:Tyr71H-bondpatternin BACE.Tyr71,Ser35,Asp32andAsp228,side-chains,

an orderedwatermoleculeandthe catalyticwatermoleculeareshown in balls-and-sticks.

Only hydrogensboundto polargroupsareshown for clarity. Thesubstratebackboneis repre-

sentedin orangecylinders,exceptfor Leu)+*

�

andAla )+*

�

atoms,whicharedrawn is spheres,

the �ap is representedby a cartoon. The restof the protein is drawn in lines. this H-bond

patternis conservedin all pepsinsinvestigatedhere.
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ThisconservedH-bondpatternprovidesanef�cient wayfor theenzymeto clamp
thesubstrateinto thebindingcleft. BW wasproposedbyAndreevaandRumsh[46] to
haveanactiverole in theenzymaticactivity of pepsins,speci�cally, by stabilizingthe
intermediate.In fact,BW wasthoughtto undergoconformationalchangesthatcould
endup,at theTS, into a rotationof theside-chainof Ser35,which shouldprovidean
advantageouschangein theH-bondpatternin theactive site (see�g. 3.16). Indeed,
in our simulationswe foundthatBW alwaysdonatesanH-bondto Ser35,which, in
turn,is alreadyboundwith its hydroxylto Asp32.Onthecontrary, weneverfoundthe
conformationof Ser35,pointingtowardBW. It mustbepointedout,anyway, thatthis
conformationshouldbetypical of the free form, ratherthantheMichaeliscomplex,
andmoreover, the overall hydrogenpathdescribedby Andreeva andRumshis not
conservedin BACE,asTrp39is mutatedinto anAla residue.

3.2.5 Conformational changesin the activesite

Thetwo modesdescribedin theformersectioninducerelevantvariationsin therela-
tivedistancesof theactive site. As �uctuationsof thesubstratein thebindingcavity
hadalreadybeenprovedto playafundamentalrolein theenzymaticactivity of HIV1-
PRby Pianaetal. [5, 7], it is interestingto monitorvariationsof thesubstrate/aspartic
dyaddistanceduringdynamics.

A straightforward way of de�ning this distanceis consideringthe , coordinate,
de�nedastheaverageof thedistancesbetweentheC

s

sof theasparticdyadandthose
of Leu

)+*

�

-Ala
)+*

�

, asde�ned in �g. 3.17a.
Theplot reportedin �g. 3.17bevidencesthat thesubstrate�uctuatesaroundtwo

characteristicdistances,

� =7.7Å and ,

�

=8.1Å , which interchangeinto eachotherin
a timescaleof few nanoseconds.Transitionsfrom oneto theother , valueoccurvery
rapidly (few ps),andcorrespondto conformationalrearrangementsin theactivesite:
in fact, when , =,

� , Asp32H-bondsto Leu
)+*

�

carbonyl, while the catalyticwater
bridgesthetwo aspartates(Fig. 3.18a).At , =,

�

, Asp32carboxylgroupis rotatedby
180� andpointsits hydrogentowardthecatalyticwater, which actsa H-bonddonor
towardLeu

)+*

�

'sbackboneandAsp228(Fig. 3.18b).
The geometricalcon�guration of the water moleculeseemsto be particularly

favourablefor a nucleophilicattackonly for , =,

� , whereits oxygenatomdoesnot
receiveany H-bond,andit is orientedtowardtheelectrophiliccarbonatom.

On the contrary, the geometryin , =,

�

appearto be not a reactive one, as the
nucleophilicattackof waterto thecarbonyl would requirea relevant rearrangement
of thegroupsin thecatalyticcavity.
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Figure3.16:H-bondpatternswitchmechanismasproposedby Andreeva andRumsh[46].
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Figure 3.17: Fluctuation of the Substratein BACE active site. - distance ( - =

(D � +D
�

+D
ë

+D
�

)/4)[5] is plotted as a function of the simulatedtime. The white triangle

andsquarerepresentthetwo snapshotsusedasstartingpoint for theQM/MM simulations,at

- = -

� =7.7Å and -

�

=8.1Å , respectively.
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Figure3.18:BACEactivesitegeometries.Con�gurationsat -

� (a)and -

�

(b). Atomsdrawn

in cylindersaretreatedasquantumatomsduringtheQM/MM calculations.Hydrogenbonds

aredrawn in redandblu lines.Only hydrogensbondedto polargroupsareshown for thesake

of clarity.

3.3 Enzymatic reaction

A quantitative measurementof the differencein reactivity betweenthe two confor-
mationsof theactive sitehasbeenobtainedby couplinghybrid QM/MM molecular
dynamics(seesection2.4)andconstraintdynamics(section2.5.1).

3.3.1 Simulation setups

Two selectedclassicalMD snapshots,in which the distancebetweensubstrateand
cleavagesite (see�g. 3.17)was7.6 and8.0 Å , respectively, wereusedasstarting
point for QM/MM simulations.The systemwaspartitionedinto: (i) a QM region,
comprisingAsp32andAsp228side-chains,the Leu-Ala substratepeptide,the cat-
alytic water and the groupsthat shareH-bondswith the Asp-dyad,namely, Ser35
and Thr231 side chains,and Thr33-Gly34and Ser229-Gly230peptidebackbones
(Fig. 3.18);(ii) aMM region,comprisingtherestof thesystem.

Thefree-energy of thereactionwascomputedby thermodynamicintegration[152],
usingasapproximateone-dimensionalreactioncoordinate.

I

!

thedistancebetween
the oxygenatomof the catalyticwaterandthe carbonatomof the peptidebondof
the substrate(Fig. 3.18). For both systems,.

I

!

was �x ed at increasinglyshorter
distances,from theequilibriumdistanceup to formationof theC-O bond. For each
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Figure3.19: Freeenergy pro�les for the �rst stepof theenzymaticreactionof BACE.The

freeenergy hasbeencomputedat - =-

� and - =-

�

distances.

computeddistance,about2 psof QM/MM simulationswerecarriedout, in orderto
achieveanacceptableconvergenceof theforceon theconstraint.

3.3.2 Results

At , = ,

� , the free energy barrier for the �rst step is around20 kcal mol �

� (see
�g. 3.19),in fair agreementwith theexperimentalbarrierof thereaction( � 18 kcal
mol �

� ) [36], andsimilar to theonecomputedin theHIV-1 AP with thesameproce-
dure(18-20kcalmol

�

� [5, 7]).
During theQM/MM simulations,theH-bondpatternfound in the initial stateis

conservedwhile shortening.

I

!

.
Thewatermoleculeis not polarizedby theenvironment,andit doesnot change

its electronicpropertiesuntil theTSis reached.In fact,evenat .

I

!

8

Y

‚0/21 Å , thatis,
0.02Å beforethetransitionstate,wateris only weaklypolarizedasits dipolemoment
is � 3.1D (�g. 3.20).

Figure3.21 reportsthe polarizationof the O-H bondsduring the constraintdy-
namicsrun at .

I

!

8

Y

‚3/21 Å . This plot remarksthat thesebondsare on average
not polarizedyet. Nonetheless,the H-bondswith the the two asparticacidsareat
thispointstrongenoughto allow instantaneoustransferof theprotonsfrom thewater
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Figure3.20: Active site of BACE at 4

I

!�57698;:9<

Å . WannierCentersaredrawn in small

greenspheres.

Figure3.21:Polarizationof theOH bondof WAT duringMD runat 4

I

!

, computedasratio

betweenthedistancesof theoxyenatomandthecorrespondingWanniercenteror theH atom.
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Figure3.22: BACE TS (a) andintermediate(b)geometries.Atoms drawn in cylindersare

treatedasquantumatomsduringtheQM/MM calculations.

moleculeto theproteinmoiety.
At theTSdistance( .

I

!

8

Y

‚0/

Å

Å , see�g. 3.22a),theO-H bondsof thecatalytic
waterareelongated,with anaveragedistanceof 1.1 Å; in particular, oneof the two
protonsis sharedwith Asp228,(�g. 3.23). Thus,BACE catalyzesthe reactionby
ensuringa suf�ciently strongbaseto beableto deprotonatethenucleophilicwaterat
theTS.

Anotherrelevantaspectof protondynamicsin the reactionrefersto theH-bond
betweenAsp32andLeu

)=*

�

. In fact,Asp32transfersits protonto Leu
)+*

�

's carbonyl
at .

I

!

� 1.9-2.0Å, well beforethetransitionstate(TS) is reached.Theprotonationof
thesubstratecarbonyl hastherelevanteffect of increasingtheelectrophilicityof the
substrate,thus,it positively contributesto the catalyticaction. Early protonationof
thecarbonyl representsalsoamajordifferencewith referencesimulationsin aqueous
solutions,wherethecarbonyl wasprotonatedin neitherof thesimulationsalsoafter
formationof theintermediate.

The deviation from co-planarityof the Asp dyad is more pronouncedthan in
otherligand-boundpepsinstructures[60], asa result,bothThr33-Gly34andSer229-
Gly230 backboneamidegroupspoint to Asp228's carboxyl, while Asp32 is only
H-bondedto Ser35side-chain.Nonetheless,after deprotonation,Asp32side-chain
rotatesandrecoversco-planaritywith Asp228side-chain,re-gainingtheH-bondwith
Thr33-Gly34backboneaswell. This event resultsinto a decreasingof the number
of hydrogenbondsdonatedfrom theproteinto side-chainof Asp228;thus,it might
alsohave somepositiveeffect on catalysis,asdecreasingthenumberof thereceived



84 Enzymatic activity of
�

-secretase

Figure3.23:DistancesbetweenWAT protonsandcarboxylicoxygensof Asp32andAsp228

at 4

I

!

=1.72Å (TSdistance).

hydrogenbondsmight increasethebasicityof Asp228.

Thegeometryof theintermediatecanbeobtainedby releasingtheconstraintafter
theTS.In thiscase,theintermediateis agem-diolthatH-bondswith its two hydroxyl
groupsto Asp32(see�g. 3.22b).

Theconformationassociatedto , =,

�

valueis foundto benon-reactive (
¦

G Œ 40
kcal mol �

� , see�g. 3.19). In particular, as .

I

!

becomeasshortas2.5 Å , Asp32
H-bondsto Asp228and doesnot interact anymore with the water molecule(see
�g. 3.24). This conformation,characterizedby the presenceof an H-bond shared
by the two aspartates,hasbeenfound alsoin HIV1-PR, andalsoin that caseit has
leadto a non-reactivepro�le [5].

When ,~8>,

�

, on the contrary, the asparticdyadis not ableto interactwith the
substrate,andwhenconstrainingthe catalyticwater towardsthe carbonyl, it forms
anH-bondbetweenthe two aspartates.Theformationof this bondhastheeffect of
dampingall thecatalyticpropertiesof theasparticdyad,as,in this conformation,it
is not ableto enhancetheelectrophilicityof thesubstrate,andat thesametime,cru-
cially, it lowersthebasicityof Asp228,thus,hinderingdeprotonationof thecatalytic
waterat theTS.
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Figure3.24: Geometryof theActive Siteat -

5

-

�

and 4

I

!

= 2.5 Å . Quantumatomsare

drawn in cylinders.

3.4 Summary

Our calculationssuggestthat BACE exploresdifferentgeometricconformationsof
theactive site thatareableto enhanceor suppressits catalyticpower. This ef�cient
way of modulatingBACE enzymaticactivity is achievedby thermal�uctuations of
thewholeproteinstructure.Speci�cally, asoscillationsof thesubstratein thebinding
cavity let Asp32-Leu

)+*

�

distancereachrelatively shortvalues,Asp32carboxyland
Leu

)+*

�

carbonyl shareahydrogenbond.Thefollowing rearrangementof theH-bond
patternleadsto WAT reorientationinto a favourablegeometryfor nucleophilicattack
toLeu

)=*

�

carbonyl, with aresultingfreeenergy of � 20kcalmol
�

� , in fair agreement
with experimentaldata( � 18kcalmol �

� ) [36].
As anticipatedin section3.1.3,thereactionfreeenergy for thepeptidehydrolysis

is stronglydecreasedby thepresenceof anef�cient protonshuttlesystem,which, in
the caseof BACE, is formedby the asparticdyad. In fact, whenthe substrateand
the two aspartatesare relatively close,it providesa strongenoughbase(Asp228),
which is able to cleave the O-H bondof waterat the TS. Moreover, the formation
of a stronghydrogenbondbetweentheotherasparticacid(Asp32)andthecarbonyl
of thesubstrateenhancestheelectrophiliccharacterof thesubstrate,thus,it favours
thestabilizationof theTS.Thegeometricalpre-orientationof wateris alsoarelevant



86 Enzymatic activity of
�

-secretase

aspectof the catalysis,which is achieved as a consequenceof the hydrogenbond
patternfoundfor ,`8?,

� .
Calculationsdonein this work supporta reactionmechanismsimilar to thatpro-

posedby Andreeva [46] for the nucleophilicattackof the activatedwater and the
protondynamicsin the active site. On the contrary, while Andreeva proposeda lo-
cal triggeringeffect mediatedby a buriedwatermolecule(BW), we cannotidentify
sucha subtleeffect. While it hasto beunderlinedthata mutationin a possiblynon
irrelevantpositionfor thismechanismoccursin BACE,MD calculationssuggestthat
reactiveconformationsof theactivesitearedynamicallystabilizedby globalmotions
of thewholeproteinscaffold.

Thereactionmechanismdescribedhereis similar to thatfoundin HIV-1 AP with
a similar setupref. [5, 7], beingthemaindifferenceon protonationthesubstratecar-
bonyl. In fact,in thatcasetheprotonhoppingfrom Asp32to thesubstrate'scarbonyl
is concerted,asit occursat theTS.

The evidencethat HIV1-PR andBACE sharethe capabilityof modulatingtheir
enzymaticpower by similar mechanicalcouplingposesthekey questionof whether
this would be a more generalfeature,evolutionarily conserved in all membersof
the pepsinandretropepsinfamilies. A possiblepositive answerto this questionis
providedthroughthestudiespresentedin thefollowing chapter.



Chapter 4

Functional Mechanicsin Pepsinsand
Retropepsins

In the lastyears,the importanceof mechanicalcouplingfor enzymaticcatalysishas
beenbeing unravelled for a large variety of enzymes[153], amongwhich, �a vin
reductase[8], dihydrofolatereductase[9], acyl CoA dehydrogenase[154], orotidine
5'-monophosphatedecarboxylase[155], tyrosyl-tRNA synthetase[156] andxylose
isomerase[157], aswell asin mitogenicsignallingprocesses[158].

Resultspresentedin theformerchapterhaveshowedthatalsoBACEmodulatesits
enzymaticactivity by long-range�uctuationsof its scaffold. A signi�catively similar
couplingmechanismhasbeenproposedin HIV1-PR by Pianaet al. [5], andrecently
con�rmed by avarietyof studies[6, 49, 7].

The existenceof analogousmechanismsin two proteins(BACE andHIV1-PR)
belongingto the sameenzymaticclass,andmembersof two differentfamilies,be-
lievedto beevolutionarily related[4, 10], is morethana cluefor thehypothesisthat
thischaracteristiccouldbesharedby all membersof thesetwo asparticproteasefam-
ilies.

The work presentedin this chaptertries to shedsomelight on this fascinating
possibility.

First of all, theevolutionarypatternof pepsinsis analyzedby meansof multiple
sequencealignmenttechniques.Then,mechanicalresponsesof differentpepsinsare
computedby coarse-grainedcomputations.Themodelfor this setof computations,
proposedin section2.6.1,hasbeen�rst validatedby a comparisonwith resultsfrom
MD of BACE,thenappliedto � veotherpepsinsfrom differentorganisms.

Dynamicaldatahavebeencross-linkedwith evolutionaryinformation.Thisoper-
ationhaveleadto determinationof structurallyconservedregionsthathavefunctional
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Figure 4.1: Multiple alignmentof pesinsand retropepsins. (1) Pepsinsfrom candida

tropicalis(PDB code: 1J71)[159], candidaalbicans(EAG)[160], Plasmodium(1LEE)[151]

andhumancathepsinD (1LYA)[161], uropepsin(1FLH)[162] andBACE (1FKN)[60], and

(2) Retropepsinsfrom Humanimmunode�ciency virus 1 (1A30)[125], simianimmunode�-

ciency virus (1AZ5)[163], equineanemiavirus (2FMB)[164], feline immunode�ciency virus

(2FIV)[165] androussarcomavirus(2RSP)[166] areshown. Conservedresiduesarecoloured

in red,conservative mutationsin green,blueandmagenta,cysteinsin yellow.

rolesin theproteinmechanics.A particularattentionhasbeendedicatedto the �ap
mechanics,which is not easilycharacterizableby standardMD, asits typical times
aretoo longascomparedto affordablesimulationtimes.

Finally, the sameanalysishasbeenrepeatedfor retropepsins,underliningtheir
similaritiesanddifferenceswith pepsins.

4.1 Multiple alignment of pepsinsequences

The alignmentof the pepsinfamily hasbeenobtainedby a Hidden-Markov-Model
(HMM) in thesequencedatabase(seesec.2.7.2),whichendedupwith a�nal number
of 868alignedsequences.As a sample,in �g. 4.1 six of thesesequenceshave been
reported.As alreadystatedin chap.1.1.1,very few residuesareconservedor show
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Figure 4.2: The structureof BACE is shown in complex with model substrates(orange

sticks).Theconservedregionsaredrawn asspheres:theactive sitein blue,thecross-linking

� -sheetsin red,andthesurfaceregion in green.

a high homologythroughoutthe whole family. Only very few continuouspiecesof
thesequencesareconserved. Theseaastretchesaremainly localizedin the coreof
theprotein,correspondingto theactive site loops(residuesnumber:30-38,226-231,
BACE sequence)and to its �rst-neighbours(residues:122-129). In other regions
conserved residuesshow a binary periodicity, typical of conserved

�

-structures,or
arescatteredalongthesequence.

4.1.1 Conserved regionsin pepsins

At �rst glance,matchingamino acid conservation on the primary structurewould
suggestthatAP have conservedonly theactive site region, theotherfew conserved
residuesaremoreor lessrandomlylocalizedin therestof thestructure.On thecon-
trary, localizationof conservedaminoacidsin the3D structureleadsto theevidence
thatmorethan80% of theconservedresiduesareclusteredin threedifferentregions
(see�g. 4.2):

� activesite region. This region comprisesthe active site loopsand their �rst
neighbours.All residuesarelocalizedat thebottomof theligand-bindingcleft.
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Theonly exceptionis representedby Tyr71, which is locatedon the �ap, and
whosefunctionalrolehasalreadybeendiscussedin sec.3.2.4.

� lobe cross-linking
�

-strands. This structurallyconserved region is conserved
aswell in aasequence.Moleculardynamicscalculationsindicatethis region
asthehingein functional�uctuations,(seesec.3.2.4).Theconservedresidues
areall hydrophobic(Leu, Ile, Met andPhe),in fact, their side-chainsprovide
a compacthydrophobicpackingin the proteincore. Residuesin the

�

sheets
whoseside-chainspoint outsidetheproteinbodyareallowedto have a larger
mutability.

� residuesat the �ap endson the surfaceof the N-terminal lobe. A conserved
contactpatterncorrelatessomeresidueslocalized on the surface of the N-
terminal lobe, at the �ap Ends. Unlike the two other conserved regions,no
direct correlationsbetweenit and the enzymaticmechanics/activity could be
directly foundduringMD simulations.A deeperdiscussionon this region will
follow in sec.4.3.

Theotherfew conservedresidueswhichdo notbelongto neitherof theseregions
aremainly glycinesin turnsor in bent

�

-sheets,thereforetheir conservationsshould
be relatedto restrainsin proteinfolding dynamicsor in native stategeometrystabi-
lization.

4.1.2 Dynamical characterization of conserved residues

In orderto getinsightsontheeventualcorrelationsbetweenproteinmobility andcon-
servedregions,residuesbelongingto thesepartsof theproteinhave beenevidenced
on theRMSFplot obtainedfrom MD simulationsof BACE(�g 4.3).

As expected,conservedresiduesin theactivesiteandin thecross-linking
�

-sheets
areall characterizedby alow mobility. Rigidity of thesetwo regionscanbeeasilyput
into relationwith their functionalrole. In fact, rigidity of theactive site is known to
bea necessaryandgeneralfeature,asthey arelocationswherethereoccurprocesses
at relatively high energy, andtherefore,they shouldnot allow dissipationof energy,
e.g. throughconformationalrelaxations.The conserved stiff hydrophobicpacking
in the four beta-sheets,on the otherside,playsat the sametime a structuralrole in
thestabilizationof thebilobal fold, anda dynamicalone,providing the fulcrum for
functionalrelative rotationsof onelobetowardtheother. Most interestingly, alsothe
third conservedregion shows a relatively low mobility, althoughthis featurecannot
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Figure4.3: Root-mean-square�uctuations of BACE. Fully conserved or highly conserved

residuesareevidencedby redor greenspots,respectively.
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beeasilyrelatedto somefunctionalmechanicsfor thecatalyticactionof theenzyme,
dueto its periphericalposition.

4.2 Coarse-grainedcomputations

At leasttwo of the threeconserved regionsin the pepsinfamily have found to play
a direct functionalrole in BACE enzymaticactivity, andarecharacterizedby a low
mobility. Also theotherregion is peculiarlycharacterizedby a relatively low rmsf;
therefore,correspondencebetweenpartsof theproteinthatareconservedin sequence
andrigidity of thescaffold mightoccurnot justby chancein BACE,but it mightbea
conservedpropertyin all membersof thepepsinfamily.

In orderto getevidenceof thishypothesis,awidescreeningonmechanical�uctu-
ationsof differentpepsinstructurescouldbedone,by takingadvantageof a fastand
yet reliablecoarsegrainedmechanicalmodel,asthe

�

-Gaussianmodeldescribedin
sec.2.6.1.

4.2.1 
 -Gaussianmodelof BACE

First of all, the modelhasbeentestedon BACE, in order to get someinsightson
its reliability for this kind of folding. As reportedin sec.2.6.1,bothcovariancema-
tricesandtemperaturefactorscanbe computedwithin this model,andthus,canbe
comparedto thoseobtainedby MD simulations(�g. 4.4).

First,wecomparethenormalizedcovariancematrices,de�ned as:

«
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õ
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This quantityhasthe advantageof beingdimensionless,andthereforemoreconve-
nient in a comparisonbetweenatomisticandmesoscopicmodels.Thescatterplot in
�g. 4.5summarizesthedegreeof accordbetweenthenormalizedcovariancematrices
of the MD and

�

-gaussianmodel. To avoid arti�cial biasesin the correlation,the
diagonalelementsof thenormalizedmatrices(by de�nition, all equalto 1) havebeen
omittedfrom theplot.

Thelinearcorrelationcoef�cient amongthetwo setof entriesis asgoodas0.84,
andtheinterpolatingline liesverycloseto thediagonal,with aslopeof s=1.02.It has
to be evidenced,nonetheless,that the distribution is only approximatelybi-normal,
andacertainscatterin thepointsis present.
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Figure4.4: covariancematricesfor BACE,asobtainedfrom MD simulations(A) or coarse

grainedcomputations(B) areshown. Differentcolorscorrespondto differentvaluesin the

matrixentries.



94 Functional Mechanicsin Pepsinsand Retropepsins

Figure 4.5: Scatterplot of correspondingentriesof the covariancematricesobtainedby

� -GM andMD simulationsof BACE.Theredline representthelinearregression.

Thediagonalelementsof thenon-normalizedcovariancematriceshave thesame
meaningof rmsf in MD simulations,andthereforecanalsobecompared.Figure4.6
shows that indeed,a goodagreementbetweenthemobility of theaminoacidsfound
in MD andin Coarse-grainedcomputationsis found.

As alreadyunderlinedin secs.1.1.1,1.2.4,thenumberandpositionsof SSbridges
in pepsins,and in BACE in particular, have undergonemodi�cations. In the plot
reportedin �g. 4.6, rmsf for BACE have beencomputedalsoswitchingon explicit
disul�de interactionsin the model. Indeed,the presenceof S-S bond interactions
doesnotaffectqualitatively thelow-frequency largescaledynamicsaroundthefolded
state. Thus,their presencemight impactmorestronglyon the folding dynamicsor
native-statestability ratherthanthenear-nativevibrationalproperties.

4.2.2 Mobility of pepsins

Five randomlychosenpepsinsfrom differentorganismshave beenchosen(Pepsins
from candidatropicalis(PDB code:1J71)[159], candidaalbicans(EAG)[160], Plas-
modium(1LEE)[151]andhumancathepsinD (1LYA)[161] anduropepsin(1FLH)[162]),
and�uctuationsof their scaffolds have beencomputedby coarse-grainedmodeland
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Figure4.6: rmsf of single residuescomputedfrom MD simulation(black line), from B-

Gaussianmodel (without explicit S-Sbridgesinteractions)(red line) andfrom B-Gaussian

modelwith explicit S-Sbondinteractions(blueline).

comparedto thoseof BACE.Remarkably, alignedresiduesamongthesepepsinsex-
hibit similar mobility properties,asevidencedin �g. 4.7a. In particular, highly con-
served regionsareratherrigid, while nonconserved regionsshow a larger mobility.

Visual inspectionof the lower-frequency eigenvectorsfrom coarse-grainedcom-
putationsevidencethat slowest motions imply relative rotationsof the N- and C-
lobesalsoin theseotherstructures.Therefore,rigidity of theactivesiteandthecross-
linking

�

-sheetsseemsto be a conserved featurethat playsa key role in ensuring
thecorrectmechanicsbetweenthetwo lobesof theenzymes,andthus,providing an
ef�cient wayof modulatingenzymaticaactivity in all membersof thisAP family.

4.3 Flap mechanics

The conserved region at the basisof the �ap is not involved in the relevant large
scalemotionsof theenzymesandthereforemight not play a signi�cant role for the
enzymaticcatalysisitself. Thisregion,locatedroughlyperpendicularto the�ap ends,
comprisesmostlypolar residues,displayingspeci�c contactson theproteinsurface.
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Figure 4.7: Alignment of pepsinsand comparisonwith residuemobilities. (A) Pepsins

from candidatropicalis (PDB code: 1J71)[159], candidaalbicans(EAG)[160], Plasmod-

ium (1LEE)[151] andhumancathepsinD (1LYA)[161], uropepsin(1FLH)[162] andBACE

(1FKN)[60]. Conservedresiduesbelongingto regionsthethreeconservedregionsaremarked

by a, b, c, respectively; conserved residuesnot belongingto theseregionsby asterisks,and

conservative mutationsby columns. Residuesare colouredaccordingto their root-mean-

square-�uctuations(RMSF),basedontheMD simulations(BACE)or coarsegrainedcompu-

tations(all theothers).(B) Retropepsinsfrom Humanimmunode�ciency virus1 (1A30)[125],

simianimmunode�ciency virus (1AZ5)[163], equineanemiavirus (2FMB)[164], feline im-

munode�ciency virus (2FIV)[165] androussarcomavirus (2RSP)[166]. Conservedresidues

in regionsstructurallyhomologousto the�rst two conservedregionsdescribedin pepsinsare

labelledby a,b, respectively; conservedresiduesnot belongingto theseregionsby asterisks,

andconservative mutationsby columns.
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Figure4.8: Conserved regionsat theN-terminalsurface. Theopenandclosestructuresof

cathepsinD aresuperimposed.In particular, theSer-Thr-Asp patternat thebasisof the �ap

hasbeenevidencedin a ball-and-sticksdraw.

In particular, conservedSer57,Thr59andAsp83(Fig. 4.8),H-bondedto eachother,
arelocated,respectively, in theloopprecedingthebeginningof the�rst

�

-sheetof the
�ap, andat theother

�

-sheetend.Becauseof its topologicalposition, it is reasonable
to assumethatthisconservedregionmighthavearole for the�ap openingfunctional
mechanics,which, in turn, playsa crucial role for substratebinding [124]. Indeed,
theopeningof the�ap shouldrequiremajordistortionsof its geometry, asevidenced
by crystallizationof thefreeform of BACE[124] (see�g. 4.9).

The�ap openingtransitionwasnotobservedin ourMD, sincetherelatively high
freeenergy barrierfor theclose-to-openconformationalchangeof the�ap (estimated
as � 20 kcal mol �

� for the HIV-1 isoenzyme[167]) makes this modeunlikely to
occurduringthetypical time-spancoveredby MD simulations.

Nonetheless,astructuralanalysissupportsthishypothesis:in all pepsinfor which
the structurehasbeendeterminedin the free stateand in complex with inhibitors
1, �ap residues(Val67 to Trp76) rearrangelargely (rmsdfor singleaminoacidsin
the �ap up to 4.5 Å )[124], whilst the region underexaminationdoesnot rearrange

1BACE[60, 124], renin [168], endothiapepsin[169, 170], humanpepsin [171] and cathepsin
D [161]
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Figure4.9: Superpositionof theBACEstructurescrystallizedwith (red)or withouta ligand

(yellow. Distortion of the �ap hasbeenevidencedby colouringit in blueandgreen
for theligand-boundor unboundstructures,respectively.

signi�cantly (rmsd o 0.3Å , seeTable4.1).
By simply looking at theavailablecrystalstructures,thefulcrum of theopen-to-

closetransitioncouldbelocalizedin thekink of the
�

-sheetsthat form the�ap (see
�g 4.9), wherea conserved Gly is present(Gly78, BACE numeration).Gly indeed
hasamajoraccessibilitytodifferentvaluesin theRamachandranplot,andthus,might
work asanef�cient hingefor the�ap. In this case,theconservedregion couldactas
a rigid cantilever for ensuringthe correctbendingmodeof the

�

-sheetsof the �ap.
Anotherpossibility is that theconservedregion mayactdirectly asthehingefor the
�ap opening,althoughthis hypothesiswould requirea larger distortionof the �ap
with respectto thoseseenin theavailablecrystallographicstructuresof freeformsof
pepsins.

4.4 Insights on retropepsins

Up to now, very few retropepsinshave beenidenti�ed andcharacterized[27]. Based
on this relatively small database,onecanestablishthat only the residueslocatedat
theinterface,whichstabilizethedimericstructure,areconserved[172], asevidenced
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Pepsin Flap SURF Total

Renin 1.7Å 0.2Å 0.3Å
Endothiapepsin… 0.6Å 0.1Å 0.3Å
HumanPepsin� 2.8Å 0.3Å 0.7Å
CathepsinD 4 1.9Å 0.2Å 0.4Å

BACE
K

3.0Å 0.2Å 0.6Å

Table4.1: Comparisonamongrmsdsbetweenboundandfree form of differentpepsinsin

the turn region of the �ap, in the region at the surface(SURF),andof the whole structure.

PDB codes:  : 2REN,1HRN[168]; … : 1OEW, 1ENT [169, 170]; � : 4PEP, 1PSO[171]; 4 :

1LYA, 1LYB [161];
K

: 1SGZ[124],1FKN [60].

in �gs. 4.2b,4.10.

Themajority of theseresiduesarecomprisedin thecleavagesite loopsandtheir
nearest-neighbours,andthe terminalantiparallel

�

-sheets.Theseregionshave been
found to show a relatively low mobility, both in MD simulations[5, 6, 49] andby
our coarsegrainedmodel(Fig. 4.7b). Basedon structural[125, 60] anddynamical
analysis[5, 6, 49], a structuralandfunctionalcorrespondencebetweentheseregions
andtheregionsat theinterfaceof thetwo lobesin pepsinscanbefound.

Coarsegrainedcomputationssuggestthat the �aps of the retropepsins(residue
numbers38-60in the HIV1-AP sequence)seemto be highly mobile, whenthe en-
zymeis in the free form. In fact, it hasnot alwaysbeenpossibleto determinetheir
positionin thecrystals.The �aps in HIV1-AP seemto beratherstiffer the thosein
otherstructures.Indeed,the rmsf computationson HIV1-AP refer to a closedcon-
formationof the ligand-boundenzyme[5, 6]. This contraststhe �ndings in pepsins,
wheresimilar mobilitieshave beenevidencedfor the �aps in both ligandboundand
ligandfreeenzymes.

Unlike pepsins,thereareno conserved residuesat basisof the �ap, on the pro-
tein surface. With this regard, it hasto be stressedthat in retropepsinsthis region
is lessstructuredthat in pepsins.Moreover, structuralmodi�cationsof theC-lobeof
pepsins,with respectto theN- onehaveproducedanasymmetryin thebindingpocket
andthepresenceof only one�ap. On thecontrary, thehomodimericstructureof re-
tropepsinsleadsto a symmetricbindingpocket andto thepresenceof two �aps [1].
The symmetryof the retropepsinfold contrastswith the intrinsic asymmetryof the
substrate,andthus,someconformational�uctuations that inducea breakingof the
asymmetryuponligandbindingmightbenecessary. Therefore,it is reasonableto ex-
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Figure4.10: Thestructureof HIV1-AP is shown in complex with modelsubstrates(orange

sticks).conservedresiduesareshown in spheresandcolouredin blueandgreen,accordingto

their subunit.

pectthat themechanismsof molecularrecognitionandbindingbetweentheenzyme
andthesubstratecouldbedifferentin thetwo families,andso,thatfunctionalregions
implied in the �ap mechanicsmight have beenmodi�ed in theevolutionarypathof
thetwo families.

4.5 summary

Inspectionof the alignmentof all pepsinsequences(and relatedproteins)present
up to datein the databaseshow that, despitethe very high sequencevariability, at
leastthreeconserved regionscanbe identi�ed. All thesethreeregionsappearto be
of generalrelevancein thepepsinfamily. In fact,81%of conserved residuesin the
whole pepsinfamily arelocalizedin thesethreeregions,whilst only the remaining
19%(mainly involving glycinesin loops)do not groupinto speci�c regions. These
regionshave shown a low mobility in BACE MD run, andexhibit low-mobility also
in otherpepsinstructures,asevidencedby coarse-grainedcomputations.Indeed,the
low mobility canberelatedto speci�c functionalrolesfor theenzymaticcatalysisand
for substratebinding.
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Very interestingly, two of thesethreeregionshave structurallyconservedrelated
regionsin retropepsins,whichhavebeenprovedto bealsocharacterizedby arelative
rigidity.

Theconservedregion of pepsinswhich hasnot beenfoundin retropepsinscould
be relatedto the substratebinding mechanics,which is expectedto be different in
thetwo families,asthis processinvolve regionsof theproteinswherethemajordif-
ferencesin thefold betweenthetwo families,like thedifferentnumberof substrate-
binding�aps andthesymmetryof thebindingcleft, occur.





Concluding remarks

Theaim of this work hasbeento getsomegeneralinsightson asparticproteasesen-
zymaticaction,from a descriptionof the chemicalproblem,to the identi�cation of
somegeneralfeaturerelatedto their fold. Thechemicalreactionhasbeenfaced�rst
by exploiting Car-Parrinello/ DFT computationson thereferencereactionsin water.
This systemhasbeenstudiedvia the recentMultiple-SteeringMolecularDynamics
(MSMD) [12,13], whichhasprovidedanef�cient tool for determinationof thestruc-
tural,dynamicalandenergeticalfeaturesof theraction.In oursimulations,it hasbeen
possibleto identify thede-protonationof thenucelophilicwaterasthe rate-limiting
eventthatavoidsreactionto occurat roomconditions.In fact,thenucleophilicwater
moleculeyieldsoneof its protononly after reactionhasoccurred,leadingto a quite
high free-energy barrierof about44kcalmol �

� .

Then, the chemistryof the Michaelis complex of a speci�c pepsin(BACE) by
hybridQM/MM studieshasbeeninferred.Wehave foundthattheproteinenzymatic
actionis exploitedby providing anef�cient proton-shuttlesystemthatenhancesboth
thenucleophilicandelectrophiliccharactersof thecatalyticwaterandthesubstrate,
respectively, ef�ciently providing thecorrectprotonationstatesof thereactantsalong
thereactionpath.This shuttlesystemis not presentin water, becauseof its different
acid-baseproperties,ascomparedto thoseof the catalyticasparticdyad,Therefore
the free energy of the reactionin aqueoussolutionis muchlarger. The free energy
barrier in BACE is of about20 kcal mol �

� , in good agreementwith experimental
data[36], andsimilar to that found in the referencereactionwith OH � ( � 18 kcal
mol

�

� ). Determinationof theTS geometrymayhelp in designof speci�c drugsfor
BACE,akey targetin Alzheimer'sdiseasepharmaceuticaltherapy.

ClassicalMD calculationssuggestthat mechanical�uctuations of BACE mod-
ulate the motion of the substratein the active site, which, in turn, impactson the
enzymaticactivity. An analogousmechanismhasalreadybeendescribedin HIV-AP
by Pianaetal [5] andthuscouldoccuralsoin all retropepsins,despitethedifferences
betweenthefoldsof theeukarioticandviral enzymes.
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Thecorrectfunctionalmechanicsof this re�ned molecularobjectis achievedby
ensuringrigidity in two speci�c regions,namely, the active site region and the

�

-
sheetsthatcross-linkthetwo lobesof pepsins.Basedon coarse-grainedmodelsand
sequencealignmentsof pepsins,it hasbeenpossibleto proposethat pepsinshave
evolvedconservingnotonly thecleavagesite,andtheresiduesin the

�

-sheetslinking
thetwo lobesbutalsoaregionlocatedontheN- lobesurfaceatthe�ap ends.All these
regionsshouldbe importantfor thedynamicalpropertiesof this family of enzymes.
The region on the surfaceof the protein,which is putatively relevant for substrate
binding,is typicalof only thepepsinfamily. Instead,theothertwo regions,whichare
directly involved in the enzymaticactivity, have their structuralcounterpartsin the
fold of thefunctionally-relatedviral isoenzymes.Thus,thefolds of retropepsinsand
pepsins,althoughverydifferent,featuretwo fully-conservedsimilar regionrelatedto
speci�c, evolutionarily-selectedmechanicalfunctions.

By synergically exploiting structuralanddynamicalinformation,it hasbeenpos-
sibleto characterizethreestructuralregionswith differentfunctionalrolesin pepsins
andtwo relatedonesin retropepsins.This methodologycouldbe appliedin the fu-
tureasa usefultool for broadeningtheactualcapabilitiesof identifying functionfor
relevanttargetsin structuralgenomicsresearch.



Appendix A

MSMD applied to water exchangeat
alkali ions

The novel fast-growth or multiple steeringmoleculardynamics(MSMD) technique
hasbeenrecentlydevelopedby Jarzynskito calculatefreeenergy pro�les alonggen-
eraltransformationpathways[12, 13]. Here,weapplythisapproachto calculatefree
energy barriersinvolvedin thewaterexchangereactionof Na

X

andK

X

in aqueousso-
lution. Weinvestigatethein�uenceof thekey parametersof theMSMD simulations-
thesteeringvelocity, thesamplingof theinitial con�gurationsandtheforceconstant
- on the free energy. Furthermore,we usethis approachto describeenergeticaland
structuralfeaturesof thewaterexchangereactionof Na

X

andK

X

in aqueoussolution.

A.1 Intr oduction

Weinvestigatethewaterexchangereactionof alkali ions:

C

aBA

�DC

e

X

Š

V

A

�EC

VGF

C

aBA

�DC

V

e

aHA

�DC

e

X

Š

�

�

V

A

�IC

whereM = Na

X

and K

X

, and Ñ is a typical coordinationnumber[173]. Our
computationalapproachis thenovel multiple steering(or fastgrowth) moleculardy-
namics(MSMD) approachproposedby Jarzynski[12, 13, 103,104], andintroduced
in sec.2.5.2.

In the work presentedherethe MSMD techniqueis appliedin the context of a
chemicalreaction.We �nd thattheMSMD methodologyenablesef�cient andaccu-
ratecalculationsof activation barriersandconstitutesa promisingnew tool for the
investigationof awide rangeof chemicalprocesses.
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A.2 Methods

This unavoidabletruncationon the averageensemblesrequiredin the theory (see
sec.2.5.2)introduceerrorsthatcanbeminimizedthroughanoptimalchoiceof three
key parameters,namely(i) thesteeringvelocity k , (ii) the initial conditionsfor each
simulationand(iii) the force constant� . The �rst in�uencesdirectly the degreeof
irreversibility of the transformation;thesecondenterstheensembleaverageandaf-
fects the weight of eachsimulation; in fact, the initial bias on the steeredsystem
entersexplicitly in theexponentialof theright-handsideof eq.2.82;thethird affects
thedynamicsof thesystems,andentersdirectly in theformulasaswell. In the k

A

,

limit the transformationbecomesreversible,the distribution of the argumentof the
exponentialbecomesin�nitly sharp,andwe recover the well known result that the
free energy pro�le

ã

�

a

ò-e

coincideswith the reversiblework doneto bring the sys-
temfrom the initial equilibriumstateto the �nal one. We have checked that indeed
this is thecasefor thesystemsdescribedin thenext sections.Moreover, thechoice
of initial con�gurationsfor the multiple MD runshasa direct in�uence on the ef�-
ciency with which theavailablephasespacecanbesampledwithin a limited number
of simulations.

In particular, it is crucialthattheaveragingis performedwith individual runsthat
arelargely independentandthusuncorrelated.Thus,it mayhave a crucial in�uence
on the convergenceproperties.Finally the choiceof the force constant� could in-
�uence the convergenceof the free energy pro�le. The convergencebehavior with
respectto theseparametersis testedin thiswork (seeResultssection).

All thesimulationswereperformedusingtheAMBER 5 programwith theÅqvist
[174], Smith [175] andTIP3P[150] force �elds for Na

X

, andK

X

cations,the Cl �

anion,andwater, respectively. In eachsimulation,onealkali ion (eitherK

X

, or Na

X

)
wasimmersedin a 20.4x 20.4x 36.5Å

ë

tetragonalbox containing421watermole-
culesanda Cl � counterion.The latter, which wasinitially located15.0Å far from
thealkali ions, remainedalwaysfartherthan9.0 Å from thecationsduring theMD
simulations.Periodicboundaryconditionswereapplied.Long-rangeelectrostaticin-
teractionsweretreatedvia a particle-meshEwald procedure[76, 77] usinga grid of
20x20x36pointswith a cubicsplineinterpolation.A cutoff of 10.0Å for theshort-
rangeelectrostatic,andvan der Waalsinteractionswasused. Constanttemperature
(300 K) andconstantpressure(1.0 atm) conditionswereachieved by couplingthe
systemsto a Berendsenthermostatandbarostat[176]. The integrationtime stepof
our simulationwassetto 1.5 fs.

All the systemsunderwent�rst 0.3 ns of unconstrainedMD. Subsequently, the
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Ion 1ª$" max. 1ª$" min…

R

� 1ª$" max.(lit) 4 1ª!" min.(lit)
K

R (lit)
²

K

X

2.70 3.65 6.9(5-10) 2.7-2.9 3.6-3.8 6.3-7.6-8.0
Na

X

2.40 3.25 5.8(4-7) 2.4 3.2-3.5 4.9-6.0-6.6

Table A.1: Selectedequilibrium propertiesof K

X

and Na

X

in aqueoussolution.  ) �rst

maximumand … ) �rst minimum of J '�PLKNMPO'Q (Å) betweenthe ion andwater's oxygensand
� ) correspondentcoordinationnumbers.The rangeof coordinationnumbersis indicatedin

brackets;( 4 ,
K

,
²

) Propertiesobtainedin previoussimulations[177, 178].

positionof onewatermoleculewasrestrainedusinga harmonicpotentialat a dis-
tanceof 7.0 Å from themetalion for 0.24ns. Thestructuralproperties(suchasthe

R

˜ P©a�"

e

and R

P�P™a�"

e

radial distribution functions)resemblethoseof bulk water. 10
snapshotsof this MD simulations,taken every 12 ps of dynamics,constitutedour
initial structuresfor theMSMD simulations.

In the MSMD simulations,the irreversiblework W wascalculatedasthe work
requiredto bring the systemfrom the initial equilibrium stateto its �nal state. In
practice,the approachingwater(WAT hereafter)wassteeredfrom thebulk towards
the alkali ion (M

X

) applyingthe time-dependentpotentialasdescribedin eq.2.81.
Consistentwith the initial conditions,the startingposition of the minimum of the
harmonicpotential

ò

�

as,

e

wasset to 7.0 Å . The calculationswereperformeduntil
theminimumof theharmonicpotentialreacheda distanceof 2.0 Å from thecation.
MSMD runswith varying pulling velocitiesanddifferentchoicesof the initial MD
con�gurationswereperformed.Namely: (i) 4 setof 10 runswith differentsteering
velocitiesonK

X

( k =0.0333,0.0667,0.3333,0.6666Å ps�

� ), eachof themwith initial
con�gurationssampledevery12psandwith a forceconstant� = 300pN Å �

� ;

(ii) 3 setsof 10runswith differentsamplingonthestartingpositionsonK

X

(snap-
shottakenevery

¦

6

= 12,1.5,0.15ps)with apulling speedk

8q,W‚…,

Ò•Ò•Ò Å ps�

� anda
forceconstant� = 300pN Å �

� ;

(iii) 6 setsof 10 runswith differentforceconstantson K

X

( � = 30, 60, 100,500,
1000,1500pN Å �

� ) with k = 0.0666Å ps�

� andinitial con�gurationssampledevery
12ps;

(iv) 1 setof 10 runson Na

X

with k =0.0333Å ps�

� , � = 300 pN Å �

� andwith
initial con�gurationsampledevery

¦

6

= 12 ps.

Coordinationnumbersof thealkali ionswerecalculatedasintegralsof theoxygen
(water)- ion radialpair distribution functions(rdf) R

'�P
K

a7"

e

(Figure1) from r = 0 to
the �rst minimumof rdf (r = 2.7 and2.4 Å for potassiumandsodium,respectively
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FigureA.1: Calculatedion/waterradialpair distribution functions(g '�P
K (r)) for Na

X

and

K

X

in aqueoussolution.

(FigureA.1, TableA.1)). Identical integrationboundarieswerechosenin order to
obtainthecorrespondingvaluesin theMSMD runs.

A.3 Resultsand discussion

In this section,we �rst assessthe accuracy of our computationalscheme. Subse-
quently, we analyzethestructuralandenergeticpropertiesof sodiumandpotassium
ionsin aqueoussolution.

Accuracy of the approach.
The accuracy of our computationalapproachwastestedthrougha seriesof cal-

culationsfor the water exchangereactionat K

X

, for which a classicalforce �eld
descriptionis known to performespeciallywell [179].

In particular, we investigatedthe dependenceof thecalculatedfreeenergy from
(i) thesteeringvelocitiesv , from (ii) thechoiceof

theinitial con�gurationsandfrom (iii) theforceconstant� .

(i) Dependenceon k .
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FigureA.2: Averagework of thetransformationat very slow pulling speed( S = 0.00333Å

ps
�

� ). Thispro�le is usedasabenchmarkfor thefree-energy reconstructionpro�les obtained

athigherpulling speeds.

In this andin thesubsequentsimulationsthe initial structuresweretakenby se-
lectingsnapshotsfrom our restrainedMD simulationat a time interval of

¦

6

=12 ps
afterthesystemwasequilibrated.

The�rst referencesimulationconsistsin usinganextremelylow steeringvelocity
( k =0.00333Å ps�

� ) andcomputingthe averagework donein moving a watermo-
leculefrom the bulk to the metal ion. Underthis condition,the transformationcan
be consideredquasi-static.Thus,it providesan approximate,referencefree-energy
pro�le of theprocess(Fig. A.2).

If k is oneorderof magnitudelarger( k =0.0333Å ps�

� ), thereconstructedMSMD
free energy pro�le turns out to converge within very few simulations(Fig. A.3a).
Indeed,the pro�le can be consideredfully converged after an averagingof ca. 8
trajectories(Fig. A.3a)andmatcheswell our reference(Fig. A.2).

In this regime the free energy pro�le is qualitatively well describedby a single
integrationof theforcealongthereactioncoordinate(Fig. A.4a). This indicatesthat
theperformedwork isessentiallyconservativeandalreadyasinglesimulationappears
to containsuf�cient informationabouttheequilibriumproperties.

By doublingthesteeringvelocity, convergenceto thesamevalueof the freeen-
ergy barrieris achieved (TableA.2, �gure A.5). In both this andthe previous case,
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FigureA.3: Dependenceof thereconstructedfreeenergy of K

X
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(dashedline), eight(long-dashed)andten(solid line) MD simulations.(a): S =0.0333Å ps
�

� ;

(b): S =0.3333Å ps
�

� .
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FigureA.5: Freeenergy pro�le for K
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by usingdifferentpulling speeds.The freeenergy
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�

� (solidline), S =0.0667Å ps
�

� (dottedline), S =0.3333Å ps
�

� (dashedline)andS =0.6667

Å ps
�

� (long-dashedline).

hysteresiseffectsareessentiallyabsent.
For relatively largevelocities( k =0.3333Å ps�

� ), thefreeenergy pro�le doesnot
convergein thebulk region(thatis between7.0Å and � 5.5Å ) whereasit is similar
to thepreviousonesin thethewell region (between� 3.5and2.0Å) (Fig. A.3b). In
this case,signi�cant hysteresiseffectsarepresent,suggestingthat thedominantpart
of thework associatedwith thesteeringforceis non-conservative(Fig. A.4b).

Uponfurther increasingthesteeringvelocity ( k =0.6667Å ps�

� ), thefreeenergy
plot in therepulsiveregion(from � 5.0Å to � 3.5Å) andin thewell region,although
rathernoisy, is still qualitatively similar to thoseobtainedby pulling ata lowerspeed
(Fig. A.5). Thiscalculationthereforeprovidesanupperlimit for k

� 0.05Å ps
�

� .
The qualitative shapeof the free energy pro�le can be understoodas follows:

whenthe taggedwatermoleculeis at large distancefrom the ion, it is surrounded
by anaveragenumberof solvatingwatermoleculesasgivenin tableA.1. Thesame
situationis alsoexpectedwhenthe taggedwatermoleculeis at a particulardistance
from theion substituting,on average,onewatermoleculefrom thehydrationshell.

We thusexpectthat the freeenergy pro�le shows two minimawhosevaluesare
thesame,oneat in�nite distancefrom the ion andthe otherat a distancetypical of
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Ion k [Å ps�

� ]  

¦

G
}

@

[Kcal mol �

� ] … R
�

[Å] � R
°

¨ [Å] 4

K

X

0.0333 0.81 2.72 3.4
K

X

0.0667 0.80 2.73 3.4
K

X

0.3333 0.83 2.70 3.2
K

X

0.6667 0.92 2.70 3.3
Na

X

0.0333 1.30 2.43 3.1

TableA.2: Multiple SteeringMolecular Dynamicsof K

X

and Na

X

 ) Steeringvelocity, … )

calculatedactivationfreeenergy, � ) M

X

-WAT distancecorrespondingto theminimumof the

freeenergy plot, 4 ) distanceof M

X

-WAT at theTS.

the �rst coordinationshell. As the taggedmoleculeapproachesthe ion a divergent
pro�le dueto VanderWaalsrepulsionis expected.

(ii) In�uence of theinitial con�gurations.
Varying initial con�gurationswereobtainedby selectingsnapshotsfrom our re-

strainedMD simulationsat differenttime intervals (
¦

6

). Speci�cally, threesetsof
tensnapshotswereconsidered.In the�rst

¦

6

=12ps, in thesecond
¦

6

= 1.5psand
in the third

¦

6

= 0.15ps (seeMethods). The samesteeringvelocity ( k =0.0666Å
ps�

� ) wasusedfor all calculations.
The reconstructedfreeenergy pro�les of the �rst two setsarerathersimilar and

well converged(Fig. A.6). In contrast,the free energy pro�le in the third setdoes
notconvergewithin thetensimulationscarriedouthere.Thissuggeststhattheinitial
con�gurationsarenot independentenough,resultingin an insuf�cient samplingof
phasespace.

(iii) Choiceof theforceconstantk.
Calculationswith valuesof � aroundthereportedvalueof [105] (from 30to 1500

pN Å �

� ) wereperformed.It is found that from �ÈŒ

Ò

, pN Å �

� up to � o 1000pN
Å �

� theconvergenceis fastandnosigni�cant changesarefoundin thepro�les.
In conclusion,ouranalysisallowsto establishthefollowing criteriafor thechoice

of the threecomputationalkey parameters:(i) a steeringvelocity k

, 0.05Å ps�

� ;
(ii) initial con�gurationssampledat a time interval of

¦

6

•

1.5 ps; (iii) the force
constantshouldbeof theorderof � 100-600pN Å �

� . Within theseconditions,the
convergenceon thefreeenergy appearsto beratherfast.

For all simulationsof reaction(1) weusedk =0.0333Å ps�

� ,
¦

t=12psand � =300
pN Å �

� . Thesevaluescomparewell with thoseusedin the MSMD simulationsof
aquaglyceroporinof ref. [105]. The free energy pro�les obtainedby using these
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FigureA.6: In�uence of the initial bias. The threepro�les have beencalculatedaveraging

tensimulations.Eachinitial conditionhasbeenchosensamplingabiaseddynamicsrunevery

12ps(solid line), 1.5ps(dottedline) or 0.15ps(dashedline).

parametersfor bothof thetwo cationsareshown in Fig. A.7.
Potassium. In theunconstrainedsimulationof a potassiumion in aqueoussolu-

tion, themetalion exhibitsa labilecoordinationsphere(averagecoordinationnumber
6.9).SevenwatermoleculescoordinateK

X

for abouthalf of thesimulatedtime(0.15
ns). The n = 8 coordinationis alsosigni�cant (about28% of the time). In the rest
of the dynamics,K

X

is coordinatedto a largely varying numberof ligands(Table
1). Theobservedcoordinationnumbersandtheir averageis in goodagreementwith
otherdatapresentin the literature[177] - [178] andwith the oneof ab initio MD
simulations[179].

Theexchangereaction(1) occursspontaneouslyduringthedynamics.Theoverall
processtakes placewithin as short a time as 0.5 ps in qualitative agreementwith
previous�ndings [179,177, 180, 181,182].

The exchangereactionturns out to occurmostly via a substitutionmechanism
(FigureA.8). However, alsoadditionandeliminationprocessesareobserved.

At the transitionstateof the substitutionmechanismthe oxygenbelongingto
the approachingwater interactswith both the metal ion andwith a watermolecule
belongingto the secondshell (Figure A.8 and Table A.2). Its presenceinducesa
distortionin thepotassiumcoordinationpolyhedron,accompaniedby aweakeningof
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FigureA.7: Freeenergy plots for the two ions. Thefreeenergy plots for Na

X

andK

X

are

shown. Ten simulationswereaveragedsettingthe pulling speedto S =0.0333Å ps
�

� , and

obtainingtheinital conditionssamplingevery12 psa formerbiasedMD simulation.

the interactionbetweenthe metal ion andoneof the waterbinding to it. The latter
eventuallyleavestheK

X

coordinationsphereassistedby theformationof ahydrogen
bondwith anothermetal-boundwater. In the absenceof the formationof this last
hydrogenbond,additionof theapproachingwaterto theion is observed.OurMSMD
simulationsprovide thesamemechanisticpicturefor theadditionmechanisms.

Thecalculatedfreeenergy of theprocesshasaplateauin thebulk regionfollowed
byamaximumat3.4correspondingto theactivatedcomplex, andaminimumatabout
2.7Å (TableA.2). Thelattervaluerepresentstheoptimalion-waterdistanceandis in
agreementwith themaximumof theradialpair distribution function(TableA.1, and
FiguresA.1 andA.7).

Sodium. In our equilibrium simulationsNa

X

is coordinatedby � ve, and,more
(66%of thetime) by six watermolecules(averagecoordinationnumbern=5.7).The
penta-andhexa-coordinatedcomplexesarestablefor more than10 ps andexhibit
cleartrigonalbipyramidalandoctahedralequilibriumgeometries.

Thewaterexchangemechanismoccursvia a associative/dissociativepathway, in
which the sodiumcoordinationnumberchangesfrom 5 to 6 andviceversa. In the
associative process,the approachingwatermoleculeforms a hydrogen-bondto one
of thewatermoleculesboundto themetalion; subsequently, it entersthecoordina-
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FigureA.8: Transitionstategeometryof reaction(1) for thepotassiumion. The incoming

water (WAT) is representedby a ball-and-sticksmodel and �rst-shell water moleculesare

drawn ascylindersandlinkedto thecentralion by greendashedlines. SelectedH-bondsare

shown asbluearrows. Structuralchangesof the ligandcoordinationspherearedisplayedas

yellow arrows.
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FigureA.9: Transitionstategeometryof reactionfor thesodiumion. The incomingwater

(WAT) is representedby a ball-and-sticksmodeland�rst-shell watermoleculesaredrawn as

cylindersandlinked to the centralion by greendashedlines. SelectedH-bondsareshown

asbluearrows. Structuralchangesof theligandcoordinationspherearedisplayedasyellow

arrows.

tion sphere.Thetransitionstate(FigureA.9 andTableA.2) is a distortedoctahedral
structure,in which the incomingwaterstill forms an H-bondto a metal-boundwa-
ter molecule(FigureA.9 andTableA.2). Finally, the geometryof the coordination
polyhedronrelaxesto anoctahedralstructure.

In thedissociativeprocess,the6-coordinatedcomplex undergoesrelatively large
structural�uctuations,whichat timescausetheformationof anH-bondbetweentwo
metal-boundwatermolecules.Thisinducesthereleaseof oneof thewaterligandsand
reformationof thetrigonal-bipyramidalgeometry. Thus,basically, themechanismof
theassociativepartof thereactionis thedirectinverseof its dissociativecounterpart.

Thesemechanismshavebeenobservedin anrecentab-initiomoleculardynamics
simulations[183]. Furthermore,thecharacteristictimescaleof theprocess(about0.3
ps)is alsosimilar to thatof theab-initio calculation[183].

In our MSMD simulationsexchangereactionoccursvia the samemechanisms
observedfor theunconstrainedones.Thefreeenergy pro�le of theprocessis plotted
in Figure 6. As expected,the free energy barrier is larger and the minimum less
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pronouncedthanthecorrespondingvaluesfor potassium.As in thecaseof K

X

, the
energy minimumcorrespondsessentiallyto themaximumof the R

'�P K a�"

e

j

�

8

E

‚…*

Å

Å (seeFiguresA.1-A.7, TablesA.1-A.2).

A.4 Conclusions

Ourcalculationsprovideanenergeticandstructuraldescriptionof waterexchangeat
alkali ionsin aqueoussolutionusingtheMSMD approach[12, 13,103, 104].

Theconvergenceof thefreeenergy pro�les dependson thesteeringvelocity and
on the initial samplingconditions.A properchoiceof thesekey parametersleadsto
fastconvergenceby averagingonly a limited numberof simulations( , 10).

As expected,thesolvationshellof sodium,and,evenmoreso, theoneof potas-
siumis highly �e xible. It includesdynamicalstructuresinvolving avaryingnumbers
of coordinatedwater moleculesand different geometrieswithin eachcoordination
number. Thewaterexchangereactionfor potassiumoccurswith a directsubstitution
mechanism.

In contrast,for sodium,it takesplacesvia anassociative/dissociativemechanism,
in which the coordinationof the metalgoesfrom trigonal-bipyramid to octahedral
and vice-versa. Both processesare assistedby the formation and breakingof H-
bondsbetweentheincomingwatermoleculeandthemetalligands.Theseresultsare
in goodagreementwith recentab-initio calculations[183].

In conclusion,the MSMD techniqueappearsto be a very powerful, fastandre-
liable techniqueto study chemicalprocesses.This approachholds greatpromise
for freeenergy evaluationsin complex systemswith relatively long relaxationtimes,
wheremoleculardynamicssimulationscannotleadto the direct observation of the
physicallyinterestingevents.





Notes

Theworksillustratedalongthis thesishavebeencollectedin two publishedscienti�c
papers:

� M. Cascella,L. Guidoni,U. Rothlisberger, A. Maritan,andP. Carloni.Multiple
steeringmoleculardynamicsappliedto waterexchangeat alkali ions. J. Phys.
Chem.B, 106:13027–13032,2002.

� M. Cascella,S.RaugeiandP. Carloni. FormamideHydrolysisInvestigatedby
Multiple SteeringAb-Initio MolecularDynamics.J. Phys.Chem.B, 108:369-
375,2004.

And in two othermanuscripts,at presentsubmittedfor publication:

� M. Cascella,C. Micheletti, U. Rothlisberger and P. Carloni. Evolutionarily
conservedfunctionalmechanicsacrosspepsinsandretropepsins.

� M. Neri, M. CascellaandC. Micheletti. In�uence of conformational�uctua-
tionson enzymaticactivity: modellingthefunctionalmotionof betasecretase

During theseyears,I also collaboratedto other scienti�c works on biological
systemsinvestigatedin Paolo Carloni's group. Thesestudies,which have not been
presentedin this thesis,concernthemechanismof permeationof waterthroughthe
aquaporinchannel,andthedecarboxylationreactionof orotidine5'-monophosphate
by orotidine5'-monophosphatedecarboxylase,andhavebeencollectedin thefollow-
ing papers:

� P. Vidossich,M. CascellaandP. Carloni. DynamicsandEnergeticsof Water
PermeationthroughtheAquaporinChannel.Proteins, 55:924-931,2004.

� S. Raugei,M. CascellaandP. Carloni. A pro�cient enzyme:Insightson the
mechanismof OrotidineMonophosphateDecarboxylasefrom computersimu-
lations,J. Am.Chem.Soc., in press.
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