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Intr oduction

Asparticproteaseareaubiquitousclassof enzymeswhichuseaspartiacidsinto the
active siteto hydrolyzepeptidebonds. The memberf this enzymaticclassarein-
volvedin avariety of metaboliticprocessefl], andareimportanttargetsin different
pharmacologicatherapies.The rst asparticproteasdo be sequencedvas porcine
pepsin[2], by Tangetal. in 1973,while the rst 3D structure(penicillopepsin)ap-
pearedenyearslater, by JamesandSielecki[3]. Up to date,two familieshave been
structurallydeterminedpepsinsandretropepsingl, 4].

Recentlyourlabhasshowvn thatin thefar mostcharacterizedetropepsinaspartic
proteasdrom HIV-1, conformationaluctuationsplay amajorrole for theenzymatic
catalysis. In fact, the proteinactsas a sophisticatednachinerycapableof steering
the substratdowardthe catalyticAsp dyadto favor areactve conformation5, 6, 7].
Thisresulthaspointedoutthatthe e xibility of theproteinscafold mayplayacrucial
rolein enzymaticactiity, andit hasbeenuncoveredby analogousesultsobtainedor
oxido-reductasenzmyessuchas avin reductas¢8] or dihydrofolatereductasg9].
Since,inspite of the structuraldifferencesand the low sequencedentity [4], it is
believedthatthe folds of pepsinsandretropepsinareevolutionarily related the hy-
pothesiof functionalmechanicaluctuationsto beageneratharacteristiof pepsins
andretropepsinsoundedik e anappeallingaskfor computationainvestigations.

Thisissuehasbeenaddresseth thisthesisby a seriesof computationainvestiga-
tions: rst, thereactionof hydroysisof a peptidebondin waterhasbeeninferred,in
orderto getsomeideasof wherethecatalyticactionof theenzymecouldplay a major
role. In fact,althoughthe generafeaturesof the catalyticactionareunderstood10],
detailsof theenzymatianechanisnarestill underdebate The studyonthereference
reactionhasbeencarriedoncouplingCarParrinello[11] to Multiple-SteeringViolec-
ular Dynamics,an ef cient techniqueoriginatingfrom Jarzynskis equality[12, 13]
that allows reconstructiorof the free enegy pro les from non-equilibriumsimula-
tions. During this thesisthe reliability of this relatively new methodologyhasbeen

rst testedin a classicalMD framwork, focusingon the single water moleculeex-
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changeeactionin the solvationshell of alkali ionsin water[14].

Then, one speci ¢ memberof the pepsinfamily (human -secretasehasbeen

studiedby meansof classicaland hybrid QM/MM simulations[15]. The choiceof

-secretasas beendictatedby the intrinsic interestof this enzyme,beingitself a
key-targetin researchand devlopmentof possiblepharmaceuticatherapiesagainst
Alzheimer's Diseasd16].

Thechoiceof DFT-MD basedapproachesuchasCarParrinelloor hybrid QM/MM
moleculardynamics,is validatedby the fact that suchtechniqueshave emegedin
thesdastyearsaspowerful toolsfor descriptionof a variety of molecularsystemof
biologicalinterest[17, 18], from enzymaticreactiong19, 7] to drug-DNA interac-
tions[20, 21].

Finally, resultsfoundin -secretasdave beenmatchedand comparedio data
from Coarse-grainedomputationsfollowing aschemelevelopechereat SISSA[22],
madeon a setof different AP structuresandto familial characterizationbasedon
multiple sequencealignment.

Ourresultssuggestheexistenceof anextremelyre ned mechanisnof enzymatic
activity modulationthroughmechanicaluctuations commonto all pepsinsandre-
tropepsinsin spiteof thedifferencesn theirfolds.



Chapter 1

Families of Aspartic Proteasesand
Biology of -Secretase

1.1 The aspartic proteaseenzymaticclass

Hydrolysis of peptidebondsis a key stepin a variousnumberof biological pro-
cesse$23]. This biologicaltaskis typically regulatedby enzymaticactivity. Up to
date, ve classe®f proteasesgalsocalledpeptidasesareknown, namely serineand
threonineproteases;ysteineproteasesaspartiqoroteaseandmetalloproteasg24].
Examplesof processesn which proteaseactvity is importantinclude cell growth,
cell death bloodclotting,immunedefenceandsecretior[25]. Moreover, pathogenic
virusesandbacteriauseprotease$or theirlife cycle andfor infectionof hostcells.

In pastdecadesthe understandingf the structureand function of the aspartic
protease$APs)hasgreatlyincreasedl

APs are directly dependenbn asparticacid residuesfor catalytic actvity, and
make up a widely distributed classof enzymes.They are ubiquitousin life beings,
from vertebrateso fungi, plantsandto retroviruses(seetah 1.1). APsarecharacter
ized by optimal acid pH?, inhibited by pepstasinandshav speci city for extended
peptidesubstrate§l]. Up to now, only threeAPsfamiliesareknown: pepsinsretro-

linterestingly humansocietieshave beenunwillingly getting practicalbene ts from enzymatic
actiity of APslong beforeknowing them: chymosinhasbeenusedfor millenniain the making of
cheeseand APs areknown to be involved in makingsoy sauce which reportedlyoriginatedduring
theZhoudynasty(770-221B.C.).

2in 1909, Sérensemotedthatif actiities of pepsinwereplottedagainsthydrogenion concentra-
tions, theresultsweresimilar. To solve his scalingproblem,he employedalogarithmicabscissa and
inventedpH [26]
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pepsinsandAP of the Cauli ower mosaicvirus type[4].

Structuraldataareonly availablefor two of thesefamilies: pepsinsandretropep-
sins,shawing thatthey areat leastdistantlyrelatedin evolution [10]. A total of 370
structuresvereavailablein the ProteinDataBankin 2002,asreportedoy Dunn[27],
andthe numberis constantlyincreasing. Amongthem,morethan50%areof HIV-1
proteasewhichis oneof the majortargetsin HIV-1 pharmaceuticaheragy [28], and
arguably oneof the proteinsfor which onethelargestnumberof structureshasbeen
solved. Little is known aboutthe third family, whosearchetypaimemberhasbeen
detectedn the Cauli ower MosaicVirus[29], althoughit might berelatedaswell to
retropepsin$4].

1.1.1 Pepsinfamily

All member®f thepepsinfamily have beenfoundin eukaryotesThefamily includes
animalenzymedrom thedigestve tract,suchaspepsinandchymosinJysosomakn-
zymes,suchascathepsirD, andenzymesnvolvedin post-translationgbrocessing,
suchasrenin andyeastasparticprotease3. Membersfrom protozoa,suchasPlas-
modium,fungi andplantsarealsoknown. Mostof the pepsinmembersiave amolec-
ularweightof  35kd. Theenzymesareapproximately330aminoacidslong, with
only 5% of sequencédentity betweenall membersof the family. The zymogens
featurea N-terminalpro-peptideof up to 50 aminoacidslong, whichis clearzedupon
activation.

Pepsinsare bi-lobed monomericproteins,with the active-site cleft locatedbe-
tweenthe lobes(see g. 1.1). Thetwo lobesarelinked by a shortesapeptideand
eachof themcontributesone of the pair of asparticacid residueghatis responsible
for the catalyticactwvity [10, 30]. The two lobeshave similar mainly -structures,
anda similar positionin the sequencef the loop that displaysthe catalyticaspar
tate. Thesefeaturesstronglyindicatethatthetwo lobesarehomologousgdespitevery
little aminoacid sequenceimilarity. In fact,it hasbeenproposedhatthe ancestral
enzymeevolvedby geneduplicationfollowedby genefusion[31]. Experimentakv-
idencethatdimersof the N-terminallobe of pepsinogertanexpresssomecatalytic
actiity [32] con rm this hypothesis.

A largecleft, about35A long, runsentirelyacrosshemolecule andseparatethe
two domains.Six sggmentsmake up the basedpleatedsheetthatcross-linksthe two
lobes;eachdomaincontributesthreestrandsthe centraltwo beinglonger(9 amino
acids)thanthe externalone(5 aminoacids).This is the only 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
cathepsirD 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 1371

proteinase S.cervisiee 1DPJ

mucorpepsin M. pussillus 1IMMP
R. miehei 2ASI

aspegillopepsin A. phaenicis 11BQ
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 4FIVvV
RSV 2RSP
EIAV 2FMB

Table 1.1: Aspartic protease®f known structure. For eachproteinthe PDB structureat
bestresolutionhasbeenreported Abbreviations: SAPs=secretedspartiqpeptidasesf Can-
dida; SIV=simianimmunode cieng virus; FIV= felineimmunode cieng virus; RSV=rous
sarcomavirus; EIAV= equineinfectiousanaemiavirus.



6 Families of Aspartic Proteasesand Biology of -Secretase

Figurel.1: 3-D structureof porcinepepsin[2]. The N- andC-lobesarecolouredin orange
andred,respectiely. Thecatalyticasparticacidsaredrann in spheres.

In almostall the membersof the pepsinfamily, the catalytic Asp are contained
in anAsp-ThrGly-Xaamotif, whereXaais a serineor athreoninethe side-chairof
which H-bondsdirectly to the Asp (Fig. 1.2).

This motif in theactive siteis in commonwith retropepsinsalthoughin thatcase
the Xaaresidueis an Ala. This mutationis presenin the C-terminallobe of human
renin. This particularpepsin like retropepsinsis characterizedby an higherpH op-
timum for its enzymaticactiity. Site-directednutagenesisxperimentg33] support
theideathatthelack of a hydrogenbondon the catalyticaspartatenayin uence its
acidity.

An extended -hairpinontheN-terminallobe surfaceprojectsacrosghebinding
cleft atthejunctionof thetwo lobesto form a“ ap” thatenclosedigands(substrates
or inhibitors) into the active site (see g. 1.3). The majority of the membersof the
family shav speci city for the cleavageof bondsin peptidesof at leastsix residues
with hydrophobicaminoacidsin boththe P1andP1' positions[34]. The speci city
sub-siteareformedby hydrophobiaesiduesurroundinghecatalyticAspdyad,and
by theresiduesn the ap-turn. Mutationsin theseregionscorrespondo thenecessity
of bindingdifferentkinds of substrates.

Somefungal asparticproteasesreableto activatetrypsinogernby cleazageof a
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Figurel.2: conseredactive siteloop in AsparticproteasesThe Xaaresiduejn this caseis
a Ser typical of the N-terminallobe of pepsins.

Figure 1.3: Exampleof ligand binding cleft of pepsingthuman -secretasein particular).
The surfacesof thetwo lobesare colouredin orangeandrose,respectiely, while the ap is
colouredin green.Theligandis representeth cylinders.
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Lys+lle bond,shaving asaf nity for the cationicLys side-chain.In fact, all family
membersbleto activatetrypsinogershav aconseredaspartatén the ap turn[35].
Yeastaspartiqproteinase, insteadyequiresbasicaminoacidsin boththeS1andS1'
subsites.

Consered Cysteine-Cysteindisul de bridgesarereportedin the literature[4].
In fact,theincreasef availablesequences/structureasshavn thatarelatively large
variability in their positionand numberis allowed. Three S-Sbridgescharacterize
the archetypalpepsin: one on the N-terminallobe, following the catalyticAsp, and
two on the C-terminallobe, one precedinghe secondAsp, andthe otherbeforethe
C-terminus. The rst loop is consered in mostof the family membersgexceptfor
severalfungalenzymesandhuman -secretaseThis loop is generallycomposedy

veresiduedut largerloopsin thesamepositionarepresentn thedatabaséeg. can-
didapepsin)Thesecondoopis commonly5-6 residuedong, andit is presenbnlyin
animalproteins.Thethird, andthelargest,is conseredin all the enzymesgut poly-
poropepsinwhich doesnot containary cysteinresidue. Otherrelevant exceptions
arecathepsirD, which containsanadditionalcystein-g/steinbondin the N-terminal
lobe,andhuman -secretaseyhich hasno disul de bridgesin the N-terminallobe,
while it is characterizedby threecysteine-gsteineloopsin the C-terminalone (that
is, onemorethanusual).

Thefactthatthetwo domainsof pepsindhave differentdisul de bondingpatterns
indicatesthatloopshave beenbeingintroducedafter the internalduplicationof the
ancestragjenome.

Therearesevenidenti ed humanaspartigproteasesPepsinandgastricsinpartic-
ipatein digestionin thestomachwhereasathepsirD andcathepsirk functionin in-
tracellularproteindegradationin lysosomesndendosomeskenincatalyzeshecon-
versionof angiotensinogeto angiotensina clinically importantstepin hemostasis.
cathepsirD hasbeenimplicatedin themetastasisf breasttancerandin Alzheimer's
disease.Very recently two newv humanasparticproteasesmemapsinl and2, have
beencloned[36]. Mostimportantly memapsir2 hasbeenidenti ed as -secretase
(BACE), akey proteinin the Alzheimer'sdiseasalevelopment.Theintimateinvolve-
mentof humanasparticproteases physiologyanddiseasedlustratestheir central
rolein biology andmedicine.

1.1.2 Retropepsinfamily

Theretropepsirfamily is typically expressedn retroviruses. The out-comingof the
structuresof the rst retropepingd37] have illuminatedthe evolutionaryrelationship
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Figure1.4: 3-D structureof HIV-1 protease The two symmetricsub-unitsare colouredin
orangeandred,the catalyitcasparticacidsaredravn in balls.

betweenthemand pepsins. Whereaghe pepsinsare single-chainproteins,with an
approximatawo-fold symmetry the retro-viral proteasesare homo-dimerswith two
identicalsukunits relatedby an exacttwo-fold axis(see g. 1.4). The hypothesiof
the existenceof sucha fold for an AP family by Tanget. al. [31] hasbeenone of
the greatesexamplesof the predictive power of considerationbasedn evolutionin
structuralbiology.

Retroviral proteinsareusuallyinitially synthesize@spolyproteinghathaveto be
cleavedduringthe maturationprocesf thevirus. This fundamentafunctionfor the
viral life-cycle is performedby a speci ¢ retropepsinRetropepsinsresmallerthan
pepsingeachdomaincontains 100-130aminoacids)whereaghe fold of eachof
theirdomaingesembleshatof the N-terminallobeof pepsinsin particular eachdo-
mainhasa -structureandtheexternal ap is clearlypresen{( g. 1.5). Dimerization
of the two sulunits occursby molecularrecognition,while the N- and C- terminal
residuedold in a 4 strandswide anti-parallel -sheet,whereeachchainalternates
onestrand. Like in pepsinsthis structuralmotif is the only onethat cross-linksthe
two suhunits.

Theactive siteregion of retropepsinss very similar to thatof pepsinsin particu-
lar thealreadydiscussedsp-ThrGly-Ala motif is presenin theclearageloops.The
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Figure1.5: Comparisorof the N-terminallobe of a pepsin(A) anda monomericunit of a
retropepsin(B). -helicesarecolouredin magenta, -sheetsn yellow.

two sulunitsareseparatetly a cavity thatresembleshegroove of pepsinswherethe
substrates binding. For effective catalysistheretroviral APsseento requireatleast
a sevenresiduedong peptide[38]. Theseshon unusualspeci city in their ability
to cleave a peptidebondof polyproteinsubstrategontaininga prolinein P ' [39].
Their actionis optimal on oligopeptidescontainingthe Tyr-Pro sequencealthough
they shov someactvity againsipeptidesvith otheraminoacidesiduesn P andP '
amongall, the Met-Met sequencéasbeenfound particularlyeffective [38].

1.1.3 Mechanismsof enzymaticcatalysis

Asparticproteasesatalyzehydroysis of peptidebondsby activating the nuclophilic
attackof awatermoleculeto thecarboryl carbon[10]. Takingthedifferent3D struc-
turesof pepsinscomplexedwith pepstatirmsmodelsfor thetetrahedraintermediate,
differentmechanism#iave beenproposed27]. In fact, the obsenation by Bott et
al. [40] andJameset al. [41] on the structuresof the active sitesof rhizopuspepsin
and penicillopepsinboundto pepstatinshaved that the hydroxyl group of the in-
hibitor wasboundto the asparticdyad, replacingthe positionof the watermolecule
seenin the natve enzyme.However, the real structureof the transitionstateshould
be different,asanothemhydroxyl groupis presenin thediol intermediate.

It is agreedthat the asparticdyad actsasa baseasto deprotonatevater during
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Figure 1.6: Generalreactionmechanisnfor catalysisof AP. Startingfrom the lower-left

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

substrat@ndnucleophilicattackof water;formationof thetetrahedragjemdiol intermediate;
protonationof the Nitrogenatomandformationof the products;releaseof the productsand
regeneratiorof the catalyst.

the activation procesq10, 42, 43]. The microscopicdetailsof this mechanismpn
the contrary arestill underdebate. Jameset al. [43] and Veerapandiaret al. [42]
proposedhatthe Asp on the C- lobe s the real basethat removesone protonfrom
thewatermolecule while the Asp on the N-lobe,whichis atthe beginningin a non-
ionizedform, donatests protonto the oxygenatomof the carboryl of the substrate
(see g. 1.6). The gem-diolintermediateboundswith both hydroxyl groupsto the
Asparticacid of the N-lobe. Then,transferof the hydrogenatomfrom the C-lobe
Aspto thenitrogenof the scissilebondoccurs forming thetwo productsandleaving
the Asp dyadin the sameprotonatiornstateof the beginning.

A differentmechanisnhasbeenproposedy Northrop[10], which postulateshe
low-barrierhydrogerbondbetweerthetwo asparticacids,whoseexistencehasbeen
rst predictedin ourlab [44], asthe key featureof the enzymaticaction. Within this
mechanismthe catalystis not reformedat the productreleasestate andthereforean
iIsomerizationstepis required(see g. 1.7). The suggestiorof anisomechanisnin
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v
.H/ \H. +SUB (O 3 Ceo o

Figure 1.7: ReactionMechanismas proposedoy Nothrop. All the processoccursin the
presenc®f alow-barrierhydrogerbondsharedoy the Asp dyad.

which the enzyme nishes onecatalyticcycle in thewrongionic stateandmustlose
aprotondoeshelpto explain somekinetic andisotopedatain theretroviral enzymes,
asthosereportedby Meek et al. [45] for HIV-1 protease.The mechanisnproposed
by Northrop[10], which is characterizedy a symmetricinitial stateof the active
site,accountsvell for the highly symmetricstructureof retroviral enzymeswhile, in
pepsinsstructuraldatawould suggesthatthe N-lobe aspartatés the onethatbrings
the proton.

A role in the stabilzationof the asymmetryin the protonationstateof the two
aspartatemightbe playedby a buriedwatermolecule whichis H-bondedo the Ser
of theN-terminallobe catalyticloop, asproposedy AdreevaandRumsh[46].

The studyby Marcinkevicieneet al. [47] on inhibitor binding to porcinepepsin
providessupportfor the conceptof anisomechanismvheredifferentconformational
isomersor prototropicformsarein equilibrium. The structureof plasmepsir2 from
Plasmodiunfalciparum[48] hasrevealeda signi cant rotationof the C-terminaldo-
mainwith respecto the N-terminalone(5.2 ). This nding con rms the possibility
that eukarioticAPs are indeedable to changetheir conformation,yet if this might
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have somein uence ontheir catalyticactionis notknown. Indeed theoreticaktudies
by Pianaet al. [5, 6] have putinto direct correlation,in HIV-1 proteasesuch e x-

ibility of the enzymaticscafold to its catalyticactwvity, at leastfor HIV-1 protease.
Recentsimulationsby McCammonet al. [49] have con rmed the e xibility proper

ties of suchenzyme.Thus,the hypothesisf a generaldirect correlationbetweera

e xible scafold andan enzymaticactiity in all asparticproteaseseemso be re-

ally appealingandreliable. Within this hypothesis conformational uctuations of

the whole enzyme/substrateomplex shouldenhancehe catalyticrate by favouring

the presenceof reactve conformationsn the active site alongtime. In this thesis,
sometheoreticalinvestigationghatleadto promisingresultson the subjectwill be

presented.

1.2 Biological function of -secretaseand Alzheimer's
Diseasedevelopment

1.2.1 Historical perspective

Few subjectsin biomedicinehave arousedhe interestof the scienti c community
ashashad Alzheimerss diseasg AD). Neurodgeneratie disordershave becomea
commonproblemin modernsocietieswherelife expectationjn thelastcentury has
beenconstantlyrisingup. AmongthemAlzheimer's diseasdnasemepgedasthe most
prevalentform of late-life mentalfailurein humang16].

Althoughneuropathologicatudieded quite soonto recognitionof thecommon-
nesf thesyndromeijt wasonly afterthe'60sthatthe rst description®f thelesions
in the braintissues namely senile(neuritic) plaquesandneuro brillary tanglesre-
latedto AD cameout.

In thelate'70s andearly'80sit becamencreasinglyclearthatAD, unlike Parkin-
son's diseasedid not involve degeneratiorof a single transmitterclassof neurons,
but was highly heterogeneousAdvancesin biochemicalpathology which lead to
de nition of the compositionof plaguesandtangles,andadwancesn molecularge-
neticsof AD, whichde nedthecritical role of the sukunit proteinan thefundamental
mechanismef AD, have leadto a growing consensuabouthow atleastthefamilial
forms of the disordermay begin. The resultof this continuingwork is thata rough
temporaloutline of the disease&ascaddasbegunto emege.

In particular oneof the key biochemicalstepsthatleadto formationof neuritic
plaquesnvolvetheenzymaticactionof -secretasegmemberof thepepsinAP class.
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As inhibition of thisenzymeamighthave arelevantpositivefall-outin apharmacologi-
caltheragy againsttleastsomeformsof AD, it is thereforanterestingo concentrate
someattentiononits features.

1.2.2 Neuritic plaguesand the amyloid -protein
Composition of the Neuritic plaques

Neuritic plaquesaremicroscopidoci of extra-cellularamyloid -protein(A ) depo-
sition, generallyfoundin large numbersn the limbic andassociatiorcortices[50].

A aggr@atesprincipally in a lamentousform. The neuritesare marked by struc-
tural abnormalitieslik e enlagedlysosome®r incrementn the numberof micoton-
dria. Thetime thatit takesto develop sucha neuriticplaquess notknown, but these
lesionsprobablyevolve graduallyover a substantiaberiod of time, perhapsmary

monthsor years.

Origin of the amyloid -protein: APP

A is derivedfrom its large precursorprotein(APP) by sequentiaproteolyticclear-
ages.APP comprisesa heterogeneougroupof ubiquitouslyexpressegolypeptides
rangingfrom 110to 140 kDa. APP is a single transmembraneolypeptidethat is
translocatednto the endoplasmiaeticulum via its signal peptide,and then post-
translationallymaturedthroughthe secretorypathway [16]. Both during and after
its traf cking throughthe secretorypathway, APP canundego differentproteolytic
cleavagesto releasesecretedderivatives into vesicle lumensand the extracellular
space(see g. 1.8). The main proteolyticclearageprocessoccursl2 aminacidsbe-
fore the single trans-membrandomainof APP ( -cleavagesite). This processing
resultsin the secretiorof alargefragmentcalled -APP, andin retentionof an83-
aalongresidueC-terminalfragmentn themembran€C83). Alternatively, someAPP
moleculesarecleared by -secretaseyhich cutsthe APP chain16 residueshefore
the -cleavagesite,andthus,generatinga slightly smallerectodomairderivative ( -
APP), andretaininga 99-aalong residuein the membrandC99). After both - and
- processeghefragmentretainedn themembranas cleared40 or 42 aminoacids
afterthe -cleavagesiteby anotherenzymecalled -secretaseThisulteriorcleavage
leadsto secretionof a 24/26 aalong peptidefragment,calledp3, or to A , de-
pendingon whethertheinitial cutwasperformedoy -or -secretasaespectiely®.

3Until 1992,it wasassumedhatA generatiorwas a pathologicalevent, becausehe cleavage
of the C99fragmentirom -secretaseactiity appearedo occurin the middle of the trans-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 serineproteasenhibitor do-
main. TM indicateghetrans-membrangéomainataminoacids700-723.Theamyloidprotein
fragments representetly theredband,thewhite dotis thecleavagesiteof -secretaseThe
following diagramsrepresenthe proteolyitcderiatives accordingto the - or - secretory

paths.
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Figure1.9: Mutationsof APPidenti ed with developmentof differentfamilial AD. -, -
and -secretaseleavagesitesareexplicitly indicatedby the correspondingyreekletters.

Familial Alzheimer's disease

It hasbeerknown for severaldecadeshatclinically typical AD canclusterin families
andcanspeci cally beinheritedin anautosomatiominantfashion.Determininghow
frequentlygeneticfactorsunderliethe diseases dif cult, asAD wasnot speci cally
diagnosedandrecordedbeforethe lasttwo decadessomeinvestigatordelieve that
in the fullnessof time, a large majority of AD caseswill be shavn to have genetic
determinants.

Missensemutationsin APP  Althoughmutationsn APPthatleadto AD have only
beencon rmed in sometwo dozenor so familiesworldwide, their locationsat the
cleavagesitesof thethree and -secretasebave provided critical insights
into the mechanisnof developmentAD, althoughin sporadiccasesof AD otherex-
ternalfactors,suchasanti-nere growth factor(NGF) antibodieq55, 56|, may play

domain.It wasassumedhatthiswould requirethereleaseof C99from themembranee.g.,asaresult
of somepre-&isting membranénjury that allowed accesgo a solubleprotease.Discovery of p3 to

be the productof sequential - - cuts[52], anddetectionof A in cerebrospinaluid andplasma
of healthysubjectshroughoutlife [53, 54] demonstratethat, indeed,productionof A is a normal
metabolicevent.
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acrucialrole.

Thenineknown missensenutationy g. 1.9)havebeenfoundtoincreaséd pro-
ductionby subtlydifferentmechanismsin particular theso-calledSwedishmutation
characterizedby doublemutationin the two aminoacids(K670N, M671L) preced-
ing -secretaseleasagesite,inducesincreasedtleavageby -secretaséo generate
aberranproductionof A proteins.

1.2.3 -secrtase:akeyenzymein AD development

Overproductiorof A andincreaseof its capabilityof self-aggregationarethecrucial
stepsthat lead to developmentof, at least,familial forms of AD. Somemissense
mutationgastheso-calledl.ondonmutationan APPleadto alterationof therelative
productionof the 40- and42-isoformsof A . The 42 aalong form is more prone
to aggr@ation[57], however, A is usuallycolocalizedwith A in the plaques.
Nonethelessthesemutationsdo not affect the total amountof A formation[58].
Theseresultshave suggestedhat amino acidscloseto the -cleavagesite are not
critical to thetotal cleavage.

In fact,in healthyindividualsthecorrectregulamentatiorof A  proteinis guaran-
teedby thelow pro ciency of -secretaseatalyticaction( s M)
Swedishmutationactson this factordramatically asin thatcase the ratio
increasesipto 2450s M [36]. Identi cation of -secretasastherate-limiting
enzymefor A productionhasmeantidenti cation of a highly promisingpharma-
ceuticaltargetfor a futuredevelopmeniof AD drugtherapies.

The searchfor enzymesthat speci cally cleave at the -cleavagesite in APP
wasinitiated long beforetherewasary cellular evidencefor the presencef sucha
metabolicpathway [59]. Thesearchendedn 2000,whenTangetal. rst, identi ed
the extracellularC- domainthe membrane-anchoretiemapsin2 proteinasthe -
secretasenzymg36], andthen,providedalsoits rst crystallographictructurg60].

1.2.4 Structural characterization of -secretase

-secretaséBACE hereafter)s anaspartiqroteasevhosebilobalstructurg g. 1.10)
hasthegenerafold of pepsing g. 1.1). Comparedo humanpepsinthemostsigni -
cantdifferencesn thestructureof BACE arerelatedto six insertionsanda 35-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,DandFin g. 1.11)arelocatedonthesideof themolecularsurfacewhere
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Figure1.10: 3D pictureof -secretase. -helicesaredravn in magentaylinders, -sheets
in yellow arrows, theligandin orangesticks,andthe Asp dyadin spheres.

the N-terminusof the substrate-chairs bound. One of theseinsertions(F) bringsa
high negative chage, asit containsfour acidic residues.InsertionsB andE arelo-
catedin the oppositesideof the proteinsurface( g. 1.11). The C-terminalextension
is highly structuredpeingcomposedy aloop,a -sheetanotherdoop,andashort

-helix. As previously discussedseesec.1.1.1),BACE hasdifferentiatedrom other
pepsinsin the positionof two of its threedisul de bridges;in fact, they fastenthe
C-terminalextensionto the C-terminallobe (residuesl 55-359and217-382).

Theactwve-sitecleft of BACE s slightly moreopenedhanthatof theotherpepsins

of known structure. This characteristigs relatedto modi cationsin theS , S, and
S ' subsitesandto adeletionof six residuesnaloop acrosshe ap overtheactive-
sitecleft [60]. Thesemodi cations maybe usefulin designingof inhibitorsselectve
for BACE towardsotherhumanasparticproteasesDeterminationof the molecular
transition-stategeometryfor the activatedMichaelis Complex could alsobe a very
important rst-step for a rational designof different BACE inhibitors, as peptido-
mimeticinhibitorslik e the onespresenin BACE 3D structureg60, 61] couldnotbe
pharmacologicallyelevantin vivo, asthey werenot enoughsmallto be ableto pass
theblood-brainbarriet
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Figurel.11: Insertionsn BACE structure ascomparedo pepsin.TheN- andC- lobesare
colouredin cyan andyellow, respectrely, the six helices/ loopsinsertionsare colouredin
blue,andlabelledwith capitalletters(A-F), the C-terminalextensionis colouredin red.
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Chapter 2

Computational Methods

The constantincreasealong the yearsof computerperformancesn termsof both
computationafastnessanddatastorage/accessibilithaslead computersimulations
to beapowerfultool for thestudyof biologicallyrelevantsystemsThetheoryandthe
implementedalgorithmsusedthroughouthis work aredescribedelon. Becausef
theintrinsic compleity of researchiargetsin life sciencesall thedevelopedmethod-
ologiesrequiredifferentdegreesof approximationwhich are also discussed.This
work hastakenadvantagefrom a broadvariety of computationatools, rangingfrom
moleculardynamicgMD) simulationgbothabinitio andclassica) to coarse-grained
computationsandto database-sear@mdmultiple-sequencalignmenttools.

2.1 The Many-Body Problemandthe Density-Functional-
Theory approach

2.1.1 The many-body Hamiltonian

Theequation®f quantummechanicarerequiredto rigorouslydescribamicroscopic
propertiesof molecularsystems.n the non-relatvistic formulationof quantumme-
chanics,a groupof M atomsandN electronis describedy its wave-function , a
functionof the 3M+3N geometriccoordinatesthe nuclearandelectronicspinstates,
andof thetime, which solvesthetime-dependerschrodingeEquation[62]

— 2.1)

in theabsencef externalperturbationsandneglectingthe spincouplings(which
is reasonabléor closed-shelsystems)the Hamiltonianoperator is givenby the
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summatiorof the nuclearandelectronickinetic operatorsandthe coulombicinterac-
tion amongnucleiandelectrons:

S @2

In thiscasethetime-dependerdroblemcanbesimpli ed into atime-independent
formulation,which leadsto the eigervalueequation:

(2.3)

where now is aneigen-functiorof  anda functionof only the 3N+3M coor
dinates.

2.1.2 Born-Oppenheimerapproximation: the electronic structure
problem
Analytical solutionsto theformerN+M bodiesproblemarenotaccessibletherefore,
approximationgo its original formulationhave to beintroduced.
Within the time-independentormulation, the most straightforvard approxima-
tion consistanto separatinghe nucleardegreesof freedomfrom the electronicones

(Born-Oppenheimeapproximation]63]. Here,thewave-function is expressedy
thefollowing ansatz:

(2.4)

Where is the nuclearwave-function,and is the electronicWave-function,
which depend®only parametricallyon the nuclearcoordinatesThe electronicwave-
functionwill solvethe* x ednuclei” electronicSchrédingeequation:

(2.5)

where is:

(2.6)
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and :
Thenuclearcoordinatadependenglectronicenegy is thenincludedin theeigen-
valueproblemfor the nuclearmpart':

(2.7)

Thus, within the Born-Oppenheimeapproximation,the solution of the N+M
mary-body problemis reduced, rst, to the solutionof the M electronsproblemat
x ednuclearmositions,andthento the solutionof the N nucleiproblem,in whichthe
electroncontrituteasanexternal eld.

The solution of the N electronsproblemitself, nonethelessis a major task of
guantumphysics. Therefore,differenttheoriesand approximationshave beende-
velopedto facethis task. The work donein this thesishasgot prot from Density
FunctionalTheory [64], which allows treatmentof relatively large systemswith a
reasonableomputationatost.

2.1.3 Density Functional Theory

Density FunctionalTheory (DFT) is a rigoroustheory of the groundstateof mary

particlesysten|64]. Themainidealiesin assumptionthattheground-statg@roperties
of aquantumsystemof N particlescanbe describedstartingfrom its densityandnot

from its explicit wave-function,thus,from athree-dimensiondunction , rather
thana 3N dimensionabne:

(2.8)

The Hohenberg-Kohn theorems

DFT is basedon the two Hohenbeg-Kohn theorems,enunciatedn the early six-
ties [64]. The rst theoremdemonstrateshat, given a Hamiltoniancharacterized
by a generalexternalpotential  , the ground-statalensity associatedo it is
unique.As univocally determineghe Hamiltonianof the systemj|t follows that
thegroundstateenegy andall the obsenablesarefunctionalsof the electrondensity

Ineglectingthe contributionsof the nuclearkinetic operatoover the electronicwave-function;this
approximatioris justi ed by thelargedifferencein the electronicover nuclearmassratio.
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The secondheoremprovidesa variationalprinciple for the groundstatedensity
In fact,it demonstratethat,givenary trial density for which it
followsthat :

Fromthisresult,onecangetavariationalequatiorto gettheground-statelensity
In fact,re-writing the electronicSchrédingeequation2.5in termsof the density:

(2.9)

where istheexternalpotentialand istheHohenbeg-
Kohnfunctional. includesthe kinetic enegy operatorandthe electron-electron
repulsionfunctionals.Ground-state ful Is thefollowing stationaryprinciple:

(2.10)

and solwesthefollowing EulerLagrangesquation:

- (2.11)

is not dependenbn the external potentialand, thus, canbe assumedsa
universalfunctional of the density Although DFT is formally rigorous,the lack of
knowledgeof ananalyticalexpressiorfor this functionalleadsto necessargapproxi-
mationsto make it usefulfrom a practicalpoint of view.

The Kohn-Shamequations

TheHohenbeg-Kohntheoremsaverere-formulatednto a computationallyaccessible
approachn 1965by KohnhimselfandSham[65]. Themainideaof thatpaperiesin
the possibility of mappinga systemof N interactingparticlesinto a non-interacting
onescharacterizethy the samedensity

For suchsystemsthe densitycanbe written asa summationover single-particle
contrikutions:

(2.12)

andthekinetic enegy functionalhasananalyticalexpression:

- (2.13)
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The Hohenbeg-Kohnfunctionalcanberewritten as:

(2.14)

where istheclassicapartof theparticle-particlanteractionand is de ned
as:

(2.15)

andit is named Exchange-correlatiorfunctional,asit is obtainedby the sumof
thecorrectionin thekineticenegy andof thenon-classicapartof theparticle-particle
interaction.

Equation2.11,turnsoutto be:

—_— (2.16)
with
_— _— (2.17)
Thetotal enegy of the systemis expresseds:
- — _ (2.18)

where arethe KS orbital enegies of the non-interactingsystem,which are
obtainedsolving self-consistentlfhe Kohn-Sharequations:

- (2.19)

TheKS equationhavethegreatprivilegeof beingsingle-particleequationsvhich,
in principle,exactly collectively solve a mary-bodyproblem.Anyway, thelack of an
explicit analyticalformulationof theexchange-correlatiofunctionalleadsto require-
mentof approximatedormsfor it.

Exchange-Correlation functionals

LDA approximation. A rst successfuhpproximatiorfor theexchange-correlation
functionalhasbeenproposedalreadyin theoriginal papetby Hohenbeg andKohn[64],



26 Computational Methods

andit is basedn theuniform electrongaspropertiesin fact, within this approxima-
tion, theelectrondensityis thoughtto behaelocally asauniformelectrongas(LDA:
Local DensityApproximation);thus,the exchange-correlatiofunctionalsreads:

o _ (2.20)

TheLDA approximationalthoughsuccessfuin thedescriptionof a broadvariety
of highly covalentsystemsexhibitsheary de cienciesin describinghydrogen-bonds,
which arecrucialfor studieson biologically relevantobjects.

Gradient-Corr ectedapproximations Thetypical approximatiorintroducedo go
beyonda LDA descriptionis to explicitly introducethe gradientof the densityin the
functionalform of . Thesecorrectionare groupedunderthe nameof “General
Gradient-correctedpproximations{GGA).

Becke exchangefunctional This correctionwasintroducedby Becke [66] to
reproducethe exact asymptoticbehaiour od the exchangeenegy. The analytical
formulareads:

- (2.21)

with

— (2.22)

the parameter is determinedby a t on the exact HF data,andwas x ed by
Beckeas =0.0042a.u.

Lee Yang Parr correlation functional The Lee-Yang-Rrr (LYP) functional
for thecorrelationenegy wasderivedfrom the Colle-Saletti formula[67], andcom-
putescorrelationenepies from HF secondorder density matrices. Its expression
reads:

(2.23)
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where — -, -— - . a=0.04918p=0.132,c=2533and
d=0.349parameterareobtainedby tting thefunctionalformulainto HF resultsfor
theHelium atom.

The BLYP exchange-correlatiofunctional,obtainedby summingthe Becke and
LYP correctionshasbeenusedin the DFT calculationsduring this work, asit has
beenshawn to provide reasonableesultsfor chemicabondscharacteristiéen organic
andbiological systemswithout beingtoo computationallyexpensve.

Planewavesand pseudopotentials

Theuseof a planewave basissetis extremelycornvenientfor solvingthe Kohn-Sham
equationsn periodicsystemsFollowing the Bloch theorem gachKS wave-function
canbeexpandeds:

— (2.24)

whereV is the volume of the cell, k vectorsbelongto the rst Brillouin zone,
g is a reciprocallattice vector, c is the rst Fourier componenof the planewaves
expansion,andthe summations extendedto in nite lattice vectors. This approach
offersthe advantagehatresultsmay be systematicallycorvergedwith respecto the
basissetby varyingasingleparametemamely thecut-off enegy for thekinetic
enegy that determineghe accurag of the calculation. Moreover, the useof
basissetwith anonlocalizedorigin providesthattheincomplete-basisetcorrections
(or "Pulayforces")areanalyticallyannihilated andthereis no basissetsuperposition
error.

Fast-FourierTransform(FFT) techniquesllow ef cient handlingof the compu-
tationalefforts for increasinglylarger systems.

In the treatmenbf isolatedclusterswith alow symmetry suchas,organicmole-
culesor the active sitesof enzymesthe -pointapproximationk=0) still guarantees
agoodaccuray, leadingto arelevantreductionof the computationatost. The sim-
ulation of isolatedclusterswithin a periodicboundaryconditionschemeneedssome
care,asself-interactionramongreplicashasto be cancelled.In our calculationswe
have usedthe proceduralevelopedby MartynaandTuckerman[68] thatallowstreat-
ing thesystemasisolated.Thisalgorithmis basednthegenerapossibilityof writing
anelectrostatigpotential asthesumof two arbitraryfunctions:
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Thesefunctionsarede ned sothat vanishesxponentiallyquickly at large
distancedrom the systemwhile containsall thelong-rangecomponent®f
the physicalpotential. It canbe demonstratethatthe averagepotentialenegy for a
clustercanbewrittenin thereciprocalspaceas:

. (2.25)

Where is the Fourier transformof the potentialfunction,and is the Fourier
seriesexpansionof the density The screerfunction , de ned as:

(2.26)

is the differencebetweenthe Fourier series andthe Fourier transform

of the long-rangepotential,andits computationin the reciprocalspaceis

efcient for all g vectors( ( )). The screenfunction hasthe meaningof

“screening”the interactionof the systemwith anin nite arrayof periodicimages,
thuscancelingthe self-interactioramongreplicasof the system.

Pseudopotentials The greatestdravback in using a plane-vave basis-settcomes
from the impossibility, from a practicalpoint of view, of describingcore electrons
within a reasonableomputationakxpense.Indeed,the sharpspatialoscillationsof
their wave-functionsnearbythe nuclei would requirean extremely high numberof
plane-vavesfor an accuratecharacterizationOn the otherhand,the corelevelsare
well separateth enegy from valenceelectronsand,ata rst level of approximation,
do not play ary role in the chemicalpropertiesof molecularsystems.Thus,the core
electronorbitalscanbefrozenin theKS equationsaandonly the valenceelectronsare
describedexplicitly. The core-\alenceelectroninteractionsare implicitly included
into the nuclearpotential,which will assumean “effective-potential”’or “pseudopo-
tential” form.

Pseudopotentiadre usually derived from all electron(AE) atomic calculations,
andseveralrecipeshave beenproposedo date. In this work, we have used“norm-
conserving’pseudopotentialderived from the Martins-Troullier method[69].

Pseudopotentialsave to satisfythefollowing conditions:

Thevalencepseudo-vave-functionshouldnot containary radialnodes.

ThevalenceAE andpseudopotentiaigen-waluesfrom theradialKS equations
mustbethesame:
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where istheangulatrmomentum.

The pseudoand AE atomicradial wave-functionsmustbe equalfor r greater
thanachosercut-off distance

Theseconditionsensurethat the pseudo-atonbehaeslik e therealonein the
region of interactionwith otheratomswhile forming chemicalbonds.

theintegratedelectrondensitywithin thecut-off radiusfor thetwo wave-functions
mustbethesame.

Thisrequiremenguaranteethetransferabilityandthenormconservingule of
theMT pseudopotential.

at , the pseudowave-functionandits rst four derivativesshouldbe
continuous

the pseudopotentialshouldhave zerocurvatureattheorigin.

Consideringheseconditionsthegeneraform for apseudopotentialave-function
is:

(2.27)

where , andthe coefcients areobtainedby imposingthe
rst threeconditions.
Thefunctionalform of the pseudopotentialis

where aresphericalharmonics.The "semilocality” of this functionalform
(localin theradial coordinatenonlocal in the angularones),impliesanincreasen
the computationatost. This dif culty is overcomein our calculationby the method
of Kleinman-Bylande(70], which implies addition and subtractionof an "ad-hoc"
radial functionV to the pseudopotentialvhich leadsto a new functionalform,
wherethelocalandnon-localpartscanbe completelyseparated.
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2.2 Car-Parrinello molecular dynamics

DFT, planewavesandpseudopotentialallow computatiorof the electronicstructure
of largeenoughbiologically relevantmolecularsystems Anyway, asthe processesf
life involve dynamicalransformationshatoccurat nite temperaturet is crucial,in
principle,to solve eq.2.1, which explicitly takesinto accounthetime variable,and,
morewer, to somehav introducetemperatureffectsin thetime-evolution.

2.2.1 nuclear dynamics: principal approximations

TD-SCF equations An approximatesolutionto eq.2.1 canbe written introducing
anexplicit time dependenceto thetime independenansat2.4for eq.2.3:

- (2.28)

wherethenuclearandelectroniovavefunctionsareseparatelyiormalizecatevery
time, respectiely.
This ansatzwheninsertednto eq.2.1,leadsto thefollowing relations:

- S (2.29)

— — (2.30)

Theseequationsle ne the basisof thetime-dependentelf-consistenteld (TD-
SCF)methodintroducedoy Diracin 1930.Both electronsandnucleimove quantum-
mechanicallyin time-dependennean- eld potentialsobtainedrom expectationval-
uesof the otherdegreesof freedom.

Ehrenfestdynamics It canbe shavn [71] that the nuclearequationsof motion
(EoM), which, in principle, follow a quantum-mechanica&volution, in the classical
limit ( ) canbereducedo standarchenvtonianequations:

(2.31)

where . Thus, the nuclei move accordingto classicalme-
chanicsin an effective potentialgeneratedy the electroniccon guration at a given
time . Thenuclearwave-functionsin eq.2.29,in the classicalimit, arereplacedy
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deltafunctionscenteredattheinstantaneougositionsof theclassicahuclei. Eq.2.29
then,reads:

. - (2.32)

Thus,thequantumM+N bodiesproblemis againreducedo theN electrongjuan-
tum problemandto its time-evolution.

The equationgproposedcomefrom a mean- eld theory nonethelesssince ex-
plicit time-dependenci the electronicwave-functionis kept, transitionsbetween
electronicstatesareaccessibleuringtime-evolution.

Born-Oppenheimer dynamics The major back-drav in the Ehrenfestdynamics
schemdies in its implementation.In fact, a numericintegrationof the EoM for an
electronicwave-functionwould requirean extremelysmalltime-step.

Thus,an alternatve approachs to introducea “ground-state”approximatiorfor
the electronicwave-function:in this schemethe mainassumptions thatif the elec-
tronic excited statedare well separatedn enegy from the groundstate,then, elec-
tronicexcitationsareextremelyimprobable. Thus,electronswill alwaysremainin the
groundstate.This assumptiorleadsto the needto solve time-independerglectronic
problemsat eachtime, provideda setof xed nuclearpositionsis given.

(2.33)

(2.34)

In practice, starting from a nuclearcon guration, one hasto solwve the time-
independenSchrddingeequationfor the electronsmove the nucleiwithin the elec-
tronic effective potentialanditeratethe process.

Thegreatesadwantagen thisschemas thatthenucleimove onthe“frozen” time-
independenBorn-Oppenheimeeglectronicenegy surface,andthus,thetime-stepfor
the numericalintegrationof the EoM canbe chosenaccordinglyonly to the nuclear
degreesof freedom.Onthe contrary the largestbottleneckcomesfrom the necessity
of solvingtheelectronicHamiltonianateachstep.Theoccurrencein bothdynamical
schemespf serioushottleneckge.g.,thesmalltime-stepin Ehrenfesdynamicsand
the electronicHamiltoniandiagonalizatiorat eachstepin BO dynamics)hasleadto
the needof developingotherschemeshatcould overcometheseimitations.
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2.2.2 CP lagrangian

The CarParrinello approach11] exploits the quantum-mechanicaldiabatictime-
scaleseparatiorof fastelectronicandslow nuclearmotion by transformingthatinto
classical-mechanicaldiabatieenegy-scaleseparatiomn theframevork of dynamical
systemgheory Thetwo-componentjuantuny classicalproblemis mappedonto a
purely classicaproblemwith two separatenepy scalesat the expenseof losingthe
explicit time-dependencef the quantumsubsystendynamics.

In classicaimechanicgheforce onthe nucleiis obtainedirom the derivative of a
Lagrangianwith respecto the nuclearpositions. This suggestshat, if the quantity

is consideredasa functionalof the wave-function,a functionalderiative

with respecto theorbitals,interpretecasclassical elds, mightyield theforceonthe
orbitals,providedthe correctLagrangians written.

ThelLagrangiarproposedy CarandParrinellotakesthefollowing expressiorjl11]:

- - (2.35)

Where isa ctitious “electronmass”associatetb theelectronicorbital, andthe
constraintgeferto impositionof orthonormalityof the electronicorbitals.

2.2.3 CP equationsof motion

Following the EulerLagrangesquationsCP equationf motiontake theform:

S S (2.36)

— — (2.37)

Accordingto the CP equationsof motion, the nucleievolve at a certaininstanta-
neous“physical” temperaturgoroportionalto the nuclearkinetic enegy, while the
electronicdegreesof freedomevolve in time at a certain* ctitious” temperature

. Then,if the startingelectroniccon guration is optimizedto the
Born-Oppenheimesurface,duringits time evolution it will remaincloseto it, pro-
videdtheadiabatichypothesiss veri ed.

A simpleway of monitoringwhetherthe adiabaticconditionsareful lled is to
considerthe KS orbital dynamicsas a superpositiorof harmonicmodeswith fre-
gueng proportionatto:
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thus,thelowestfrequeng of theelectronicsystemis  ——. Thus,adiabaticity

canachiezed with a suitablechoiceof the ctitious mass 2. For insulators suchas
all the systemtreatedin this work, whereseparationn enegy betweenthe HOMO
andLUMO levelsis large, it turnsout thatthe electronicandionic frequenciesare
well separatedandthe CarParrinellodynamicscanbe productively performed.

2.2.4 Noséthermostats

The CP equationsof motion, as they are written in egs.2.36-2.37,map a micro-
canonicalensemblg asthe total enegy is strictly consered during time evolution.
Constantemperaturelynamicscanbeachiezedby couplingtheionic degreeof free-
domto a Nosé-Hower thermalbath[72]. Within this schemea dynamicalfriction
coefcient is addedo the CPlagrangian:

- (2.38)

(2.39)

whereQ is aparameter is theadditionaldegreeof freedomof thethermalbath,
andF is the total numberof the degreesof freedomof the system.The equationsof
motionsfor the systentake the form:

- — (2.40)

— (2.41)

Q canbearbitrarily choserto determineghe strengthof the coupling;high values
resultinto a low couplingandvice-versa. Although the dynamicsis strictly "non-
Hamiltonian",the friction coefcient hasthe effect of accelerating/deceleratirthe
system,keepingthe enegy aroundthe KT value. As a result, the total enegy is

2It hasto be mentionedthatthe largestapplicabletime-stepis proportionalto the inverseof
thus,anexcessie increaseof its valuewould not berecommendable
3assuminghatergodichypothesesreveri ed
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consered, andit canbe shovn thatthe dynamicsmapscorrectlythe canonicalen-
semble providedthe systemis ergodic. It hasalsobeenshavn thatthe correctsam-
pling of the canonicalensemblecanbe obtainedalsofor non-egodic systemssuch
astheharmonicoscillator by addinga seriesof coupledthermostats;atherthanonly
one[73, 74]. This morere ned schemgcalled“Nosé-Hoorer chains”)is, actually
theoneusedin our simulations.

2.2.5 Integration of the nuclear EoM
Analytical integrationof the nuclearEoM for realsystemss unafordable;therefore,

numericalscheme$ave to beimplemented:

Verlet algorithm Theatomiccoordinateatatime canbewrittenasa Tayor
seriesexpansioraroundatime :

- (2.42)

Summingor subtractinghe expansionof and , onegetsthe
Verletalgorithm:

- (2.43)

(2.44)

which needgositionsattime and , andaccelerationattime to obtainthe

new positionsat time t+dt, within anaccurag of order andvelocitiesattime

within anaccurag of . The main adwvantagesf this numericalalgorithms

lie in its straightforvardnesandmodeststoragerequirementsalthoughthe velocity
calculationsarenotvery accurate.

Leap-frog algorithm A betterprecisionin the velocity estimatesanbeachie-
ved by the so-calledleap-frogalgorithm,usedin our dynamicssimulations.In this
scheme,rst, the velocitiesare calculatedat half-integertime steps - , then,
theseareusedto computethe positions:

- - (2.45)
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- (2.46)

Theadwantageof this algorithmis thatthe velocitiesareexplicitly calculatedand
usedto obtainthe positions,the disadwantageis that they are not calculatedat the
sametime asthe positions.*

2.2.6 Long-range interactions evaluation

CarParrinello MD is performedunder periodic boundaryconditions. Within this
condition,eachparticle,in principle,interactswith all theotherN-1 particlesinto the
simulationbox andwith all the N particleimagesin anin nite 3D arrayof periodic
cells. Theelectrostatigotentialenegy V of thein nite system therefore takesthe
form:

- (2.47)

wherelL is the length of the periodic box, and n are the direct lattice vectors.
Convergenceof this seriess extremelyslow, andcalculating from this expression
is inef cient.

Simpli cation of the electrostaticcalculationss achiezed by splitting the enegy
functionsin two parts: a short-rangaerm (involving chageswithin a spherewith

, thatis, within the primitive cell) andalong-rangeerm (for atomsthat
arefurtherthan ).

Ewald summationtechniqueg76, 77] areof greathelpin performingthis com-
putationmoreef ciently: ateachchage positionR , a gaussiarchage distribution
of oppositetotal chage-q is added( ) andsubtracted ), sothatthetotal point
chagedistribution of thesystem (R) maybewrtitten as:

(2.48)

At this point, and contributionsto the total chage distribution canbe
consideredeparatelyFromthe rst termonegetsthefollowing potential:

4All the DFT and CP calculationsare performedwith the CPMD code developedby Hiitter et
al. [75].



36 Computational Methods

— (2.49)

where is the complementargrror function: - . Computation
of inrealspacds now easierastheoppositechageddistributionshieldsthepoint
chages,giving a nggligible long-rangecontritution.

The long rangeelectrostatigpotential contrikution is thereforecontainedin the
potentialthat comesfrom the seconderm of the chage density which, now, canbe
moreeasilyevaluatedn thereciprocalspace:

o - (2.50)

This expressionmay be calculatedwith (N ) operationsandcanbe further
improvedin ef ciency throughapproximatealgorithms.

2.3 ClassicalMolecular Dynamics

The large computationatostsin the implementatiorof Ab-initio moleculardynam-
ics endup into two major limitations: in the relatvely small sizeof the systemghat
canbesimulatedhundredof atoms) andin therelatively shortsimulationtimescale
(tenthsof picoseconds)As relevant biological processesisuallyinvolve large sys-
tems(thousandsf atomsor more),andoccurin relatively longtimescalegfrom nano
to microsecond®r more),it is necessaryo develop effective parameterizeghoten-
tials, which arefasterto integrate,albeitlessaccuratejn orderto studythis kind of

systems.

2.3.1 Empirical force- elds

Force- eldsbasedsimulationsoriginatefrom theassumptionhattheBorn-Oppenheimer
potentialenegy surfacecanbe approximatelydescribedoy additive parameterized
mary-body termsthat canbe obtainedby tting experimentaland high-level quan-
tum chemicaldatainto simple functional forms. In this work, the AMBER force

eld [78] for descriptionof proteinsin solutionhasbeenusedwhile the GROMACS
packagg79, 80] hasbeenusedto integratethe EoM. The functional form of this
particularforce- eld canbewritten as:
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(2.51)

represenbondstretchingandanglebendingasharmonicen-
ergy terms. The equilibriumbondlengthsandanglevalues , aswell as
the spring constants are tted to reproducestructuralparameterand
normalmodefrequencies.

is the Fourierdecompositiorof thetorsionalenegy. Dihedralparam-
etersare calibratedon small modelcompoundscomparingthe enegies with
thoseobtainedby quantumchemicalcalculations. Improperdihedralangles
areinsertedbetweemon-cwalentlybondedatomsto presere planarityin aro-
maticrings.

describeghe Vander Waalsinteractionsvia a Lennard-Jonepotential.
Parametersact as to reproducechemical-physicaproperties(e.g., densities,
enthalpieof vaporizationsolvationfree-enegies,etc)in organicliquids.

is theelectrostati@nepgy evaluatedoy assuminghedielectriccon-
stantequalto 1, andusingthe RestrainedElectrostatid?otentialpartialatomic
chages(RESP)[81] asmodelatomicpoint chages.

VanderWaalsandelectrostatignteractionsarecalculatecbetweeratomsbelong-
ing to differentmoleculesor for atomsin the samemoleculesseparatedy at least
threebonds.

Constraints

The time-stepin theintegrationof the EoM is limited by the highestfrequeng mo-
tions,which, in the caseof parameterizedbrce elds, arethe bondstretchingvibra-
tions (in particular thoseinvolving hydrogenatoms). As thesemotionsare of little

interesin classicakimulationsof biologicalsystemsgonstraininghesebondlengths
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during the simulationis of greathelp, asthe time-stepcanbe increasedvithout af-
fectingtheaccurag of thesimulations.

The setof molecularconstraints , onefor eachconstrainedond, canbe
written as:

(2.52)

Satishctionof the  constraintcanbeaccomplishedby applyingthe Lagrange
multipliers method.An extratermis addedto the potentialenegy function,andthe
equationof motionsbecome:

(2.53)

The LINCS algorithm[82], asimplementedn the GROMACS program,allows
satishctionof the setof holonomicconstraintdy anef cient parallelizablematricial
representatiomf the equationsandit hasbeenusedin classicalMD calculations
donein thiswork.

Long-range interactions evaluation

ClassicalMD is usually performedunderperiodic boundaryconditions,in orderto
minimize boundaryeffectsandto mimic the presencef the bulk.

TheVdW interactionganbetreatedasshort-rangénteractionssincetheirenegy
functionsdecayrapidly; in fact,althoughthesepotentialfunctionsarenot rigorously
zerofor truncationat in the calculationwill resultin a systematicerror
which may be correctedaddinga tail contribution. For Coulombicinteractions,n-
steadthetail correctiondiverges,asthe electrostatiqotentialfunction goesslowly
to zeroas . Thereforejnteractionswith all periodicimagesmustbeexplicitly
consideredEwald summationgresentedn sec.2.2.6canbeef ciently usedalsoin
classicaMD to solve this computationatask.

In the GROMACS packagean ef cient Particle meshEwald implementations
used,consistingof aninterpolationof the reciprocalspacepotentialon a grid using
smoothfunctions. Therefore,the sum can be evaluatedby using Fast
Fourier Transformalgorithms.
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Samplingthe NPT ensemble

NuclearEoM aswrittenin 2.2.4allow MD trajectorieso samplethe NVT canonical
ensemble.Nonethelessthermodynamigropertiesof biological systemsshouldbe
computedat constanpressureratherthanat constantvolumeconditions.It is, there-
fore, importantto introducein the EoM the Parrinello-Rahmaralgorithm [83, 84],
which is similar to the Nosé-Hower temperaturecoupling. With the Parrinello-
Rahmanbarostat,the box vectorsas representedby the matrix obey the matrix
equationof motion:

(2.54)

whereV denoteghevolumeof thebox, W is a matrix parametethatdetermines
the strengthof the coupling,and and are the instantaneousnd reference
pressurestespectiely. The EoM for the particleschangeas for the Nosé-Hower
coupling:

_ (2.55)

— (2.56)

In the GROMACS implementationthe couplingmatrix is determinedoroviding
thecompressibility andthepressurdime-constant asinput:

— (2.57)

where isthelargestbox matrix element.

In the GROMACS packageEoM, integratedvia the leap-frogalgorithm,canbe
coupledto bothNosé-Hower andParrinello-Rahmarbaths thus,they canprovide a
correctsamplingof the NPT ensemble.

2.3.2 Analysisof MD trajectories

Datafrom MD trajectoriescanbe collectedandusedto calculatevariousstructural
propertiesasreportedhere:
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Root meansquare displacement

Therootmeansquae displacemenfrmsd)of a setof N atomsattime , with respect
to theinitial structureyeads:

— (2.58)
where is the displacemenof thei-th atomattimet.

Root meansquare uctuation

Therootmeansquareadeviation canbecomputedvith respecto theaveragepositions
during dynamics,ratherthanto the initial positions,and mediatedover time. This
otherquantityis calledroot meansquae uctuation (rmsf):

(2.59)

wherethe braclets standfor atemporalaverage.This quantitycanbe com-
paredto crystallographidB-factorsthroughthe Debye-Waller relation:

_— (2.60)

Lar ge-scalemotions

Descriptionof the proteinmotionin termsof overdampeddynamicsappeargo be
particularlyvalid for protein'slow frequeng vibrations,which arerelevantin protein
functionaldynamicg85, 86,87, 88]. Large-scaleor essentiainotionsderived from

over-dampeddynamicscan be calculatedon the basisof the C atomscovariance
matrix :

(2.61)

where indicatetheinstantaneousgaluesof the 3N cartesiarcoordinate ®f
theN C s. Thesymmetrianatrix canbediagonalizedy anorthonormatoordinate
transformation .

(2.62)
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which transforms into a diagonalmatrix of 3N eigervalues . Provideda suf-
cient numberof independenton gurationsis available(atleast3N+1), six of these
eigen-alues,representinghe roto-translationamotionswill collapseto zero. The
roto-translationatlegreesof freedomcanbe eliminatedby performingarmsd t be-
tweeneachMD snapshoaindtheinitial con guration.

In generallong-rangemotionsof a proteinaresufciently describedoy only M

3N+1 eigervectorscorrespondingo the largestM eigen-walues. Indeed,it turns
out that mostof the total motion is usually spannedver the rst 2-4 eigervectors.
Thecorrectdescriptionof the proteindynamican termsof essentiamotionsdepends
stronglyonthecornvergenceof thecovariancematrix . A usefulway of checkingthe
well de nition andrelevanceof essentiamodegthatis, of checkingwhetherthe MD
simulationis long enough)s performedcomparingcovariancematricescomputedn
differenttime-windows during the run, usingthe samereferencestructure[89, 90].
So,if and arethecovariancematricescomputedn the rst andsecondhalf of
thetrajectory we cande ne their “distance”as:

\/ - - (2.63)

Overlapis nally de nedas:

(2.64)

andit is 1 for identicalmatriceswhile is O for completelyorthogonakubspaces.

Anotherusefulcheckis the cosinecontent. It hasbeenprovedthatthe principal
component®f randomdiffusionarecosineswith the numberof periodsequalto half
the principal componentindex [89, 90]. The eigen-waluesare proportionalto the
index to the power -2. The cosinecontentis de ned as:

_ (2.65)

If thecosinecontents closeto 1, that uctuation is notconnectedvith the poten-
tial, but with randomdiffusion.
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2.4 Hybrid QM/MM molecular dynamics

Although very usefulin overcomingthe small-size/time-limitbottlenecks parame-
terized potentialsare not adequatdor descriptionof a variety of phenomenafor
example,wherethe force- eld transferabilityis low (e.g. in the presencef strong
and/orvaryingelectric elds) or duringchemicalreactions.

In thosesystemawvheretheinadequag of a parameterizedescriptionoccuronly
for asmallnumberof atoms hybrid quantummechanics-moleculanechanicsneth-
odsallow to overcometheproblem.In fact,in thesecomputationspartof the system
canbedescribedat a quantum-chemicdevel, whereagherestis treatedoy parame-
terizedHamiltonians(WarshelandLevitt, 1976; SinghandKollman, 1986; Field et
al., 1990;Sherwod, 2000). The Hamiltonianfor a hybrid systemcanbewritten as:

(2.66)

where arethe Hamiltoniansfor the quantumandclassicalsystems,
respectrely, and containgheinteractionsetweerthetwo parts.

Mixed QM/MM approachesave beendevelopedapplying both semi-empirical
andab initio levels of theory In this thesis,the methoddevelopedby U. Roeth-
lisberger and co-workers hasbeenused[91], in which the quantumpartis treated
at DFT/BLYP level (seesection2.1.3) and dynamicsis performedfollowing Car
ParrinelloEoM, whereaghe classicapartis describedy the AMBER force- eld.

2.4.1 The Interface Hamiltonian

Thecrucialissuein developingaQM/MM methods in thede nition of the
part of the Hamiltonian. The schemeadoptedn this thesisis the one developedby
Laio etal. [91], whichwill bebrie y introducedbelow.

Bondedinteractions

The bondedinteractionsat the interface (e.g. thoseamongquantumand classical
atomsdirectly connectedy chemicalbonds)areincludedin theclassicaforce eld.

Stretch bendandtorsionaltermsaretreatedasin theclassicaMM Hamiltonian(see
section2.3.1). Thesetermsallow the geometryat the interfaceto be kept stable,
nonethelesssincetheir parameterizationloesnot take into accountchangesueto
chemicalreactionsthey might not bevery accurateif the boundaryregion getscru-
cial distortionsuponchemicalrearrangement$QM atomsthataredirectly linkedto
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MM atomsby chemicalbondsareleft with unsaturatedalenceorbitals. This prob-
lem can be overcomeby saturatingthe valencewith “capping” dummy-hydrogen
atoms,which can Il thevalencesput whoseinteractionswith the MM partarenot
considered.

Non-bondedinteractions

The electrostaticand steric contributions betweennon-bondedatomsare taken into
accounfollowing:

S (2.67)

The electrostaticderm takes into accountthe interactionof the classicalpoint-
chageswith thetotal chage-density , which is the sumof the electronicdensity
andthe nuclearmpoint chages.Two majorproblemsarerelatedto calculation

of the electrostatidnteractions:(i) the electronspill-out phenomenomnd (ii) a
very high computationatost. The overcomingof thesetwo problemss achievedby
treatingin differentwaysshortandlong rangeinteractions.

Short-range electrostatic interactions The spill-out problemderivesfrom the
anomalousearrangemertf the electrondensitythatis attractedontothe MM point
chagesnearbythe interfaceregion. This problemis particularly pronouncedasthe
wave-functionsare expandedn a delocalizedplane-vave basisset. A simple solu-
tion is given by modifying the Coulombpotentialin the coreregion of MM atoms:
whereaghe 1/r behaiour is maintainedfor larger, for valuesof r shorterthanthe
covalentradius,the Coulombpotentialgoesto a nite value. Thus,the electrostatic
termis rewritten as:

S (2.68)

where arethe covalentradii. This choiceof the smoothingfunction hasbeen
testedto produceaccurateresultsfor the structuralpropertiesof a quantumwater
moleculein aboxof classicalatermoleculeswithoutany ad hocre-parametrization
of theforce eld.
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Long range electrostatic interactions The explicit calculationof the long-
rangeelectrostatiderm is too expensve in a planewave basedapproach.In fact,
thecalculationof aboutN N integrals,whereN isthenumberof real-spacegrid
points( ) andN is thenumberof classicaltoms( ),would berequired.
This problemis solved by lowering the degreeof accurag of the calculationasthe
MM atomsgetfurtherfrom the QM region. The MM region is partitionedinto three
regionsby providing two cut-off radii  and

Interactionof the QM chage distribution with all MM atomswithin  is ex-
plicitly calculated.

For MM atomswith , the Coulombinteractionis approximatedo
interactionbetweertheMM atomicpointchagesandtheD-RESPchages[15]
of the QM system(seebelaw for D-RESPchagesderiation). Thus,the elec-
trostaticHamiltonianreads:

(2.69)
for The MM chagesinteractwith a multi-polar expansion(up to the
guadrupolaterm)of the QM chagedistribution. In this casethe Hamiltonian
takestheform:

— (2.70)

where is theorigin of the multi-polar expansion(e.g.,the geometricacenter
of the quantunsystem)and and arethetotal chage,thedipoleandthe
guadrupolegguantumchage distributions,respectiely.

Theonly free parameteri this approacharethecut-off radii  and . Thisap-
proachallows a fully Hamiltoniandescriptionof the electrostatidanteractions.Thus,
enegy conserationduringdynamicgs achievedif thepotentialenegy andtheforces
are consistentlycomputed. The correctnes®f the implementationcan be directly
veri ed by monitoringthe conseration of theenegy duringMD simulations.Some
examplesaregivenin refs.[91, 92], andexhibit neggligible shifts.
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2.4.2 Partitioning the system

Partitioning the system(i.e. de ning the quantumregion) is a crucialissuein mod-
elling biological complexeswithin a QM/MM approach As a larger QM region en-
suresabetteraccurag andabetterpredictve powerfor the simulation,it alsoheavily
increaseshe computationatostof the whole calculation,which scalesasthe third
power of the QM region size. Whenstudyingan enzymaticreaction,asin the work
presentedn thefollowing chapterall thereactve moietieshave to bewithin the QM
part (i.e. the nucleophileandthe electrophiliccentre). Moreover, asin our speci ¢
casedifferentacidic hydrogensare presentin the active site, all hydrogenbonded
groupsto the active site were introducedin the QM region, as polarizationeffects
over differentgroupsmay play a crucial role in the whole proton dynamicsof the
system.

2.4.3 Electronic structur e calculations

Electronicstructurecalculationsareof crucialimportancebothfor providing the cor-
rectparameter#n long-rangepartof the interfaceHamiltonianandfor dataanalysis
of thetrajectories.

D-RESPcharges

Within the QM/MM schemehereexiststhe possibility of calculating,at eachtime-
step,restrainedelectiostaticpotentialderivedcharges(RESP)associatedo the QM
atoms[15]. RESPchagesare tted in orderto reproducehe electricpotentialdue
to the QM electronicdensityonthe MM atomswithin the rst shellof the hierarchi-
cal partition asdescribedn section2.4.1. Sincethe explicit contribution hasto be
computedn ary caseat every time-step,RESPchagescanbe computedon the y
with no additionalcomputationakost. For this region, they arere-called“dynam-
ically generatedRESP” (D-RESP).The instantaneouslectrostaticeld on thei-th
MM atomgeneratedby the electrondensityis:

(2.71)

the collectionof 'sis usedastamgetfor aleast-square. As D-RESPcanbe
de ned asthe setof point chages , locatedon the QM nucleiwhich
reproducen the best-possiblevay the electrostaticeld onthe MM atoms they can
bedervedminimizing thenorm:
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(2.72)
whereW is arestrainingquadratidfunction:
(2.73)
where isafreeparameterx edto0.1,and arethe Hirschfeldchagesof
the QM atomsde ned as:
(2.74)

Where isthepseudo-alencechagedensityof the
i-th atom,andZ is its valence.

Maximally localizedWannier functions

“Traditional” chemicalrepresentationfbondorders lone-pairsetc..) nd astraight-
forward relationto electronicstructuresas the latter are expressedn termsof lo-
calizedorbitals. Boys orbitals[93] (BO's) are broadlyusedin the literatureto per
form suchcharacterization.In a plane waves approach,a generalizatiorof BO's
areintroducedto mapelectronicdensityin highly localizedmolecularorbitals. The
maximally localizedWannierfunctions(WF [94, 95, 96]) are derived by a unitary
transformatiorfrom the KS wavefunctions. The positionsof the WC centersallow
anaccuratedescriptionof polarizationeffectsduring quantum(i.e. CP or QM/MM)
simulations.

Accordingto Marzari and Vanderbilt[95], the Wannierfunctionsarede ned in
termsof Bloch functionsin the pointapproximation:

(2.75)

the Wannierfunctionsetin not unique,becausef the phaseermin Bloch func-
tions,thus,asa generalunitarytransformation



2.5Free-enegy pro le reconstructions 47

preseresthe WF centerpositions but not their square,
, it is plausibleto nd the setof WF's thatis maximally localizedon their
centers by minimizing with respecto the unitary transformationthe spreadfunc-
tional:

(2.76)

2.5 Free-enegy pro le reconstructions

Many biologically relevantevents(conformationathangesenzymatiaeactionsetc)
requirethe crossingof relatively large free enegy barriers. As a result, is too im-
probableto obsene theseprocesseduringtypicaltimescale®f quantumof classical
mechanicMD simulations.

It is thereforenecessaryo somehav force the systemto undego the requested
transformationThistaskimpliestwo majorproblemghatcanberesumednto: (i) the
eventualsimpli cation of the phasespacento few (or evenone!) relevantparameters
(so-called’Reactioncoominates”) alongwhich drive thetransformationand(ii) the
de nition of ef cient schemegor samplingthe (eventually)reducedhase-space.

Differentalgorithmsthat allow answergo thesepoints have beendevelopedin
thelastdecade$12,97,98,99, 100, 101, 102].

Although reactioncoordinatesare, in principle, combinationsof large setsof
atomiccoordinatesin somecasesasin enzymaticreactionsmonodimensionahp-
proximationscanbe reasonableasthe otherdegreesof freedomin uence the sys-
temon muchmorelongertimescalesThemonodimensionapproximatiorhasbeen
usedin this thesis,andthe algorithmsusedto addressjuestion(ii) are herebriey
presented.

2.5.1 Constraint dynamics

The Constaint MD methodhasbeendevelopedby Ciccottietal. [101] in 1998,and
hasbeenusedto avariety of molecularsystemsip to date.

In this schemethe reactionfree enegy is calculatedby rigidly constraininghe
chosenreactioncoordinate. The force on the constraint( ) is time-avzeragedupon
successie variationsof the reactioncoordinatevalue , andthenintegratedalong

. The Freeenenpy, then,reads:
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(2.77)

For the simple caseof aninteratomicconstraint,like in the caseof the simula-
tions of this work, theforce on the constraints equalto the correspondind.agrange
multiplier:

(2.78)

wherethe braclets standfor an ensembleaverageover the trajectory and the
reactioncoordinate is de ned by thedistancebetweeratoms and
Thevalidity of this thermodynamigntegrationschemas independenon the na-
ture of the interatomicforces,andit hasbeensuccessfullyextendedto a variety of
chemicalsystemgqe.g.[20]) Practically thevalueof s increasedr shortenedn
a smallamountstartingfrom the nal con guration of the simulationat the former
value. Theamountof theseincrementdetermineshe accurayg of thefreeenegy
estimationfor e.g. a chemicaltransformation:nonethelesshe shorterthey are,the
more time-consuminghe simulationwill be. This methodologyhasbeenusedin
this work to computethe free enegy of the rst-step of the enzymaticreactionof -
secretaseasto comparethe resultsobtainedwith the sametechniquesn refs.[5, 7]
ontheHIV1 protease.

2.5.2 Multiple SteeringMolecular Dynamics (MSMD)

In 1997 Jarzynskestablishedrelationbetweemon-equilibriumdynamicsandequi-
librium propertieq12,13]: let r betheHamiltonianof a systemthatis subject
to anexternaltime-dependemterturbationandlet and be,respectiely,
the changen free-enegy andthe externalwork performedon the systemasthe sys-
tem evolvesfrom to . Herer indicatesa con guration of the whole
system.Accordingto Jarzynski12], and arerelatedto eachotherby
thefollowing identity:

(2.79)

wherethe bracletsrepresentain averagetaken over an ensembleof trajectories.The
previousequalitycanbealsoreformulatedas[103, 104:

' r r (2.80)
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TheHamiltonian r  canbewritten asthe sumof thetime-independentamilto-

nianof theunperturbedystem, , plusthetime-dependendgxternalpotential.ln

thepresenstudy aswell asin refs.[105, 14, 106 104]theperturbatiorhasbeencho-

sento be a harmonicpotential,which minimum positionmovesat constantvelocity
accordingto:

r r — r (2.81)

where r represent® chosenreactionpath. In this way, at ary giventime, only
a small window aroundthe equilibrium position r is sampled. By
substitutingeq. 2.81into Eq. 2.800ne nds:

r (2.82)

Thus,the free-enegy of a processalonga selectedeactioncoordinatecanbe com-
putedperforminga representafie numberof nite-time transformationsgollecting
ateachtime-stepthework done,andthenproperlyaveragingit.

Eq. 2.82requiresthe corvergenceof an exponential,which is slow. Thus,it is
morecornvenientto usea second-ordecumulantexpansion107]

r - (2.83)

where denotesan averagerestrictedto trajectoriessatisfyingthe condition
r and isthevarianceof theaveragework done.
An experimentalalidationof thereliability of Jarzynskis methodologyhasalso
recentlyappearedl108].
This methodoly hasbeenusedin thiswork to computethefreeenegy of thehy-
drolysisof formamidein aqueousolution,asareferencgparametefor theenzymatic
reactionof -secretase.

2.6 CoarseGrained computations

The capabilitiesof actualcomputercalculationsallow, within a reasonableost,to
follow the dynamicalevolution of few hundredresiduedarge proteinsfor tenthsof
nanosecondsAlthough suchsystemdimensionsand simulationtimescalesallow to
gain considerablensightinto relevantaspectsf proteindynamicsfrom simulation
data,they aretoo small, or short, for studyingother major aspectf dynamicsof
biological systemssuchaslarger conformationalchangesr molecularrecognition
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processefl09]. In addition,MD runsmight not be sufciently long to legitimatea
time average thermodynami@verageequivalenceg90].

Several studieshave attemptedo bridge the gap betweenthe dimensionsor ti-
mescale®f feasibleMD simulationsandthe onesof relevantbiologicalmechanical
processeby recurringto a mesoscopicatherthana microscopicapproactj110].

In fact, the large-scaledynamicalfeaturesencounteredn MD trajectoriescan
be interpreted,at rst approximation,asa superpositiorof independenharmonic
modeg109] thatcanbe achiezed by simply substitutingdetailedforce- eld interac-
tionsby harmoniccouplingswith the samespringconstan{110].

2.6.1 -GaussianModel

The resultsfound by Tirion leadto developmentof coarse-grainedchemesvhere
amino acidsare representedby effective centroidscorrespondingo the atoms
andthe Hamiltonianis a summatiorof harmoniccouplingsbetweerpairsof spatially
closecentroidg111, 112,113

At variancewith previous approachesin this thesisthe so-called -Gaussian
model[22] hasbeenused. The maindifferenceconsistdn introducingeffective
centroids,tetheredto the s, that mimic the side-chainallowing a bettercontrol
of the directionality of pairwiseinteractionsin the protein,leadingto an improved
vibrationaldescription.

Modeling the Hamiltonian

The Hamiltonianof a proteinis describedasan expansionin termsof deviations of
theaminoacidsfrom their referencepositions:

(2.84)

where



2.6 CoarseGrained computations 51

(2.85)

is thenative contactmatrixthatloadsthevaluesof 1 or O if thenatve distance
betweernwo particles and is belowv a certaincutoff valueR.

To accountfor the higher strengthof the peptidebondswith respectto non-
covalent contactinteractionsbetweenamino acids, an explicit chainterm has
beenaddedwheretheinteractionof consecutie  'sis controlledby

By constructionthe global minimum of this Hamiltoniancoincideswith the na-
tive state. For small uctuations aroundthe native structure,the potentialinterac-
tion enepgy of two particlescanbe expandedn a Taylor series.|f is the native
distancevectorand is the deviation vector so that the total distancevectoris

, the pairwiseinteractioncanbe approximateds:

(2.86)

where and runoverthethreeCartesiarcomponentsBasedon this quadratic
expansionthe Hamiltonianin eq.2.84canbe approximateds:

- (2.87)

Where 'saresymmetricmatrices.

However, the locationof the  atomsin a proteinstructureis almostuniquely
determinedy thegeometryof the peptidechain[114]. Thus,thedegreesof freedom
canbe reducedto only thoseof the 's, whereaghe uctuations of the ‘'sare
dictatedby thoseof theformer.
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Thelocationof thei-th  is givenby:

(2.88)

where =3 A. Deviationsof thethe  positionsarethenfully derivedfrom those
ofthe 's:

(2.89)

In thisway, arelocalizedasa functionof the 's’, andequation2.87takes
theform of:

- (2.90)

where is anew 3Nx3N symmetricmatrix, andthe elasticresponsef the sys-
temis uniquelydictatedby the eigervaluesandeigervetorsof
Equilibrium properties

Several theoretical experimentaland computationaktudieshave demonstratedhat
thedynamicsof a proteinis over-dampedoy the solvent[85, 86, 87, 8§].

For small deviations from the referenceposition, the dynamicsof the coarse-
grainedaminoacidscanbewritten as:

(2.91)

the stochastiqoisesatisfy:

(2.92)

Thesetwo conditionsensurethe onsetof canonicalthermalequilibrium, so that
theprobabilityof agivencon guration{ } for theparticlesn thesystems controlled
by the Boltzmannfactor

5 positionsaredeterminedor all residuesout Gly, andfor theinitial and nal residuedn the
chain,asthey lackoneof the anking 's.
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Covariance matrices and temperature factors

The main obsenable quantity that can be calculatedwithin the Gaussiarmodelis
the correlationbetweendisplacement®f pairs of atoms. The thermodynamic
averagef the correlateddisplacementgare obtainedfrom the inversionof the
matrix. In fact,if thethermalfactor is setto 1, onehas:

(2.93)

theinversematrix is referredasthe covariancematrix , andits eigervec-
tors representhe three-dimensionahdependentmodesof structuraldistortion for
theprotein(seesection.2.3.2).

The mean-squareictuations (rmsf ) for eachaminoacidareeasilyobtainedas:

(2.94)

which arerelatedto experimentaltemperaturedctors(or B-factors),asalready
statedn section 2.3.2.

2.7 Evolutionary patternsin protein families

Fromdeterminatiorof the DNA structurg115] to decodi cationof theaminoacidic
alphabetgvolutionarytheoriescoupledto molecularbiology andgeneticshave been
beingableto shedlight onthe mechanism$ollowedby naturethatleadto differenti-
ation,speciationandeventuallyfamiliar geneticdiseases.

2.7.1 Evolution of a protein sequence

The analysisof evolution at molecularlevel mustconsiderthe processesvhich alter
the DNA sequencege.g. errorsin DNA replicationof DNA repair). Thesechanges
provide the mutationsupon which naturalselectioncanact. The resultsof geno-
typic changegrovide themolecularrecordof evolution: themorecloselyrelatediwo
speciesre,themoresimilararetheirgenomesequencedn thecaseof proteins sim-
ilarity relationshipcanbe extendedrom their sequenceo their structure.In fact,as
the function of a proteinis strictly relatedto its three-dimensionatructure conser
vationof the shapes usuallya betterindex of the evolutionaryrelationshipbetween
two proteinsratherthansequencélentity itself.
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Evolutionaryrelationshipdbetweermembersf proteinfamiliescanbe classi ed
accordingto the conceptsof homolayy andanalogy: sequencesre homologousf
they arerelatedby evolutionarydivergencerom acommonancestaranalogousf the
have acquiredsharedeatureqe.g. proteinfold or function) by corvergentevolution.
Homologoussequencekeadto structurallysimilar proteins.

A critical taskconfrontinggenomesequencingprojectsis the structuralandfunc-
tional characterizatiorf new proteins. This task canbe solved by recognizingthe
evolutionarypatternof newly discoveredproteinsequencesandthusreconstructing
their“family trees”, startingfrom alreadycharacterizegroteins.

2.7.2 Protein homologyand sequencesimilarity

The major postulatein divergent evolution is that eachsingle mutation processis
not likely to changevery muchthe structure/functiorof the original protein. As a
result,proteinsequencesanhighly mutatewhile keepingtheir functionality, aslong
asthe functional regions of the protein (e.g. the actwve site of an enzyme)remain
untouched. This featurehasbeenproved by Sanderand Schneidelin 1991[116],
whenthey shavedthatnaturalproteinsaresurely“homologous”up to a thresholdof
around70-75%of mutationsn their sequence.

Thus, whendiscovering a new protein sequenceit is crucial to identify in the
proteindatabas&hetherthereexistsany homologousgproteinwhichhasbeenalready
characterizedn orderto reconstructhe structureandde ne the functionof the new
sequence.

Identity matrix

Theonly way to recognizenvhethertwo proteinsbelongto the samefamily, andhow
distantthey arealongthe evolutionarypath,is to matchthe aminoacidsin the two
sequencegndlook athow mary of themareconsered.lf and aretwo protein
sequencegheiridentity canbede ned as:

(2.95)

As evolution may have causednsertionsor deletionsin the sequencest is nec-
essaryto includea penaltyscoringfunction in the formula, in orderto allow
handlingof thesefeatures.
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Similarity matrices

Theidentity matrix providesalower limit for homologyrecognition asevery mutated
aminoacidscoreszero. In practice,a betterevaluationof mutationsin analignment
canbe achiezed by using“similarity matrices” , which assigna differentscorede-
pendingwhich residueis mutatedinto which. Thetotal score will thenbewritten
as:

(2.96)

thede nition of thematrix elementf is notunique,andseveralschemesre
proposedthemostcommononesareusuallybasednthefrequenyg two aminoacids
aremutatednto eachotherin familiesof homologougroteing[117].

Multiple sequencealignment

The schemegresentedso far allow to align two protein sequencesprovided they
arehomologous.Anyway, nding the evolutionary connectionsn distantlyrelated
proteins(so-called:remote-homolgdetection is acomplex anddif cult task.In this
case,a singlealignmentcould be not accurateenough,asthe bestalignmentscore
might be heavily dependenbn the gappenaltyfunction, or onthechosen matrix.
Therefore,it canbe usefulto try to align as mary sequenceaspossible(up to the
wholefamily) into a multiple sequencalignment

Moreover, asproteinsaresubjecto evolutive pressurefunctionalrelevantregions
shouldbe betterconseredthanthe others;therefore analignmentof thewholefam-
ily surelyresultsextremelyusefulin identifying with high accurag theseregions.

Differentalgorithmwhichareableto ef ciently searchin theproteindatabasand
alignhomologousequencearenowadaysavailable[118,119. Themethodusedin
this thesisis the SAM-T99 HiddenMarkov Model (HMM) algorithm,implemented
by Karplusetal.® andbrie y resumechere.

Hidden Mark ov Models Pro le Hidden-Marlov Models[120,121,127 havebeen
demonstratedo be very effective in detectingconsered patternsin multiple se-
quenceqd123]. The main algorithm follows the schemeasin g. 2.1: the prole

is a chainof match(square)jnsert(diamondanddelete(circle) nodeswith all tran-
sitions betweenmodes,and charactercostsin the insertand matchnodestrainedto

Sfree sener availableat http://wwww.cse.ucsc.edu/research/cdsiggHMM-apps/TD-query.html
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Figure2.1: Schemeof an HMM, wheresequencego from Startto End passingthrough
match(Square)jnsert(diamondsr delete(circlesktates.

speci ¢ probabilities. The single bestpaththroughan HMM correspondso a path
from “start” to “end” in whicheachcharacteof thesequences relatedto asuccessie
matchor insertionstatealongthatpath. Deletestateindicatethatthe sequencéasno
charactercorrespondingo thatpositionin theHMM. Theaccumulatiorof datafrom
alignedsequencegrainsthe transitionprobabilities;therefore if a HMM is trained
on sequencethatarememberof the samefamily, the resultingHMM will identify
the regionsin the sequencef aminoacidsthat are consered and characteristicf
thefamily. This schemds alsoableto discriminatebetweenfamily andnon-family
membersn the sequence-databasearchor to identify cross-consered domainsin
proteinsbelongingto differentfamilies. In thisthesisHMM hasbeenusedto identify
conseredsequenceegionsin the pepsinfamily.



Chapter 3

Enzymatic activity of -secretase

Theidenti cation of Memapsinzeingthelong soughtkey-pharmaceuticaiarget -
secretasg36] hasresultedn alarge concentratiorof efforts on this protein.In these
lastyears,a large amountof structuralinformation[60, 61, 124] hasbeenproduced.
Thedeterminatiorof themoleculardetailsof its catalyticactionandtheidenti cation
of the transition-stategeometrymay have a positive fallout in the determinatiornof
possiblemodel-drugs.

In the most characterizedetropepsinHIV-1 AP[125], conformational uctua-
tions play a major role for the enzymaticcatalysis,asthe proteinactsasa sophis-
ticatedmachinerycapableof steeringthe substratdoward the catalyticAsp dyadto
favor areactve conformation5, 6, 49]. Thekey questionis, therefore whetheralso
BACE enzymaticactvity couldbe modulatedby mechanicaluctuations.

Here,differentmoleculardynamicgechniquedave beenusedasto nd answers
to thesekey questions.The enzymaticreactionhasbeenstudiedby, rst, inferring
a model referencereactionin water (section3.1) throughfull QM computations;
then, structuraland dynamicalfeaturesof the enzyme-substrateomplex are iden-
tied by performing20 ns of classicalMD simulationson the enzymein comple
with amodelsubstrateln particular conformationathangesn the protein-substrate
comple whichaffectthestructureof theactive sitehave beerevidencedsection3.2).
Finally thereactionin the Michaeliscomplec (section3.3) hasbeeninvestigatedria
aQM/MM scheme.
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3.1 Referencereactions:formamide hydrolysis

A reliable modelreferencefor the enzyme-catalyzetlydrolysisof peptidesis pro-
vided by hydrolysisof amidesin aqueousolution[126].

Smallamidesarevery stablein aqueoussolutionandhydrolysisof their amidic
bonddoesnotoccuratroomtemperatur@andphysiologicalpH [127]; in thesecondi-
tions,theuncatalyzedeaction,

o +OH2 QO
N c// \N_C/ NH + R c://
— + O — \07 — —
\R / IL \OH

which is initiated by wateraddition, is so disadwantagedhat, even thoughthereis

someexperimentakvidencefor thisreactionto occur[127], kinetic datafavor abase-
catalyzedmechanismevenat neutralpH [127, 128]. Onthe otherhand,bothacid or

basicsolutionsexhibit catalyticactivity onthereaction.Fromahbiochemicapoint of

view, thebase-promoteteaction

N——C +0H —» \N—C/OH —l-—\NH + R—C//O
\ ST TN

is moreimportantthantheacid-promote@nebecausef its closeranalogywith most

enzymaticmechanism$126]. The experimentalactivationfree-enegy for the base-
catalyzedreactionss of  20-30kcalmol [129, 13( dependingon the substrate
andthetemperature.

The rst stepof the reactionat both neutraland alkaline pH hasbeenthe sub-
ject of mary computationabktudies. The ab-initio calculatedactivation free-enegy
of the uncatalyzedreactionis about55 kcal mol in vacuo[131, 132, and 48-
51 kcalmol in the presencef the solvent[133], whereaghe free-enegy barrier
for the base-catalyzedeactiondecreases$o 18 kcal mol . Furthermorefor the
base-catalyzedeactionthe activation barrierhasbeenshavn to be completelysol-
ventinduced[134, 135 136. Empirical valencebond calculationsby Warsheland
coworkers[126, 137, 138]onthe basecatalyzedeactioncon rm this proposal.

Here, rst principlesmoleculardynamicssimulationshave beencarriedoutwithin
theCarParrinello(CPMD)[11] approachusingtheCPMD code[75], andfree-enegy
computationshave beendonefollowing the MSMD scheme as reportedin chap-
ter2.5.2.
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Simulation parameters

The modelfor the reactionin waterhasbeencomposedy a formamidemolecule
(FOR)and56 watermoleculesnclosedn a periodicbox of
13.5A 11.8A 11.8A edgegFig.3.1).

This correspondso take explicitly into accounttwo completesolvationshellsof
formamideplus a partof the third shell. The OH attackhasbeeninvestigatedn a
simulationcell obtainedfrom the previous oneby mutatinga randomlychosenwvater
moleculeinto a hydroxyl ion (Fig. 3.2). Here,an uniform positive backgroundhas
beenaddedo neutralizethe total electricchage. In this way, it hasbeenpossibleto
simplify the modelandavoid the continuouspresencef the counterion nearbythe
reactionsite,which couldnonphysicallyalterthe dynamicsbecaus®f the smallsize
of the cell. Previous CPMD studiesof chagedaqueoussolutions,carriedout with
simulationcellscomparablen size,numberof atomsandchage, shavedthat nite
sizeeffect arenot crucial in determiningthe main dynamicalpropertiesof anionic
aqueousolution[139, 140Q.

Accuracy of the quantum-chemical calculations The majority of the studies
of chemicalreactvity carriedoutsofarusingDFT seento indicatethatthe reaction
barriersareunderestimate(seefor exampleRefs. [141,147). To have anestimate
of apossiblentrinsic errorin our pseudo-potential-DFT/BYP calculationswe have
computedheactivationenegy for theadditionof waterto formamidein vacuo(con-
certedmechanism)No zero-point-enayy effectshave beentakeninto account.The
calculationhasbeenperformedat DFT/BLYP level, asdescribedn sec.2.2,in a8.5
A 9.0A 9.0A cell. Thevalueobtained40.5kcalmol ) is only slightly lowerthan
the valuereportedby Jenseretal. [132] at MP2/6-311G**level (42.8kcal mol ).
This resultmakesuscon dent thatthe presenDFT/BLYP calculationsareadequate
to reasonablylescribehe enegeticsof thereactionsnvestigatedn watersolution.

3.1.1 Hydrolysisby H O addition

Energetics. Thefreeenegy pro le of thedirectadditionof waterto formamidecon-
vergeswithin few steeringrajectoriegFig. 3.3a). Furthermorewithin our statistical
uncertaintyit coincideswith thatof thereversereaction.Hence for this systemhys-
teresisdoesnot seemto berelevant. The calculatedree enegy of the reactionis of

44 kcalmol , whichis fairly goodagreementvith previouscalculationg133]. The
inversereactionfeaturesa smallactivationenegy (2 kcalmol ). Althoughthis sug-
gestghattheintermediatas verylabile, it mustbepointedoutthatrecentndings [7]
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Figure3.1: Simulationbox for WAT additionto FOR.FOR and WAT aredrawvn in
dark-grey ballsandsticks,theotherwatermoleculesaredravnin light-grey cylinders.
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Figure3.2: Simulationbox for HYD additionto FOR.FOR,HYD andits hydration
shellaredrawn in dark-grey ballsandsticks,the otherwatermoleculesaredravn in
light-grey cylinders.

indicatethatthefreeenepy of theintermediaten thisreactionmaybe overestimated
by the BLYP calculationdby severalkcal mol
Structural features. At large WAT-FOR distancesthe solvationof reactantsesem-
blesthatin the bulk; in particular WAT hydrogen-bondengthis A, as
in CPMD simulationsof bulk water WAT attacksFOR perpendicularlyto the FOR
molecularplane. The molecularplanesof FOR andWAT atomsgetalmostparallel
asthe transitionstate(TS) is approached.Furthermore asthe reactioncoordinate
goesbelow 2.5A, oneof thetwo H-bondsreceived by WAT breaks.After breaking,
thenew solvationstructureof WAT is conseredupto theformationof thetetrahedral
adduct(Figs.3.4aandc). Thetwo H-bondsdonatedy WAT neverbreakduringreac-
tion. Thetetrahedrahnglesof the TS dependn the structureof the solvent, without
showving a preferencdor staggerear eclipsedcon gurationsof the two 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 reactionare essentiallyrelatedto
theapproachingnotion of the two reagentshatdoesnot requiresary comple rear
rangemenbf the solventcloseto the TS. The TS is found at a C-O distanceof
1.73A, with an activation free-enegy of 44 kcal mol . The equilibrium distance
of theintermediates foundat a distanceof 1.61A. Theintermediateadductresem-
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Figure3.3: Free-enagy pro le of WAT (a)andHYD (b) additionto FOR.In thein-
setsthe TSregionis enlagedto shav thecorvergenceof thefreeenegy asafunction
of the numberof trajectorieqtwo: dashedine; four: dottedline; six: solid line). In
bothsimulationsno differencesn thefree-enegy pro les obtainedaveragingover5
and6 trajectorieshave beenevidenced.

blesthe TS (late TS, Fig. 3.4c). After formationof the tetrahedralntermediatethe
N atomactsasH-bondacceptarwhereaghe carbotyl oxygenis ableto coordinate
threeH-bonds.

Electronic structures. The electronicstructuredoesnot changesigni cantly until

the TS is reached C-O = 1.73A). Then,asthe systemof FOR s disrupted,
oneof thetwo BO's [96, 95, 143 migratescloseto the oxygenatom,andthe other
betweenthe two atomsof the carboryl group,asevidencedin Fig. 3.5a,wherethe
relative displacemenof thetwo BO's relatedto the CO bondis shawvn.

3.1.2 Hydrolysisby OH addition

MSMD runshave beenperformedollowing the sameprotocolasfor WAT addition.
In this case,oneof the two reagentdringsa negative chage. Becauseof the long-
rangenatureof electrostatignteractionsbetweerthe two reagentsthe oxygenatom
of the hydroxylion (O ) hasbeenrestrainedat a longerdistancefrom C (4.5 A
) by a harmonicpotentialwith force constant = 25 kcalmol A . During the
equilibrationphase,a coordinationconstraint{144] hasbeenseton O in order
to avoid unwantedprotontransfers. Six steeringsimulationshave beencarriedout
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Figure 3.4: Structureof the transitionstateand the intermediateof WAT (a-c) and
HYD addition(b-d). BO's aredravn asspheresWatermoleculesH-bondedo OH
aredrawn assticks. For sale of clarity, theotherwatermoleculesarenotdrawvn. The
C-Odistance(in A) is alsoreported.
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Figure3.5: Relatve displacementf thecarboryl BO'sduringWAT (a)andHYD (b)
approachio FOR. Therelative displacemenis computedas ,
where istheC -O  bondlengthand istheC  -BOdistance.The
verticaldottedline indicatesthe positionof the TS.
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for boththe directandinverseprocessegjsingasstartingpoint con gurationssaved
every 500fs from the previous simulation.

In our simulation,OH hasa four-fold coordination,in agreementvith previ-
ous calculationsat a pH comparableo ours[145, 146 147, 139, 148, andit has
to progressiely loosetwo solvation waters,in orderto reactto FOR. Both the four
andthreewatersolvation structuresarevery stable[146]. As a consequence)
cannotapproachhe C atomrelaxingcorrectlywith respecto the harmonicrestraint;
hencethe free enegy cannotbe reliably calculatedwith a nite numberof trajec-
tories. Simulationsperformedwith a slower pulling speed( = 0.2 A ps ) have
manifestedthe sameproblem. In contrast,the inverse reactionis not affected by
this problem. (Fig. 3.3b). In fact, in this casethereis a pre-orientatiorof the reac-
tants(e.g. theH -O -C angle)in the cleavrageof the C-O bond,andthe
subsequentydrationof OH occursreadily becaus¢he strongH-bondinteractions
betweerthe hydroxylion andwatermoleculedrive afastformationof the solvation
cluster Hence thefreeenegy pro le of theinversereactioncanbe calculatedusing
C-O distanceasreactioncoordinate.

Energetics! As for theuncatalyzedeaction,the free enegy pro le corverges
within afew trajectorieqFig. 3.3b,inset). The calculatedactivationfree enegy with
respecto solvent-separateBORandOH is 15kcalmol (Fig. 3.3b). This value
is in good agreementvith the experimentalenegy of 19 kcal mol , measured
for FORderwvatives[129, 13(. Theinversereactionfeaturesanactivationenegy of
6 kcalmol ), similarly to whatfoundin ref. [137].

Structural Features. Althoughthe OH ion doesnot relax properlywith re-
spectto the minimum of the harmonicrestraint,the structural featuresof the direct
simulationshave reproducedhe sameonesfoundin the inversereaction. Thus,for
sale of clarity, we will describehereactionastheOH attack.

The equilibriumdistanceof thetetrahedrahdductis foundata C-O distance
of 1.55A. TheTSis locatedataC-O  distanceof 2.20A, which is considerably
longerthanthe averageT S distanceof the wateraddition. The orientationof the hy-
droxyl ion with respecto the C atomis correlatedo thereactioncoordinatejn fact,
theaveragevalueof theangleformedbyH ,0O andC atoms,asthereactants

L1t is referredonly to the free enegy pro le of the inversereaction,as,during the direct reaction
of the base-catalyzedttack,the stronglyH-bondedOH watermoleculesdo not allow, on thetime
scaleof our simulationsfor thelargerearrangementsf the solvationshellthataredeemechecessary
for thereactionto occur In otherwords,the approachindime of OH to FORIs too shortcompared
to thatrequiredfor theOH shellto undego partialdisruption.
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arefurtherthanthe TSregion,is almost180 . Thisgeometryis presereduntil theC-
O distanceapproacheshatof the TS. ThereactionoccursastheH -O -C
anglebendgo avalueof about100 .

The four ligandsnever leave the solvation shell as the reactioncoordinatere-
mainsout of the TS region (approximateljlocatedbetweer2.0 and2.3 A). The av-
erageO  -H distance(1.7 0.3 A) is shorterthan H-bondsformedin bulk water
( 1.9A). Thenumberof wateroxygensH-bondedto O decreasefrom four to
three,beforethe TS (Fig. 3.4b). At the TS,the OH reactswhentheH -O -
C anglebendssuitably dueto thermal uctuations. After the TS, oneof the three
remainingOH -boundwatermoleculess lost (Fig. 3.4d).

Theenegeticsof ourcalculationsarecomparablevith thosecalculatedy Warshel
etal. [126] andKollman et al. [135]; however, the presentstudydiffers for the de-
scriptionof thesolvationshelldynamicsof theOH : indeed thesolventis implicitly
treatedin Warshels calculations[126], whereasthe empirical potentialdescribing
theOH -solventintraractionin [135] providesa differentgeometryfor the solvation
structureof OH (averagenumberof H-bondsof about5.8).

Electronic structures. At all the C-O distancesthe MD-averageddipole
momentof thefour watermoleculedorming H-bondswith theOH anionareappre-
ciablylargerthanthoseof bulk water(  3.2and3.0D, respectrely). Thepolarization
of theOH , for C-O distancedargerthanthatof the TS, resultsto be negligible
(Fig. 3.6b), suggestinghat the long-rangeinteractionbetweenOH andFOR does
not play ary crucialrole.

Changesn the electronicstructurealongthe reactionare absered afterthe TS
is crossed(Fig. 3.5b). Thus, the featuresof the reactionappearto be relatedthe
solventeffects,asopposedo electronicproperties.This suggestshatthe activation
free-enegy for thebase-catalyzekactionis completelysolventinduced asstatedn
refs.[135,134.

3.1.3 Summary

The mechanismandenegeticsof peptidebondhydrolysisdiffer dramaticallyupon
changeof thenucleophilgWateror Hydroxylion). In bothcasespolarizationeffects
on the nucleophileseemnot to play a fundamentakole in the reaction,while the
solventhasa crucialpartin bothmechanismsalthoughfor oppositereasonsin fact,
in the caseof the base-catalyzedkaction,the solventis entirely responsibldor the
activation-freeenengy, asdisruptionof the hydroxyl ion solvation shell is the time-
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limiting eventfor the reaction. The bottle-neckfor waterattackis, on the contrary
representedby the extremelylow probabiltyof waterdeprotonatiorduring reaction,
that is, by the too low pK value of the solvent. Therefore,the solvent,or more
generally the ervironment, might reducethe free-enegy barrier of water addition
by enhancinghe probability for waterto lose one of its protonsalongthe reaction
coordinate.

Theseconsiderationss validatedby resultsobtainedn humancaspase-gL9] and
HIV-1 asparticproteasd5], for which similar computationaketupshave beenused.
In fact, during reactionin water solution, WAT is practically aspolarizedasin the
bulk, shaving a MD-averageddipolemomentof 3.1 D, thatis slightly largerthan
that of the other water moleculesin the cell (3.0 D). Similar valueshave been
calculatedusingDFT/BLYP, for peptidehydrolysiscatalyzedoy theseenzymes.In
theseenzymaticsystemsin contrastef cient proton-shuttlesystemswhich areable
to ef ciently deprotonat¢hereactve watermoleculearealwayspresentin particular
thecatalytichistidine(His237)in caspase-8L9], andthe catalyticAsp dyad(Asp25,
Asp25")in HIV1-PR[5]. In purewatet thisef cient protonshuttleis absentandboth
WAT hydrogenatomsremainboundto O until the tetrahedrabdductis formed.
Only afterthis event,O  -H bondsare wealenedandthe averagebond distance
increasedrom 0.97 A to 1.05A. Hence,deprotonatiorcan happenonly after the
low-ratestepof thereactionhasoccurred.

Therefore somecarewill be putin obsenationof protondynamicsin the enzy-
maticreactionof BACE, andeventualdifferenceswith thatof HIV-PR.

3.2 Molecular Dynamicsof -secretasein water

3.2.1 X-ray data

Up to date,thereare threestructuresof BACE depositedn the PDB databankall
solved by J. Tanget al. [60, 61, 124. The structureof the unboundenzyme(pdb
entry:1SGZ[124]), solved at 2.0 A resolution,was the latter to come out (2004),
while the rst two structureqpdb entries: 1FKN, 1M4H [60, 61]) werecrystallized
in the presenceof peptidomimeticinhibitors. In particular the inhibitor Om99-2,
presenin the1.9A resolutionstructuredepositedn 2000[60] canbe easilymutated
into anaminoacidicsequencéhatcloselyresembleshatof thesubstrate -APPIn its

2Waterdeprotonatiohasbeenobseredwithin few fractionsof psin two out of six MSMD simu-
lations.
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Figure3.7: Chemicalformulaof the OM99-2inhibitor. The hydroxyl-vinyl group,changed
into a peptidebondin MD simulationshasbeenevidencedn red.

swedish-mutatioseesectionl.2.2). Thereforethis X-ray structurenasbeenchosen
asthestartingpoint for theclassicaMD simulations.

The PDB le containstwo non-equvalentimagesof the protein-inhibitorcom-
plex. Oneof thetwo imageq( labelledas“Chain A" in thepdb le) hastwo residues
moreresohedin theN-terminal“pro-sequence’adestructuredinkerregion,nonethe-
less,the correspondingnhibitor (*Chain C”) divergescritically from standardstruc-
tural parameterge.g. therearelinear peptidebonds);therefore the “Chain B- Chain
D” complex hasbeenchoserasstartingstructure(Fig. 1.10).

Om99-2inhibitor is basedon a EVNLAAEF octo-peptidechain( g. 3.7),where
the cleavagesite, locatedat the Leu-Ala peptidebond,is substitutedoy a hydroxyl-
vinyl group (g. 3.7).

The substratestructurewas obtainedby substitutingthe hydroxyl-vinyl group
with a peptidebond,andminimizing its geometrykeepingall otheratoms x ed. The
hydroxyl groupof the inhibitor is putatvely occupying the catalyticwatermolecule
position,thereforea watermoleculewasaddedo themoietyin betweerthe substrate
andtheaspartiodyad.

3.2.2 Systemsetup
ClassicalMD simulationsof -secretas¢éBACE) were performedapplyingthe fol-

lowing protocol.

Structural model The BACE/EVNLAAEF substrate&eomplex wasobtainedoy
replacingthe hydroxyl-vinyl group of the OM99-2 inhibitor with the amidegroup
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Figure 3.8: Simulationbox for the MD run. The proteinis depictedas a cartoon,water
oxygensarerepresentetly smallredspherescounterionsaredravn in bluespheres.

in the X-ray structureof BACE (pdb code: 1FKN, X-ray structure:1.9A resolu-
tion [60]). Oneof the two catalytic aspartategAsp32) was protonated following
Ref. [149], whilst otherionisablegroupswere assignedheir chaged forms. His-
tidines were protonatedaccordinglyto their putatve H-bond patternin the X-ray
structure.

MD simulations Theproteinwasimmersedn awaterbox of size75A x 87 A
x 90A. Chageneutralitywasaccomplishety adding sodiumcountefions( g. 3.8).
Thewhole systemcomposeaf about48,000atoms,underwen®0 nsof MD at 300
K and1 atmpressuresimulationscarriedout with the GROMACS program[79, 80].
TheAmberforce- eld (Parm98[78]) wasusedo describeheproteinandthecounter
ions,whilst the TIP3Pmodelwasusedfor water[150].Particle meshEwald routines
were usedto treatlong-rangeelectrostatidnteractions[76, 77]. A cut-off of 12 A
wasusedfor thevanderWaalsinteractionsandthereal partof the electrostatignter-
actions.
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Figure3.9: Thermsdof thebackboneof the proteinhasbeenplottedasa functionof time.

3.2.3 Structural and dynamical insights

Thestructureof the Michaeliscomple (Fig. 1.10)equilibratesafter 0.8 ns,andafter
this time its rmsd uctuatesaroundan averagevalueof 1.5 A (Fig. 3.9). Theoverall
fold of the proteinis well maintained. The largestchangesccurrin the long loop
rangingfrom Val 309to Asp317,whichis alsothelessrigid region of the protein,as
evidencedrom rmsfcalculationgsee.Fig. 3.10).

Rmsfdataarein goodqualitatve agreementvith experimentalB-factors,asev-
idencedin Fig. 3.10. The maindiscrepang is in the Thr254-Pro258o0p, which, in
MD simulationsjs found moremobilethanin experimentaB-factors.This discrep-
ang/ may be attributedto crystalpackingeffects,asthe PDB le evidenceghatthis
partof the proteinsurfaceis closerthan3 A to the otherimagein the crystal.

The rmsf plot evidencesthat the protein coreis ratherrigid, whereashydrated
loopsarethe mostmobile regions. The substratds alsoallowedto uctuate in the
bindingcleft.

3.2.4 Essentialmotionsof -secretase

In orderto rationalizemotion of the substraten the binding cleft, essentiamodes
of the Michaelis complex have beencomputedfrom covariancematrix (seesec-
tion 2.3.2).

The plot of the eigen-waluesof the covariancematrix denotesthat the rst ten
slowestfrequeng eigervectorsaresufcient to describenostof themotionof BACE.
In fact, the amplitudeof the eigen-\ectorsdropssigni cantly afterthethird one(see
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Figure3.10: ComputedB-factors(blackline) arematchedwvith experimentalvaluescoming
from thetwo independenimagesn the X-ray crystal[60].

g. 3.11a).

The secondeigervectordescribesnovementsof the hydratedloops, leaving the
coreof the proteinratherimmobile. Projectionof this modeontothe MD trajectory
hasa quite high cosinecontentvalue(see g. 3.11b),thereforethis modeshouldnot
represenareal "coherent"motion, but, rather a randomdiffusion of lessstructured
partsof the protein.

The rst andthe third eigervectors,on the contrary are characterizedy low
cosinecontents( g. 3.11b),implying that theseonesshouldbe true overdamped
vibrationalmodesof the protein,andthus,ary functionalmechanicf the protein
may berelatedto thesemotions.

Both eigervectorsrepresenjuastrigid rotationsof the two lobestoward each
other(seeg. 3.12),in qualitatve agreementvith therotationof the C-lobefoundin
the 3D structureof AP from PlasmodiunmFalciparum[151], andboth modesaffect
therelative distance®f theC sin theactive site(seetah 3.1).

During bothmodesa structurallyconseredregion, namely thefour anti-parallel

-sheetdocatedoppositethe substratebinding pocket, with respecto the clearage
site (see g. 3.13),remain x ed. In particular the largestdisplacemenbetweerthe
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Figure3.11:Ontheleft, thelargesteigen-aluesof the covariancematrix areplotted;onthe
right the cosinecontentof the rst 4 eigewvectorsis reported.

Figure 3.12: Schematicrepresentationsf the rst and third eigevectors. The N- lobe
is colouredin blue, the C-lobein red, the substraten orange. Yellow arravs describethe
relative rotationsof thetwo lobes.
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Figure 3.13: Cartoonrepresentatiomf BACE. The hinge -sheetghat 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 0.77 131 -0.46 -0.09

Table3.1: Variation (in A) of the relative distancesn the active site, alongthe rst and
third eigewvectorof the covariancematrix.

endsof theexternalsheetss  0.3A. Thereforethisregion, whichis theonly struc-
turedregion that links the two lobesof the enzyme,canbe recognizedasthe hinge
for thesetwo modes.

The analysisof the covariancematrix shavs thatthe substratamotion is highly
correlatedto its nearesieighboursand particularly with the cleavagesite andthe
turn of the substrate-bindingap (seeg. 3.14).

Correlationof the substratewith this region is guaranteedby the presenceof a
consered tyrosin (Tyr71), which is is thoughtalsoto play a key role for substrate
binding [124]. Tyr71 is locatedoppositethe clearagesite with respectto the sub-
strate but it is directly linkedto it througha buriedwater(BW) detectedn the X-ray
structurg[60] (Fig. 3.15).
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Figure3.14:Correlationof Leu  andAla  residueswith theproteinaredravn in black
andredlines. Positionof thetwo catalyticaspartateandTyr7lareevidencedoy blackarrows.
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Figure3.15: Tyr71H-bondpatternin BACE. Tyr71, Ser35Asp32andAsp228 side-chains,
an orderedwater moleculeandthe catalytic water moleculeare shavn in balls-and-sticks.
Only hydrogensoundto polargroupsareshawn for clarity. Thesubstratdackbonas repre-

sentedn orangecylinders,exceptfor Leu  andAla atomswhicharedravnis spheres,
the ap is representedby a cartoon. The restof the proteinis drawvn in lines. this H-bond

patternis conseredin all pepsingnvestigatechere.
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This conseredH-bondpatternprovidesanef cient way for theenzymeto clamp
thesubstraténto thebindingcleft. BW wasproposedy AndreevaandRumsh46] to
have anactiverole in theenzymaticactity of pepsinsspeci cally, by stabilizingthe
intermediateln fact,BW wasthoughtto undego conformationathangeshatcould
endup, attheTS, into arotationof the side-chairof Ser35which shouldprovide an
adwantageoushangen the H-bondpatternin the active site (see g. 3.16). Indeed,
in our simulationswe foundthatBW alwaysdonatesan H-bondto Ser35,which, in
turn,is alreadyboundwith its hydroxylto Asp32.0Onthecontrary we neverfoundthe
conformationof Ser35 pointingtowardBW. It mustbe pointedout, anyway, thatthis
conformationshouldbe typical of the free form, ratherthanthe Michaeliscomple,
and moreover, the overall hydrogenpath describedby Andreeva and Rumshis not
conseredin BACE, asTrp39is mutatednto anAla residue.

3.2.5 Conformational changesn the active site

Thetwo modesdescribedn theformersectioninducerelevantvariationsin therela-
tive distance®f the active site. As uctuations of the substraten the binding cavity
hadalreadybeenprovedto play afundamentatolein theenzymaticactiity of HIV1-
PRby Pianaetal. [5, 7], it is interestingo monitorvariationsof the substrate/aspartic
dyaddistanceduringdynamics.

A straightforvard way of de ning this distanceis consideringthe coordinate,
de ned astheaverageof thedistancedetweertheC sof theaspartiadyadandthose
ofLeu -Ala ,asdenedin g. 3.17a.

Theplotreportedin g. 3.17bevidenceshatthe substrateuctuatesaroundtwo
characteristidistances =7.7A and =8.1A , whichinterchangénto eachotherin
atimescaleof few nanoseconddlransitionsfrom oneto theother valueoccurvery
rapidly (few ps),andcorrespondo conformationarearrangements the active site:
in fact, when = |, Asp32H-bondsto Leu  carboryl, while the catalytic water
bridgesthetwo aspartategFig. 3.18a).At = , Asp32carboxylgroupis rotatedby
180 andpointsits hydrogentowardthe catalyticwater which actsa H-bonddonor
towardLeu ‘'sbackboneandAsp228(Fig. 3.18b).

The geometricalcon guration of the water moleculeseemsto be particularly
favourablefor a nucleophilicattackonly for = , whereits oxygenatomdoesnot
receve ary H-bond,andit is orientedtowardtheelectrophiliccarbonatom.

On the contrary the geometryin = appearto be not a reactve one, asthe
nucleophilicattackof waterto the carboryl would requirea relevantrearrangement
of thegroupsin the catalyticcavity.
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Figure 3.16: H-bondpatternswitchmechanisnasproposedy Andreeza andRumsh[46].
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Figure 3.17: Fluctuation of the Substratein BACE actie site. distance ( =

(D +D +D +D )/4)[5] is plotted as a function of the simulatedtime. The white triangle
andsquaraepresenthetwo snapshotsisedasstartingpointfor the QM/MM simulations at
= =7.7Aand =8.1A,respeciiely.
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Figure3.18: BACE active sitegeometriesCon gurationsat  (a)and (b). Atomsdravn
in cylindersaretreatedasquantumatomsduringthe QM/MM calculations Hydrogenbonds
aredravnin redandblu lines. Only hydrogen$ondedo polargroupsareshavn for thesale
of clarity.

3.3 Enzymatic reaction

A gquantitatve measuremendf the differencein reactvity betweenthe two confor
mationsof the active site hasbeenobtainedby couplinghybrid QM/MM molecular
dynamicgseesection2.4)andconstraintdynamicssection2.5.1).

3.3.1 Simulation setups

Two selectedclassicalMD snapshotsin which the distancebetweensubstrateand
cleavagesite (see g. 3.17)was7.6 and8.0 A |, respectrely, were usedas starting
point for QM/MM simulations. The systemwas partitionedinto: (i) a QM region,
comprisingAsp32 and Asp228side-chainsthe Leu-Ala substrategpeptide,the cat-
alytic water and the groupsthat shareH-bondswith the Asp-dyad,namely Ser35
and Thr231 side chains,and Thr33-Gly34 and Ser229-Gly23Q(peptidebackbones
(Fig. 3.18);(ii)) aMM region, comprisingtherestof the system.

Thefree-enegy of thereactiorwascomputedy thermodynamiintegration[152],
usingasapproximateone-dimensionaleactioncoordinate  thedistancebetween
the oxygenatomof the catalyticwaterandthe carbonatom of the peptidebond of
the substratgFig. 3.18). For both systems, was x ed at increasinglyshorter
distancesfrom the equilibriumdistanceup to formationof the C-O bond. For each



3.3Enzymatic reaction 81

40 T T T T T T

(98]
]
I
-

\ o—oshort&|
A A A ]ong a

Free Energy [kcal mol ']
[\ )
S
T

—_
=]
I

15— 2 25 73 3.5

o

C—OWAT Distance [A]
Figure3.19: Freeenegy pro les for the rst stepof the enzymaticreactionof BACE. The
freeenegy hasbeencomputedat = and = distances.

computeddistanceabout2 psof QM/MM simulationswerecarriedout, in orderto
achieze anacceptableornvergenceof theforce on theconstraint.

3.3.2 Results

At = | the free enepgy barrier for the rst stepis around20 kcal mol (see
g. 3.19),in fair agreementvith the experimentabarrierof the reaction( 18 kcal
mol ) [36], andsimilar to the onecomputedn the HIV-1 AP with the sameproce-
dure(18-20kcalmol [5, 7]).

During the QM/MM simulations the H-bondpatternfoundin theinitial stateis
conseredwhile shortening

The watermoleculeis not polarizedby the ervironment,andit doesnot change
its electronicpropertiesuntil the TSis reachedIn fact,evenat A thatis,
0.02A beforethetransitionstate wateris only weaklypolarizedasits dipolemoment
is 3.1D(g. 3.20).

Figure 3.21 reportsthe polarizationof the O-H bondsduring the constraintdy-
namicsrun at A . This plot remarksthat thesebondsare on average
not polarizedyet. Nonethelessthe H-bondswith the the two asparticacidsare at
this point strongenoughto allow instantaneousansferof the protonsfrom thewater
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Figure 3.20: Active site of BACE at A . WannierCentersaredravn in small
greenspheres.
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Figure3.21: Polarizationof the OH bondof WAT duringMD runat  , computedasratio
betweerthedistance®f theoxyenatomandthecorrespondingVanniercenteror theH atom.
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Figure3.22: BACE TS (a) andintermediatgb)geometries Atoms dravn in cylindersare
treatedasquantumatomsduringthe QM/MM calculations.

moleculeto the proteinmoiety.

At the TS distancg A, seeg. 3.22a)the O-H bondsof the catalytic
waterareelongatedyith an averagedistanceof 1.1A; in particular oneof the two
protonsis sharedwith Asp228,(g. 3.23). Thus, BACE catalyzeghe reactionby
ensuringasufciently strongbaseto beableto deprotonatehe nucleophilicwaterat
theTS.

Anotherrelevantaspeciof protondynamicsin the reactionrefersto the H-bond
betweemsp32andLeu . In fact,Asp32transferdts protonto Leu 'scarbolyl
at 1.9-2.0A, well beforethetransitionstate(TS)is reached Theprotonatiorof
the substratecarboryl hasthe relevanteffect of increasinghe electrophilicityof the
substratethus, it positively contributesto the catalyticaction. Early protonationof
thecarbolyl representalsoa majordifferencewith referencesimulationsn agueous
solutions,wherethe carboryl wasprotonatedn neitherof the simulationsalsoafter
formationof theintermediate.

The deviation from co-planarityof the Asp dyad is more pronouncedhanin
otherligand-boundepsinstructureg60], asaresult,bothThr33-Gly34andSer229-
Gly230 backboneamide groupspoint to Asp228s carboxyl, while Asp32is only
H-bondedto Ser35side-chain. Nonethelessafter deprotonationAsp32 side-chain
rotatesandrecoversco-planaritywith Asp228side-chainre-gainingthe H-bondwith
Thr33-Gly34backboneaswell. This eventresultsinto a decreasingf the number
of hydrogenbondsdonatedrom the proteinto side-chainof Asp228;thus,it might
alsohave somepositive effect on catalysisasdecreasinghe numberof thereceved
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Figure3.23: DistancebetweeWAT protonsandcarboxylicoxygensof Asp32andAsp228
at  =1.72A (TSdistance).

hydrogenbondsmightincreaseahe basicityof Asp228.

Thegeometryof theintermediatecanbe obtainedoy releasinghe constraintafter
theTS.In thiscasetheintermediates agem-diolthatH-bondswith its two hydroxyl
groupsto Asp32(seeg. 3.22h).

Theconformationassociatedo = valueis foundto benon-reactre( G 40
kcalmol , seeg. 3.19). In particular as becomeasshortas2.5 A , Asp32
H-bondsto Asp228and doesnot interactanymore with the water molecule (see
g. 3.24). This conformation,characterizedy the presenceof an H-bond shared
by the two aspartateshasbeenfound alsoin HIV1-PR, andalsoin thatcaseit has
leadto anon-reactre pro le [5].

When , on the contrary the asparticdyadis not ableto interactwith the
substrateand when constrainingthe catalytic watertowardsthe carboryl, it forms
anH-bondbetweerthe two aspartatesThe formationof this bondhasthe effect of
dampingall the catalytic propertiesof the asparticdyad, as,in this conformation,it
is notableto enhancehe electrophilicityof the substrateandat the sametime, cru-
cially, it lowersthebasicityof Asp228,thus,hinderingdeprotonatiorof the catalytic
waterattheTS.
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Figure3.24: Geometryof the Active Site at and =2.5A . Quantumatomsare
dravnin cylinders.

3.4 Summary

Our calculationssuggesthat BACE exploresdifferentgeometricconformationsof
the active site thatareableto enhanceor suppressts catalyticpower. This ef cient
way of modulatingBACE enzymaticactuvity is achiezed by thermal uctuations of
thewholeproteinstructure Speci cally, asoscillationsof the substratén the binding
cavity let Asp32-Leu  distancereachrelatively shortvalues,Asp32carboxyland
Leu carboryl shareahydrogerbond. Thefollowing rearrangemerdf theH-bond
patternleadsto WAT reorientatiorinto afavourablegeometryfor nucleophilicattack
toLeu carboyl, with aresultingfreeenegyof 20kcalmol ,infairagreement
with experimentadata( 18kcalmol ) [36].

As anticipatedn section3.1.3,thereactionfree enegy for the peptidehydrolysis
is stronglydecreasedy the presencef anef cient protonshuttlesystemwhich, in
the caseof BACE, is formedby the asparticdyad. In fact, whenthe substrateand
the two aspartatesre relatively close,it provides a strongenoughbase(Asp228),
which is ableto cleare the O-H bond of waterat the TS. Moreover, the formation
of a stronghydrogenbondbetweerthe otherasparticacid (Asp32)andthe carbolyl
of the substrateenhanceshe electrophiliccharacteof the substratethus, it favours
thestabilizationof the TS. The geometricapre-orientatiorof wateris alsoarelevant
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aspectof the catalysis,which is achiered as a consequencef the hydrogenbond
patternfoundfor

Calculationsgdonein this work supporta reactionmechanisnsimilar to thatpro-
posedby Andreeva [46] for the nucleophilicattack of the actvatedwater and the
protondynamicsin the active site. On the contrary while Andreera proposeda lo-
cal triggeringeffect mediatedby a buried watermolecule(BW), we cannotidentify
sucha subtleeffect. While it hasto be underlinedthata mutationin a possiblynon
irrelevantpositionfor this mechanisnoccursin BACE, MD calculationssuggesthat
reactve conformation®of theactive sitearedynamicallystabilizedoy globalmotions
of thewhole proteinscafold.

Thereactionmechanisndescribecdereis similar to thatfoundin HIV-1 AP with
asimilar setupref. [5, 7], beingthe maindifferenceon protonationthe substratear
boryl. In fact,in thatcasethe protonhoppingfrom Asp32to the substrates carbolyl
is concertedasit occursattheTS.

The evidencethat HIV1-PR and BACE sharethe capability of modulatingtheir
enzymaticpower by similar mechanicatouplingposeghe key questionof whether
this would be a more generalfeature,evolutionarily consered in all membersof
the pepsinandretropepsirfamilies. A possiblepositive answerto this questionis
providedthroughthe studiespresentedn the following chapter



Chapter 4

Functional Mechanicsin Pepsinsand
Retropepsins

In the lastyears,the importanceof mechanicaktouplingfor enzymaticcatalysishas
beenbeing unravelled for a large variety of enzymeg[153], amongwhich, avin
reductasg8], dihydrofolatereductasg9], acyl CoA dehydrogenasg54], orotidine
5'-monophosphatelecarboxylas¢l55], tyrosyl-tRNA synthetasg¢156] and xylose
isomeras¢l57], aswell asin mitogenicsignallingprocessefl58].

Resultgpresentedh theformerchaptethave shovedthatalsoBACE modulatests
enzymaticactiity by long-rangeuctuationsof its scafold. A signi catively similar
couplingmechanisnhasbeenproposedn HIV1-PR by Pianaetal. [5], andrecently
con rmed by avarietyof studieg6, 49, 7].

The existenceof analogousnechanismsn two proteins(BACE andHIV1-PR)
belongingto the sameenzymaticclass,and membersof two differentfamilies, be-
lievedto be evolutionarily related[4, 10], is morethana cluefor the hypothesighat
this characteristicouldbe sharedy all memberof thesetwo aspartiqoroteasdam-
ilies.

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

First of all, the evolutionarypatternof pepsings analyzedoy meansof multiple
sequencalignmenttechniquesThen,mechanicatesponsesf differentpepsinsare
computedby coarse-grainedomputations.The modelfor this setof computations,
proposedn section2.6.1,hasbeen rst validatedby a comparisorwith resultsfrom
MD of BACE, thenappliedto ve otherpepsindrom differentorganisms.

Dynamicaldatahave beencross-linkedwith evolutionaryinformation. Thisoper
ationhave leadto determinatiorof structurallyconseredregionsthathave functional
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Figure 4.1: Multiple alignmentof pesinsand retropepsins. (1) Pepsinsfrom candida
tropicalis(PDB code: 1J71)[159, candidaalbicans(EAG)[16(0, Plasmodium(1LEE)[15]

and humancathepsirD (1LYA)[161], uropepsin(1FLH)[163 andBACE (1FKN)[60], and
(2) Retropepsingrom Humanimmunode cieny virus 1 (1A30)[125, simianimmunode -
cieng virus (1AZ5)[163, equineanemiavirus (2FMB)[164], felineimmunode cieng virus
(2FIV)[165 androussarcomavirus (2RSP)[16§areshavn. Conseredresiduesrecoloured
in red,conserative mutationsn green blueandmagentagysteinsin yellow.

rolesin the proteinmechanics A particularattentionhasbeendedicatedo the ap
mechanicswhich is not easily characterizabléy standardMD, asits typical times
aretoo long ascomparedo affordablesimulationtimes.

Finally, the sameanalysishasbeenrepeatedor retropepsinsunderliningtheir
similaritiesanddifferenceswith pepsins.

4.1 Multiple alignment of pepsinsequences

The alignmentof the pepsinfamily hasbeenobtainedby a Hidden-Marlov-Model
(HMM) in thesequenceéatabaséseesec.2.7.2),whichendedupwith a nal number
of 868 alignedsequencesAs asample,n g. 4.1six of thesesequencebave been
reported.As alreadystatedin chap.1.1.1,very few residuesareconsered or shov
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Figure 4.2: The structureof BACE is shavn in complex with model substrateforange
sticks). The conseredregionsaredravn asspherestheactive sitein blue,the cross-linking
-sheetsn red,andthe surfaceregionin green.

a high homologythroughoutthe whole family. Only very few continuouspiecesof
the sequenceareconsered. Theseaastretchesaremainly localizedin the core of
the protein,correspondindo the active site loops(residueshumber:30-38226-231,
BACE sequenceandto its rst-neighbours(residues:122-129). In otherregions
consered residuesshav a binary periodicity, typical of consered -structurespr
arescatteredlongthesequence.

4.1.1 Consewnedregionsin pepsins

At rst glance,matchingamino acid conseration on the primary structurewould
suggesthat AP have consered only the active site region, the otherfew consered
residuesaremoreor lessrandomlylocalizedin therestof the structure.Onthe con-
trary, localizationof conseredaminoacidsin the 3D structureleadsto the evidence
thatmorethan80 % of the conseredresiduesreclusteredn threedifferentregions
(seeg. 4.2):

active site region. This region compriseshe active site loopsandtheir rst
neighboursAll residuesrelocalizedatthe bottomof theligand-bindingcleft.
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The only exceptionis representethy Tyr71, which is locatedon the ap, and
whosefunctionalrole hasalreadybeendiscussedn sec.3.2.4.

lobe cross-linking -strands This structurallyconsered region is consered

aswell in aasequenceMoleculardynamicscalculationsindicatethis region

asthehingein functional uctuations, (seesec.3.2.4). The conseredresidues
areall hydrophobic(Leu, Ile, Met andPhe),in fact, their side-chaingprovide

a compacthydrophobicpackingin the proteincore. Residuesn the sheets
whoseside-chaingoint outsidethe proteinbody are allowedto have a larger

mutability.

residuesat the ap endson the surfaceof the N-terminallobe A consered
contactpatterncorrelatessomeresidueslocalized on the surface of the N-
terminallobe, at the ap Ends. Unlike the two other consered regions, no
direct correlationsbetweenit andthe enzymaticmechanics/actity could be
directly foundduringMD simulations.A deepeiscussioron this region will
follow in sec.4.3.

Theotherfew conseredresiduesvhich do not belongto neitherof theseregions
aremainly glycinesin turnsor in bent -sheetsthereforetheir conserationsshould
be relatedto restraingn proteinfolding dynamicsor in native stategeometrystabi-
lization.

4.1.2 Dynamical characterization of consenvedresidues

In orderto getinsightsontheeventualcorrelationdbetweemroteinmobility andcon-
senedregions,residueselongingto thesepartsof the proteinhave beenevidenced
onthe RMSF plot obtainedrom MD simulationsof BACE (g 4.3).

As expectedconseredresiduesn theactive siteandin thecross-linking -sheets
areall characterizetdy alow mobility. Rigidity of thesetwo regionscanbeeasilyput
into relationwith their functionalrole. In fact, rigidity of the active siteis known to
beanecessarandgeneralfeature asthey arelocationswherethereoccurprocesses
at relatively high enegy, andtherefore they shouldnot allow dissipationof enegy,
e.g. throughconformationalrelaxations. The consered stiff hydrophobicpacking
in the four beta-sheetsyn the otherside, playsat the sametime a structuralrole in
the stabilizationof the bilobal fold, anda dynamicalone, providing the fulcrum for
functionalrelative rotationsof onelobetowardthe other Mostinterestingly alsothe
third consered region shows a relatively low mobility, althoughthis featurecannot
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Figure4.3: Root-mean-squareictuations of BACE. Fully consered or highly consered
residuesareevidencedby redor greenspots respectiely.
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be easilyrelatedto somefunctionalmechanicgor the catalyticactionof theenzyme,
dueto its periphericaposition.

4.2 Coarse-grainedcomputations

At leasttwo of the threeconsered regionsin the pepsinfamily have foundto play
a directfunctionalrole in BACE enzymaticactiity, andare characterizedby a low
mobility. Also the otherregion is peculiarly characterizedby a relatvely low rmsf;
thereforecorrespondendeetweerpartsof theproteinthatareconseredin sequence
andrigidity of thescafold mightoccurnotjustby chancan BACE, but it mightbea
conseredpropertyin all memberof the pepsinfamily.

In orderto getevidenceof thishypothesisawide screeningon mechanicaluctu-
ationsof differentpepsinstructurescould be done,by takingadvantageof afastand
yetreliablecoarsegrainedmechanicamodel,asthe -Gaussiai€modeldescribedn
sec.2.6.1.

4.2.1 -Gaussianmodelof BACE

First of all, the modelhasbeentestedon BACE, in orderto get someinsightson
its reliability for this kind of folding. As reportedin sec.2.6.1,both covariancema-
tricesandtemperaturdactorscanbe computedwithin this model,andthus,canbe
comparedo thoseobtainedoy MD simulations( g. 4.4).

First, we comparehenormalizedcovariancematricesde ned as:

This quantity hasthe advantageof beingdimensionlessandthereforemore corve-
nientin a comparisorbetweeratomisticandmesoscopienodels.The scattemplot in

g. 4.5summarizeshedegreeof accordbetweerthenormalizedcovariancematrices
of the MD and -gaussiamrmodel. To avoid arti cial biasesin the correlation,the
diagonalelementof thenormalizedmatriceqby de nition, all equalto 1) have been
omittedfrom the plot.

Thelinearcorrelationcoefcient amongthetwo setof entriesis asgoodas0.84,
andtheinterpolatingine lies very closeto thediagonalwith aslopeof s=1.02.1t has
to be evidenced,nonethelesshat the distribution is only approximatelybi-normal,
anda certainscatteiin the pointsis present.
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Figure4.4: covariancematricesfor BACE, asobtainedfrom MD simulations(A) or coarse
grainedcomputationgB) are shavn. Differentcolorscorrespondo differentvaluesin the
matrix entries.
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Figure 4.5: Scatterplot of correspondingentriesof the covariancematricesobtainedby
-GM andMD simulationsof BACE. Theredline representhelinearregression.

The diagonalelementsf the non-normalizedovariancematriceshave the same
meaningof rmsfin MD simulations andthereforecanalsobe comparedFigure4.6
shavs thatindeed,a goodagreemenbetweerthe mobility of theaminoacidsfound
in MD andin Coarse-grainedomputationss found.

As alreadyunderlinedn secs1.1.1,1.2.4thenumberandpositionsof SSbridges
in pepsins,andin BACE in particular have undegone modi cations. In the plot
reportedin g. 4.6, rmsffor BACE have beencomputedalso switching on explicit
disul de interactionsin the model. Indeed,the presenceof S-S bondinteractions
doesnotaffectqualitatvely thelow-frequeng largescaledynamicsarouncthefolded
state. Thus, their presencemight impactmore strongly on the folding dynamicsor
native-statestability ratherthanthe nearnative vibrationalproperties.

4.2.2 Mobility of pepsins

Five randomlychosenpepsinsfrom differentorganismshave beenchosen(Pepsins
from candidatropicalis(PDB code:1J71)[159, candidaalbicans(EAG)[160, Plas-
modium(1LEE)[151]andhumancathepsiD (1LYA)[161] anduropepsir(1FLH)[162]),
and uctuations of their scafolds have beencomputedby coarse-grainechodeland
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Figure 4.6: rmsf of single residuescomputedfrom MD simulation (black line), from B-
Gaussiarmodel (without explicit S-S bridgesinteractions)red line) andfrom B-Gaussian
modelwith explicit S-Sbondinteractiongblueline).

comparedo thoseof BACE. Remarkablyalignedresiduesamongthesepepsinsex-
hibit similar mobility propertiesasevidencedin g. 4.7a.In particular highly con-
sened regionsareratherrigid, while nonconsergd regionsshon a larger mobility.

Visualinspectionof the lower-frequeng eigervectorsfrom coarse-grainedom-
putationsevidencethat slowest motionsimply relative rotationsof the N- and C-
lobesalsoin theseotherstructuresThereforerigidity of theactive siteandthecross-
linking -sheetsseemso be a consered featurethat plays a key role in ensuring
the correctmechanicdetweerthe two lobesof the enzymesandthus, providing an
ef cient way of modulatingenzymatica activity in all membersof this AP family.

4.3 Flap mechanics

The consered region at the basisof the ap is not involved in the relevant large
scalemotionsof the enzymesandthereforemight not play a signi cant role for the
enzymaticcatalysidtself. Thisregion,locatedroughlyperpendiculato the ap ends,
comprisegmostly polar residuesgdisplayingspeci ¢ contactson the proteinsurface.
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Figure 4.7: Alignment of pepsinsand comparisonwith residuemobilities. (A) Pepsins
from candidatropicalis (PDB code: 1J71)[159, candidaalbicans(EAG)[16(, Plasmod-
ium (1LEE)[15]] andhumancathepsirD (1LYA)[161], uropepsin(1FLH)[162 andBACE
(1FKN)[60]. Conseredresiduedelongingto regionsthethreeconseredregionsaremarked
by a, b, ¢, respectiely; consered residuesot belongingto theseregionsby asterisksand
conserative mutationsby columns. Residuesare colouredaccordingto their root-mean-
square- uctuation§RMSF),basedntheMD simulationg BACE) or coarsegrainedcompu-
tations(all theothers).(B) Retropepsinfom Humanimmunode cieng virus1 (1A30)[125,
simianimmunode cieny virus (1AZ5)[163, equineanemiavirus (2FMB)[164, feline im-
munode cieng virus (2FIV)[165 androussarcomavirus (2RSP)[16§ Conseredresidues
in regionsstructurallyhomologougo the rst two conseredregionsdescribedn pepsinsare
labelledby a, b, respectrely; consered residuesot belongingto theseregionsby asterisks,
andconserative mutationsby columns.
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Figure4.8: Consered regionsat the N-terminalsurface. The openandclosestructuresof
cathepsirD aresuperimposedin particular the SerThr-Asp patternat the basisof the ap
hasbeenevidencedn aball-and-sticksdraw.

In particular consered Ser57,Thr59andAsp83(Fig. 4.8), H-bondedto eachother,
arelocatedyrespectiely, in theloop precedinghebeginningof the rst  -sheebf the
ap, andattheother -sheeend.Becauseaf its topologicalposition, it is reasonable
to assumehatthis conseredregion mighthave arole for the ap openingfunctional
mechanicswhich, in turn, playsa crucial role for substratebinding [124]. Indeed,
theopeningof the ap shouldrequiremajordistortionsof its geometryasevidenced
by crystallizationof thefreeform of BACE [124] (see g. 4.9).

The ap openingtransitionwasnot obsenedin our MD, sincetherelatively high
freeenepgy barrierfor the close-to-operonformationathangeof the ap (estimated
as 20 kcal mol for the HIV-1 isoenzyme[167]) makes this mode unlikely to
occurduringthetypical time-sparcoveredby MD simulations.

Nonethelessa structuralanalysissupportghis hypothesisin all pepsinfor which
the structurehasbeendeterminedn the free stateandin complex with inhibitors
1 ap residueqVal67 to Trp76) rearrangdargely (rmsdfor single aminoacidsin
the ap upto 4.5 A )[124], whilst the region underexaminationdoesnot rearrange

IBACE[60, 124, renin [168], endothiapepsiff169, 170, humanpepsin[171] and cathepsin
D[16]]



98 Functional Mechanicsin Pepsinsand Retropepsins

Figure4.9: Superpositiorof the BACE structuresrystallizedwith (red)or without aligand
(yellow. Distortionof the ap hasbeenevidencedby colouringit in blue andgreen
for theligand-boundbr unboundstructuresrespectiely.

signi cantly (rmsd  0.3A |, seeTable4.1).

By simply looking at the availablecrystalstructuresthe fulcrum of the open-to-
closetransitioncould belocalizedin thekink of the -sheetghatform the ap (see
g 4.9),wherea consered Gly is presentGly78, BACE numeration).Gly indeed
hasamajoraccessibilityto differentvaluesn theRamachandraplot, andthus,might
work asanef cient hingefor the ap. In this casethe conseredregion couldactas
arigid cantilever for ensuringthe correctbendingmodeof the -sheetsf the ap.
Anotherpossibility is thatthe consered region may actdirectly asthe hingefor the
ap opening,althoughthis hypothesiswould requirea larger distortion of the ap
with respecto thoseseenin theavailablecrystallographistructuresof free forms of
pepsins.

4.4 Insights onretropepsins
Up to now, very few retropepsindiave beenidenti ed andcharacterizedR7]. Based

on this relatively small databasegne canestablishthat only the residuedocatedat
theinterface which stabilizethedimericstructureareconsered[172], asevidenced
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Pepsin | Flap | SURF| Total
Renin 1.7A | 0.2A | 0.3A
Endothiapepsin| 0.6A | 0.1A | 0.3A
HumanPepsin || 2.8A | 0.3A | 0.7A
CathepsirD 1.9A | 0.2A | 0.4A
BACE 3.0A | 0.2A | 0.6A

Table4.1: Comparisoramongrmsdsbetweerboundandfree form of differentpepsinsin
the turn region of the ap, in theregion at the suriace (SURF),and of the whole structure.
PDB codes: : 2REN,1HRN[168]; : 10EW 1ENT [169, 17(; : 4PER 1PSO[171];
1LYA, 1LYB [16]]; : 1SGZ[124],1FKN [60].

in gs. 4.2b,4.10.

The majority of theseresiduesarecomprisedn the cleavagesite loopsandtheir
nearest-neighbourandtheterminalantiparallel -sheets.Theseregionshave been
found to show a relatively low mobility, bothin MD simulations[5, 6, 49] and by
our coarsegrainedmodel (Fig. 4.7b). Basedon structural[125, 60] anddynamical
analysig5, 6, 49], astructuralandfunctionalcorrespondencketweertheseregions
andtheregionsattheinterfaceof thetwo lobesin pepsinsanbe found.

Coarsegrainedcomputationssuggesthat the aps of the retropepsingresidue
numbers38-60in the HIV1-AP sequence¥eemto be highly mobile, whenthe en-
zymeis in the free form. In fact, it hasnot alwaysbeenpossibleto determinetheir
positionin the crystals. The aps in HIV1-AP seemto be ratherstiffer the thosein
otherstructures.Indeed,the rmsf computationson HIV1-AP referto a closedcon-
formationof theligand-boundenzymel5, 6]. This contrastghe ndings in pepsins,
wheresimilar mobilities have beenevidencedfor the aps in bothligandboundand
ligandfreeenzymes.

Unlike pepsinsthereareno consered residuesat basisof the ap, on the pro-
tein surface. With this regard, it hasto be stressedhat in retropepsinghis region
is lessstructuredhatin pepsins Moreover, structuralmodi cations of the C-lobeof
pepsinswith respecto theN- onehave producecanasymmetryn the bindingpoclket
andthe presencef only one ap. Onthe contrary the homodimericstructureof re-
tropepsindeadsto a symmetricbinding pocket andto the presencef two aps [1].
The symmetryof the retropepsirfold contrastswith the intrinsic asymmetryof the
substrateandthus, someconformational uctuations thatinducea breakingof the
asymmetryuponligandbindingmightbenecessaryThereforejt is reasonabléo ex-
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Figure4.10: Thestructureof HIV1-AP is shavn in complex with modelsubstrateg¢orange
sticks).conseredresiduesreshavn in spheresndcolouredin blueandgreenaccordingo
their subunit.

pectthatthe mechanismsf molecularrecognitionandbinding betweernthe enzyme
andthesubstrateouldbedifferentin thetwo families,andso,thatfunctionalregions
implied in the ap mechanicsnight have beenmodi ed in the evolutionary path of
thetwo families.

4.5 summary

Inspectionof the alignmentof all pepsinsequencegand relatedproteins)present
up to datein the databaseshow that, despitethe very high sequencevariability, at

leastthreeconseredregionscanbeidenti ed. All thesethreeregionsappearto be

of generalrelevancein the pepsinfamily. In fact,81% of conseredresiduesn the

whole pepsinfamily arelocalizedin thesethreeregions, whilst only the remaining
19% (mainly involving glycinesin loops)do not groupinto speci c regions. These
regionshave shavn a low mobility in BACE MD run, andexhibit low-mobility also
in otherpepsinstructuresasevidencedoy coarse-grainedomputationsindeed the

low mobility canberelatedto speci ¢ functionalrolesfor theenzymaticcatalysisand
for substratédinding.
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Very interestingly two of thesethreeregionshave structurallyconsered related
regionsin retropepsinswhich have beenprovedto be alsocharacterizety arelatve
rigidity.

The conseredregion of pepsinavhich hasnot beenfoundin retropepsingould
be relatedto the substratebinding mechanicswhich is expectedto be differentin
thetwo families,asthis processnvolve regionsof the proteinswherethe major dif-
ferencesn thefold betweerthe two families,lik e the differentnumberof substrate-
binding aps andthe symmetryof the bindingcleft, occur






Concluding remarks

Theaim of this work hasbeento getsomegeneralnsightson asparticproteasegn-
zymaticaction, from a descriptionof the chemicalproblem,to the identi cation of
somegeneralfeaturerelatedto their fold. The chemicalreactionhasbeenfaced rst
by exploiting CarParrinello/ DFT computation®n the referenceeactionsn water
This systemhasbeenstudiedvia the recentMultiple-SteeringMolecularDynamics
(MSMD) [12, 13], which hasprovidedanef cient tool for determinatiorof thestruc-
tural,dynamicalandenegeticalfeaturesof theraction.In our simulationsjt hasbeen
possibleto identify the de-protonatiorof the nucelophilicwaterasthe rate-limiting
eventthatavoidsreactionto occuratroomconditions.In fact,the nucleophilicwater
moleculeyields oneof its protononly afterreactionhasoccurredJeadingto a quite
high free-enegy barrierof about44 kcal mol

Then, the chemistryof the Michaelis complex of a speci ¢ pepsin(BACE) by
hybrid QM/MM studieshasbeeninferred. We have foundthatthe proteinenzymatic
actionis exploitedby providing anef cient proton-shuttlesystenthatenhancedoth
the nucleophilicandelectrophiliccharacter®f the catalyticwaterandthe substrate,
respectrely, ef ciently providing thecorrectprotonationstatesof thereactantalong
thereactionpath. This shuttlesystemis not presenin water becausef its different
acid-baseproperties ascomparedo thoseof the catalyticasparticdyad, Therefore
the free enepgy of the reactionin aqueoussolutionis muchlarger The free enegy
barrierin BACE is of about20 kcal mol , in good agreementvith experimental
data[36], andsimilar to that foundin the referencereactionwith OH (18 kcal
mol ). Determinationof the TS geometrymay helpin designof speci ¢ drugsfor
BACE, akey tamgetin Alzheimers diseasg@harmaceuticaherayy.

ClassicalMD calculationssuggesthat mechanicaluctuations of BACE mod-
ulate the motion of the substratein the active site, which, in turn, impactson the
enzymaticactiity. An analogousnechanisnhasalreadybeendescribedn HIV-AP
by Pianaetal [5] andthuscouldoccuralsoin all retropepsinsgespitethedifferences
betweerthefolds of the eukarioticandviral enzymes.
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The correctfunctionalmechanic®f this re ned molecularobjectis achieved by
ensuringrigidity in two speci ¢ regions, namely the active site region andthe -
sheetghat cross-linkthe two lobesof pepsins.Basedon coarse-grainechodelsand
sequencealignmentsof pepsins,it hasbeenpossibleto proposethat pepsinshave
evolvedconservinghotonly thecleavagesite,andtheresiduesn the -sheetdinking
thetwo lobesbut alsoaregionlocatedontheN- lobesurfaceatthe ap ends.All these
regionsshouldbe importantfor the dynamicalpropertiesof this family of enzymes.
The region on the surfaceof the protein, which is putatvely relevant for substrate
binding,is typical of only thepepsinfamily. Insteadthe othertwo regions,whichare
directly involved in the enzymaticactiity, have their structuralcounterpartsn the
fold of the functionally-relatedsiral isoenzymesThus,thefolds of retropepsinand
pepsinsalthoughvery different,featuretwo fully-consenedsimilar region relatedto
speci ¢, evolutionarily-selecteanechanicafunctions.

By synegically exploiting structuralanddynamicalinformation,it hasbeenpos-
sibleto characterizehreestructuralregionswith differentfunctionalrolesin pepsins
andtwo relatedonesin retropepsins.This methodologycould be appliedin the fu-
ture asa usefultool for broadeninghe actualcapabilitiesof identifying function for
relevanttargetsin structuralgenomicgesearch.



Appendix A

MSMD applied to water exchangeat
alkali ions

The novel fast-gravth or multiple steeringmoleculardynamics(MSMD) technique
hasbeenrecentlydevelopedby Jarzynskio calculatefreeenegy pro les alonggen-
eraltransformatiorpathways[12, 13]. Here,we applythis approacho calculatefree
enegy barriersinvolvedin thewaterexchangeeactionof Na andK in aqueouso-
lution. Weinvestigatehein uence of thekey parametersf the MSMD simulations

the steeringvelocity, the samplingof theinitial con gurationsandtheforce constant
- onthefree enegy. Furthermorewe usethis approacho describeenegeticaland
structurafeaturesof thewaterexchangeaeactionof Na andK in agueousolution.

A.1 Intr oduction

We investigatehewaterexchangereactionof alkali ions:

whereM = Na andK , and is a typical coordinationnumber[173]. Our
computationabpproachs the novel multiple steering(or fastgrowth) moleculardy-
namics(MSMD) approachproposedy Jarzynskil2, 13, 103,104, andintroduced
in sec.2.5.2.

In the work presentecherethe MSMD techniqueis appliedin the context of a
chemicalreaction.We nd thatthe MSMD methodologyenablesf cient andaccu-
rate calculationsof activation barriersand constitutesa promisingnew tool for the
investigationof awide rangeof chemicalprocesses.
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A.2 Methods

This unavoidable truncationon the averageensemblesequiredin the theory (see
sec.2.5.2)introduceerrorsthatcanbe minimizedthroughanoptimal choiceof three
key parametersnamely(i) the steeringvelocity , (ii) theinitial conditionsfor each
simulationand (iii) the force constant . The rst in uencesdirectly the degreeof
irreversibility of the transformationthe secondentersthe ensembleaverageandaf-
fects the weight of eachsimulation;in fact, the initial bias on the steeredsystem
entersexplicitly in theexponentialof theright-handsideof eq.2.82;thethird affects
thedynamicsof the systemsandentergdirectly in theformulasaswell. In the

limit the transformatiorbecomegeversible,the distribution of the agumentof the
exponentialbecomesn nitly sharp,andwe recover the well known resultthat the
free enepgy pro le coincideswith the reversiblework doneto bring the sys-
tem from theinitial equilibrium stateto the nal one. We have checledthatindeed
this is the casefor the systemadescribedn the next sections.Moreover, the choice
of initial con gurationsfor the multiple MD runshasa directin uence on the ef -
ciengy with which the availablephasespacecanbe sampledwithin alimited number
of simulations.

In particular it is crucialthatthe averagingis performedwith individual runsthat
arelargely independenandthusuncorrelatedThus,it mayhave a crucialin uence
on the corvergenceproperties. Finally the choiceof the force constant couldin-
uence the corvergenceof the free enegy pro le. The cornvergencebehaior with
respecto theseparameterss testedn this work (seeResultssection).

All thesimulationswereperformedusingthe AMBER 5 programwith the Aqvist
[174], Smith[175] and TIP3P[150] force elds for Na , andK cations,the CI
anion,andwater respectrely. In eachsimulation,onealkaliion (eitherK , orNa )
wasimmersedn a20.4x 20.4x 36.5A tetragonabox containing421 watermole-
culesanda Cl counterion. The latter, which wasinitially located15.0A far from
the alkali ions, remainedalwaysfartherthan9.0 A from the cationsduring the MD
simulations.Periodicboundaryconditionswereapplied.Long-rangeelectrostatién-
teractionsweretreatedvia a particle-mesHewald procedurd76, 77] usinga grid of
20x20x36pointswith a cubic splineinterpolation.A cutoff of 10.0A for the short-
rangeelectrostaticandvan der Waalsinteractionswas used. Constantemperature
(300 K) andconstantpressurg(1.0 atm) conditionswere achiezed by couplingthe
systemgo a Berendserthermostataindbarostaf176]. The integrationtime stepof
our simulationwassetto 1.5fs.

All the systemsunderwentrst 0.3 nsof unconstrainedMD. Subsequentiythe
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lon [1 max. [1 min | |1 max(it) |1 min(i) |  (lit)
K 2.70 3.65 |6.9(5-10) 2.7-2.9 3.6-3.8 |6.3-7.6-8.0
Na 2.40 3.25 | 5.8(4-7) 2.4 3.2-35 |4.9-6.0-6.6

Table A.1: Selectedequilibrium propertiesof K andNa in aqueoussolution. ) rst
maximumand ) rst minimum of (A) betweenthe ion andwaters oxygensand
) correspondentoordinationnumbers. The rangeof coordinationnumbersis indicatedin
braclets;( , , ) Propertieobtainedn previoussimulationg177, 17§].

position of onewater moleculewas restrainedusing a harmonicpotentialat a dis-
tanceof 7.0 A from the metalion for 0.24ns. The structuralpropertiegsuchasthe

and radial distribution functions)resemblethoseof bulk water 10
shapshot®f this MD simulations,taken every 12 ps of dynamics,constitutedour
initial structuredor the MSMD simulations.

In the MSMD simulations,the irreversiblework W was calculatedas the work
requiredto bring the systemfrom the initial equilibrium stateto its nal state. In
practice,the approachingvater (\WAT hereafterwassteeredrom the bulk towards
the alkali ion (M ) applyingthe time-dependenpotentialas describedn eq.2.81.
Consistentwith the initial conditions,the starting position of the minimum of the
harmonicpotential wassetto 7.0 A . The calculationswere performeduntil
the minimum of the harmonicpotentialreacheda distanceof 2.0 A from the cation.
MSMD runswith varying pulling velocitiesand differentchoicesof the initial MD
con gurationswere performed.Namely: (i) 4 setof 10 runswith differentsteering
velocitiesonK ( =0.03330.0667,0.33330.6666A ps ), eachof themwith initial
con gurationssampledevery 12 psandwith aforceconstant = 300pNA ;

(i) 3 setsof 10runswith differentsamplingonthestartingpositionsonK  (snap-
shottakenevery  =12,1.5,0.15ps)with apulling speed Aps anda
forceconstant = 300pNA ;

(i) 6 setsof 10 runswith differentforce constanton K ( = 30, 60, 100,500,
1000,1500pN A )with =0.0666A ps andinitial con gurationssampledvery
12ps;

(iv) 1 setof 10 runson Na with =0.0333A ps , =300pN A andwith
initial con gurationsampledevery =12ps.

Coordinatiomumbersf thealkaliionswerecalculatedasintegralsof theoxygen
(water)- ion radial pair distribution functions(rdf) (Figurel) fromr=0to
the rst minimumof rdf (r = 2.7 and 2.4 A for potassiumandsodium,respectiely
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FigureA.1: Calculatedon/waterradial pair distribution functions(g (n) for Na and
K in agueousolution.

(FigureA.1, Table A.1)). Identicalintegrationboundariesvere chosenin orderto
obtainthe correspondingaluesin the MSMD runs.

A.3 Resultsand discussion

In this section,we rst assesghe accurag of our computationalscheme. Subse-
guently we analyzethe structuralandenegetic propertiesof sodiumand potassium
ionsin aqueousolution.

Accuracy of the approach

The accurag of our computationabpproachwastestedthrougha seriesof cal-
culationsfor the water exchangereactionat K , for which a classicalforce eld
descriptionis known to performespeciallywell [179].

In particular we investigatedhe dependencef the calculatedfree enegy from
() the steeringvelocitiesv , from (ii) thechoiceof

theinitial con gurationsandfrom (iii) theforceconstant .

(i) Dependencen .
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FigureA.2: Averagework of the transformatiorat very slow pulling speed = 0.00333A
ps ). Thispro le is usedasabenchmarKor thefree-enegy reconstructiompro les obtained
athigherpulling speeds.

In this andin the subsequensimulationsthe initial structuresveretakenby se-
lecting snapshot$érom our restrainedMD simulationat atime interval of =12 ps
afterthe systemwasequilibrated.

The rst referencesimulationconsistan usinganextremelylow steeringvelocity
( =0.00333A ps ) andcomputingthe averagework donein moving a water mo-
leculefrom the bulk to the metalion. Underthis condition, the transformatiorncan
be consideredjuasi-static.Thus, it providesan approximateyeferenceree-enegy
pro le of theprocesgFig. A.2).

If isoneorderof magnituddarger( =0.0333A ps ), thereconstructetISMD
free enegy pro le turnsout to converge within very few simulations(Fig. A.3a).
Indeed,the pro le canbe consideredully corverged after an averagingof ca. 8
trajectorieqFig. A.3a)andmatchesvell ourreferencgFig. A.2).

In this regime the free enepgy pro le is qualitatvely well describedby a single
integrationof the force alongthe reactioncoordinatg(Fig. A.4a). This indicatesthat
theperformedvorkis essentiallyconserative andalreadyasinglesimulationappears
to containsufcient informationaboutthe equilibriumproperties.

By doublingthe steeringvelocity, corvergenceto the samevalue of the free en-
ergy barrieris achieved (TableA.2, gure A.5). In boththis andthe previous case,
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FigureA.3: Dependencef thereconstructedreeenegy of K waterexchangereactionon
thesteeringvelocity . Thefreeenepy is obtainedaveragingdatafrom four (dottedline), six
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FigureA.4: Work associateavith singlesteeringdynamicsrunsat differentconditionswith
nonzerobias(seeTah 2). (a): =0.0333A ps ;(b) =0.3333A ps
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Figure A.5: Freeenegy pro le for K by usingdifferentpulling speeds.The free enegy

reconstructiompro les obtainedatdifferent for thepotassiunion aredisplayed: =0.0333A

ps (solidline), =0.0667A ps (dottedline), =0.3333A ps (dashedine)and =0.6667

A ps (long-dashedine).

hysteresigffectsareessentiallyabsent.

For relatively large velocities( =0.3333A ps ), thefreeenepy pro le doesnot
corvergein thebulk region (thatis betweer7.0A and 5.5A ) whereast is similar
to the previousonesin thethewell region (between 3.5and2.0A) (Fig. A.3b). In
this case signi cant hysteresigffectsare presentsuggestinghatthe dominantpart
of thework associateavith the steeringforceis non-conserative (Fig. A.4b).

Uponfurtherincreasinghe steeringvelocity ( =0.6667A ps ), thefreeenepgy
plotin therepulsiveregion(from 5.0Ato 3.5A) andin thewell region, although
rathernoisy; is still qualitatively similarto thoseobtainedby pulling atalower speed
(Fig. A.5). This calculationthereforeprovidesanupperlimit for 0.05A ps

The qualitatve shapeof the free enegy pro le canbe understoodas follows:
whenthe taggedwater moleculeis at large distancefrom the ion, it is surrounded
by an averagenumberof solvatingwatermoleculesasgivenin tableA.1. Thesame
situationis alsoexpectedwhenthe taggedwatermoleculeis at a particulardistance
from theion substitutingon average pnewatermoleculefrom the hydrationshell.

We thusexpectthatthe free enegy pro le shows two minimawhosevaluesare
thesame,oneatin nite distancefrom theion andthe otherat a distancetypical of
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lon| [Aps ] | G [Kcaimol ] |R[A] |R [A]

K 0.0333 0.81 2.72 3.4
K 0.0667 0.80 2.73 3.4
K 0.3333 0.83 2.70 3.2
K 0.6667 0.92 2.70 3.3
Na 0.0333 1.30 2.43 3.1

Table A.2: Multiple SteeringMolecular Dynamicsof K andNa ) Steeringvelocity, )
calculatedactvationfreeenegy, ) M -WAT distancecorrespondingo the minimum of the
freeenegy plot, ) distanceof M -WAT attheTS.

the rst coordinationshell. As the taggedmoleculeapproachesheion a divergent
pro le dueto VanderWaalsrepulsionis expected.

(ii) In uence of theinitial con gurations

Varyinginitial con gurationswere obtainedby selectingsnapshot$rom our re-
strainedMD simulationsat differenttime intenals( ). Speci cally, threesetsof
tensnapshotsvereconsideredin the rst =12ps, inthesecond =1.5psand
in the third = 0.15ps (seeMethods). The samesteeringvelocity ( =0.0666A
ps ) wasusedfor all calculations.

Thereconstructedree enepgy pro les of the rst two setsarerathersimilar and
well corverged (Fig. A.6). In contrastthe free enegy pro le in the third setdoes
not corvergewithin thetensimulationscarriedout here. This suggestshattheinitial
con gurationsare not independenenough,resultingin aninsufcient samplingof
phasespace.

(iif) Choiceof theforce constantk.

Calculationswith valuesof aroundthereportedvalueof [105] (from 30to 1500
pN A ) wereperformed.lt is foundthatfrom pNA upto 1000pN
A thecorvergenceds fastandno signi cant changesrefoundin thepro les.

In conclusionpuranalysisallowsto establisithefollowing criteriafor the choice
of the threecomputationakey parameters(i) a steeringvelocity 0.05A ps ;
(i) initial con gurationssampledat a time interval of 1.5 ps; (iii) the force
constansshouldbe of theorderof  100-600pN A . Within theseconditions the
convergenceon thefreeenegy appearso beratherfast.

For all simulationsof reaction(1) weused =0.0333A ps , t=12psand =300
pN A . Thesevaluescomparewell with thoseusedin the MSMD simulationsof
aquaglyceroporirof ref. [105. The free enegy pro les obtainedby usingthese
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FigureA.6: In uence of theinitial bias. Thethreepro les have beencalculatedaveraging

tensimulations Eachinitial conditionhasbeenchosersamplinga biaseddynamicsrunerery

12 ps(solidline), 1.5 ps(dottedline) or 0.15ps(dashedine).

parameter$or bothof thetwo cationsareshowvn in Fig. A.7.

Potassium. In the unconstrainedimulationof a potassiumon in aqueoussolu-
tion, themetalion exhibits alabile coordinatiorsphergaveragecoordinatiomumber
6.9). Sevenwatermoleculesoordinatek for abouthalf of thesimulatedime (0.15
ns). The n = 8 coordinationis alsosigni cant (about28% of thetime). In the rest
of the dynamics,K is coordinatedto a largely varying numberof ligands(Table
1). Theobsenedcoordinationnumbersandtheir averageis in goodagreementvith
otherdatapresentn the literature[177] - [178] and with the one of ab initio MD
simulationg179].

Theexchangeeaction(1) occursspontaneouslguringthedynamics.Theoverall
processtakes placewithin as shorta time as 0.5 ps in qualitatve agreementvith
previous ndings [179,177, 180 181,182].

The exchangereactionturns out to occur mostly via a substitutionmechanism
(FigureA.8). However, alsoadditionandeliminationprocesseareobsened.

At the transition stateof the substitutionmechanismhe oxygen belongingto
the approachingvaterinteractswith both the metalion andwith a watermolecule
belongingto the secondshell (Figure A.8 and Table A.2). Its presencenducesa
distortionin the potassiuntoordinationpolyhedronaccompanietyy a wealeningof
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FigureA.7: Freeenegy plotsfor thetwo ions. Thefree enegy plotsfor Na andK are

shavn. Ten simulationswere averagedsettingthe pulling speedto  =0.0333A ps , and

obtainingtheinital conditionssamplingevery 12 psaformerbiasedMD simulation.

the interactionbetweenthe metalion andone of the waterbindingto it. The latter
eventuallyleavestheK coordinatiorsphereassistedy theformationof ahydrogen
bondwith anothermetal-boundwater In the absenceof the formation of this last
hydrogerbond,additionof theapproachingvaterto theion is obserned. Our MSMD
simulationgprovide the samemechanistigicturefor theadditionmechanisms.
Thecalculatedreeenengy of theprocessasa plateaun thebulk regionfollowed
by amaximumat3.4 correspondingp theactivatedcomples, andaminimumatabout
2.7A (TableA.2). Thelattervaluerepresentthe optimalion-waterdistanceandis in

agreementvith the maximumof theradial pair distribution function (TableA.1, and
FiguresA.1 andA.7).

Sodium. In our equilibrium simulationsNa is coordinatedoy ve, and, more
(66% of thetime) by six watermoleculeqaveragecoordinatiommumbem=5.7). The
penta-and hexa-coordinateccomplexes are stablefor more than 10 ps and exhibit
cleartrigonalbipyramidalandoctahedrakquilibriumgeometries.

Thewaterexchangemechanisnoccursvia a associatre/dissociatre pathway, in
which the sodiumcoordinationnumberchangedrom 5 to 6 andviceversa. In the
associatre processthe approachingvater moleculeforms a hydrogen-bondo one
of the watermoleculesboundto the metalion; subsequentlyit entersthe coordina-
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- I

FigureA.8: Transitionstategeometryof reaction(1) for the potassiumion. Theincoming
water (WAT) is representedby a ball-and-sticksmodeland rst-shell water moleculesare
drawn ascylindersandlinkedto the centralion by greendashedines. SelectedH-bondsare
shavn asblue arravs. Structuralchangeof the ligand coordinationspherearedisplayedas
yellow arraws.
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FigureA.9: Transitionstategeometryof reactionfor the sodiumion. Theincomingwater
(WAT) is representetly a ball-and-sticksnodeland rst-shell watermoleculesaredravn as
cylindersandlinked to the centralion by greendashedines. SelectedH-bondsare shavn
asbluearrowns. Structuralchange®f theligand coordinationspherearedisplayedasyellow
arrows.

tion sphere.Thetransitionstate(FigureA.9 andTableA.2) is a distortedoctahedral
structure,in which the incomingwaterstill forms an H-bondto a metal-boundwva-
ter molecule(Figure A.9 and TableA.2). Finally, the geometryof the coordination
polyhedrorrelaxesto anoctahedrattructure.

In the dissociatve processthe 6-coordinatedcomplex undegoesrelatively large
structural uctuations, which attimescauseheformationof anH-bondbetweertwo
metal-boundvatermoleculesThisinduceghereleasef oneof thewaterligandsand
reformationof thetrigonal-bipyramidalgeometry Thus,basically the mechanisnof
theassociatie partof thereactionis thedirectinverseof its dissociatve countermpart.

Thesemechanisméave beenobsenedin anrecentab-initio moleculardynamics
simulationg183]. Furthermorethecharacteristitime scaleof theprocesgabout0.3
ps)is alsosimilar to thatof the ab-initio calculation[183].

In our MSMD simulationsexchangereactionoccursvia the samemechanisms
obseredfor theunconstrainednes.Thefreeenegy pro le of theprocesss plotted
in Figure6. As expected,the free enegy barrieris larger and the minimum less
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pronouncedhanthe correspondingaluesfor potassium.As in the caseof K |, the
enegy minimumcorrespondgssentiallyto the maximumof the
A (seeFiguresA.1-A.7, TablesA.1-A.2).

A.4 Conclusions

Our calculationgrovide anenegeticandstructuraldescriptionof waterexchangeat
alkali ionsin agueousolutionusingthe MSMD approacH12, 13,103 104.

The corvergenceof thefree enegy pro les dependn the steeringvelocity and
on theinitial samplingconditions.A properchoiceof thesekey parameterseadsto
fastcorvergenceby averagingonly alimited numberof simulationg  10).

As expected the solvation shell of sodium,and,even moreso, the oneof potas-
siumis highly e xible. It includesdynamicalstructuresnvolving a varyingnumbers
of coordinatedwater moleculesand different geometrieswithin eachcoordination
number Thewaterexchangereactionfor potassiunoccurswith a directsubstitution
mechanism.

In contrastfor sodium,it takesplacesvia anassociatie/dissociatie mechanism,
in which the coordinationof the metal goesfrom trigonal-bip/ramid to octahedral
and vice-versa. Both processeare assistedby the formation and breakingof H-
bondsbetweertheincomingwatermoleculeandthe metalligands.Theseresultsare
in goodagreementvith recentab-initio calculationg183].

In conclusionthe MSMD techniqueappeargo be a very powerful, fastandre-
liable techniqueto study chemicalprocesses.This approachholds greatpromise
for freeenepgy evaluationsan complex systemswith relatively long relaxationtimes,
wheremoleculardynamicssimulationscannotleadto the direct obsenation of the
physicallyinterestingevents.






Notes

Theworksillustratedalongthis thesishave beencollectedin two publishedscienti ¢
papers:

M. Cascellal.. Guidoni,U. Rothlisbeger, A. Maritan,andP. Carloni. Multiple
steeringmoleculardynamicsappliedto waterexchangeat alkali ions. J. Phys.
Chem.B, 106:13027-13032002.

M. CascellaS. RaugeiandP. Carloni. FormamideHydrolysisinvestigatedoy
Multiple SteeringAb-Initio MolecularDynamics.J. Phys.Chem.B, 108:369-
375,2004.

And in two othermanuscriptsat presensubmittedfor publication:

M. Cascella,C. Micheletti, U. Rothlisbeger and P. Carloni. Evolutionarily
conseredfunctionalmechanicgcrosgepsinsandretropepsins.

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

During theseyears,| also collaboratedto other scienti ¢ works on biological
systemsnvestigatedn Paolo Carloni's group. Thesestudies,which have not been
presentedn this thesis,concernthe mechanisnof permeatiorof waterthroughthe
aquaporinchannelandthe decarboxylatiomeactionof orotidine5'-monophosphate
by orotidine5'-monophosphatdecarboxylasegandhave beencollectedin thefollow-
ing papers:

P. Vidossich,M. CascellaandP. Carloni. Dynamicsand Enegeticsof Water
Permeatiorthroughthe AquaporinChannel Proteing 55:924-9312004.

S. Raugei,M. CascellaandP. Carloni. A pro cient enzyme:Insightson the
mechanisnof OrotidineMonophosphat®ecarboxylasérom computersimu-
lations,J. Am.Chem.Soc, in press.
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