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Mila esker guztioi!

Azkenean iritsi da eguna. Bazen garaia, ezta? Hainbeste urte
pasa dira tesi honekin hasi nintzenetik, iada ez naizela zehazki
gogoratzen. Hala ere, inguruan izan deten jende guztiari eske-
rrak eman nahi nizkioke. Denak gogoan zaituztet.

Comienzo agradeciendo a mi familia el apoyo recibido durante
todos estos años. Ama, ya acabo. No se te ocurra preguntarme,
“¿y ahora qué?”.

Ezagutzen nauzuenak burugogorra naizela dakizue, eta hori
hemen agerian geratu da. Karrerako 3. mailan erabaki nuen
Xabikin tesia egin nahi nuela, nahiz eta ez jakin ze demontre
suposatzen zuen horrek. Beraz Xabi, mila esker nigan jarritako
konfidantzagatik eta azkeneko urteetan erakutsi didazun guzti-
agatik. Badakit ez dela erraza izan nire tesiko zuzendaria izatea,
baina azkenean lortu dugu. Zorionak! Taldearekin jarraituz, Je-
sus, eskerrik asko taldean sartzeko aukera eman zenidalako, eta
behar izan dudanean hor egon zarelako laguntzeko prest. Ezin
det ahaztu ere, zure “erruz“ orain ardo beltza gustokoa dudala.
Aitonak 20 urtetan lortu ez zuena, zuk lortu duzu! Hurrengo
aipamen berezia Txemarentzako da (el crack informático), aspaldi
ikasi genuen zu gabe mintegia desastre hutsa izango zela. Mila
esker zure denbora eta pazientziagatik. Azkenik, talde osoari,
nahiz eta batzuk iada alde egin izana, Mario, Joni, Txoni, Eider,
Eli, Iñaki, Julen, Elisa, Oier, Jon Mikel, Ivan eta azken inkorpo-
razioak Andreas eta Slawek, eskerrak zueri ere. Zuen ondoan
lan egitea plazer bat izan da.

Denek dakigunez, lan honek bidaiatzeko "aukera" eskeintzen
digu, lanean aberasgarria izateaz gain, lagunak eta leku berriak
ezagutzeko aukera eskeiniz. Beraz, eskerrak nire Minneapoliseko
eta Bristoleko egonaldietan inguruan izan ditudan pertsona guztiei.
Thanks to all the people I met when I visited Darrin M. York’s
group in Minneapolis and Adrian Mulholland’s group in Bristol for
their hospitality and friendship. Hope to see you soon.

Eskerrik asko unibertsitateko lagunei ere. Azkenik, ezin ditut



ahaztu tesia aurretik inguruan nituen pertsonak, nire bizitzan
aspalditik daudenak, beti hor daudenak: Ainara, Maider B., Oihana,
Martineli, Maider A., eta Bego. Ezta azkeneko urteetan agertu
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Part IGeneral IntrodutionSarrera Orokorra





Chapter 1Erribonukleasak
1.1 SarreraGure planetan Darwin-en eboluzio teoria bermatzeko, DNAk eta RNAk hiru-garren biomolekula mota batekin lan egiten dute, proteinak. Elkar lan honek,izugarrizko bizitza mota barietatea sortu du, gaur egun planetako ia zirri-kitu guztietan aurkitu daitekeena. DNAk informazio biologikoa biltzen duenbitartean, proteinak agerian jartzen du. Informazioa biltegitik agertzekoerara eramaten duen bidea, RNA da:1DNA ⇀↽ RNA → proteinaBizitza ezagutzen dugun bezala izateko, funtsezkoa da informazio �uxuaRNAren bidez ematea. Bi entzima mota �uxu hori kontrolatzeaz ardu-ratzen dira, RNAren sintesia edo degradazioa katalizatuz. Sintesia RNApolimerasak katalizatzen duen bitartean, degradazioa RNA depolimerasakkatalizatzen du. Azken honi, normalki "Erribonukleasa" deitzen zaio (RNasalaburtuta). Erribonukleasa guztiak ondorio zitotoxikoak dituzte. Lehenikerribonukleasak zelula jakin batzuetan adsorbatzen dira, ondoren zelulenzitosolan barneratzen dira, eta azkenik erribonukleasek RNA degradatzendute. Ondorio bezala, erribonukleasek proteinen sintesia inhibitzen dutezelulen heriotza eraginez.2 Gainera, erribonukleasak minbizi tratamendu te-rapeutikotan erabil daitezke. RNasak RNAri sortzen dioten kaltea, DNAalterazio kimioterapia arrunten alternatiba bat izan daiteke.3,4Erribonukleasak exoerribonukleasa eta endoerribonukleasa motetan ba-natzen dira. Exoerribonukleasek,5 RNA degradatzen dute nukleotido termi-nalak RNAren 5' edo 3' bukaeratik eliminatuz. Bestalde, endoerribonuklea-sek apurketa internoak sortzen dituzte. Azken mota honetako erribonuklea-setatik gehien ikertutako familia A erribonukleasa pankreatikoa da.6



4 1.2 A Erribonukleasa Pankreatiko Familia1.2 A Erribonukleasa Pankreatiko FamiliaIzugarri dibertsi�katu den entzima superfamilia interesgarri honen ekintzakornodunen eboluzioarekin oso erlazionatuta daude.6�11 A RNasa familiakoproteinek RNA polimero kateak deskonposatzen dituzte. Famili honetakokide askok, beraien jarduera entzimatikoaz dependatzen duten aktibitate bi-ologiko oso indartsuak dituzte. Adibidez, gizaki angiogenina12 (RNasa 5),gaixotasun baskularretan eta erreumatoidetan, baita minbizian erlaziona-tua dago;13�16 Neurotoxina eosino�l-deribatua (EDN, RNasa 2) eta proteinaeosino�l-kationikoa (ECP, RNasa 3) in vivo neurotoxikoak dira eta aler-gia eta sindrome hipereosino�likoekin erlazionatuta daude;17,18 AbelgorriRNasa pankreatiko seminalak, jarduera antiespermatogenikoa eta inmuno-supresiboa du;19,20 azkenik, Ononasak aktibitate antitumoral oso indar-tsuak ditu.21�23

Scheme 1.1: A RNasaren gune aktiboaren eskema RNA ligando bati lotuta. RNAren
baseekin, Bi, eta fosfato taldeekin, Pi, interakzionatzen duten azpiguneak adierazita daude.RNAren depolimerazio prozesua gertatzeko, entzima eta substratu poli-merikoaren gune aktiboko interakzioaz gain, entzimaren azpigune multzoenloturen bitartez substratuaren kokapen egokia eman behar da (begiratu 1.1Eskema). Ezarritako nomenklaturarekin bat eginik,24 gune aktiboa Bi etaPi azpigunetan banatzen da. Hauek RNAren baseekin eta fosfato taldeekinelkartuko dira hurrenez hurren.25 B1 azpiguneak pirimidina baseekiko es-



Erribonukleasak 5pezi�kotasuna du. Zitidinarekiko duen lehentasun zinetikoa uridinarekikoduena baino 30 aldiz handiagoa da.26 Espezi�kotasun hori Thr45 erresiduo-aren eskutik dator abelgorri A erribonukleasa pankreatikoan. Erresiduo hauRNasa guztietan agertzen da.27 Proteinek, P-O5′ (sissile) lotura haustendute B1-ari lotutako base pirimidikoen 3' aldean. P1 azpigunean erreakzioanpaper garrantzitsua duten eta RNasa homologo guztietan mantentzen di-ren bi histidina kataliko eta lisina bakarra daude (His12, His119 eta Lys41erresiduoak abelgorri A erribonukleasa pankreatikoan).24,28,29 B2 azpiguneaRNasa guztietan mantentzeaz gain, base guztiak antzematen ditu, adenina-rekiko lehentasuna ageriz.30 Azpigune honek lotura poltsatxo antzeko bateskeintzen dio askatzen den nukleotidoari. Bestalde, P2k substratu-entzimakonplexuaren sorkuntzan parte hartzeaz gain, mekanismo katalitikoan ze-harkako papera du.31 Badirudi gune honek rol berezia duela A RNasarenaktibitate endonukleolitikoan (kate barneko apurketa).32�34 Gune honetan,interakzio elektrostatikoaren gabeziak substratuaren haustura exonukleoli-tikoa izatera bultzatzen du. Beste gune batzuk (adibidez P0 eta B3) aldako-rragoak dira gisakoen artean.1.3 Abelgorri A Erribonukleasa PankreatikoaAbelgorri A erribonukleasa pankreatikoa (A RNasa) [EC 3.1.27.5℄, abelgorripankreak sortzen duen entzima nagusia izateaz gain, gaur egun A erribonu-kleasa superma�liaren arketipoa dela onartzen da. 60 urte baino gehiagozikertua izan da,24,28,35 ARNasaren garbiketa emanez, aminoazido sekuentziaosoa argituz, egitura kristalinoa lortuz, proteina plegapen bideak argituzeta mekanismo katalikoan parte hartzen duten elementuen identi�kazioa lor-tuz.36�42 Entzima honi buruz egin zituzten lanengatik,43�45 1972an hiru iker-tzailek eta laugarren batek 1984an kimikako Nobel Sariak jaso zituzten (1.1Taula). Stanford Moore eta William H. Steinek lehengo aldiz proteina batenaminoazido konposizioa identi�katu zuten, A RNasa, eta urte batzuk beran-duago honen aminoazido sekuentzia lortu zuten. Berriro ere, lehenengo aldiaizan zen entzima baterako eta hirugarren aldia proteinentzat.44 Saria Chris-tian B. An�senekin banatua izan zen, proteinen estruktura tridimentsionalaaminoazidoen oinarrian datzala aurkitu baitzuen.43 1984ko kimikako No-bel Sarituak, Brue Merrieldek, entzimaren sintesi kimiko osoa lortu zuen.45Beraz, endoerribonukleasa hau katalisi entzimatikoaren oinarri estrukturalaketa dinamikoak maila teorikoan ikertzeko oso aproposa da.1.3.1 EgituraA RNasa 13.7kDa masa molekularreko eta 124 aminoazidoz osatutako katepolipeptidiko bakuna da. 20 amino azido naturaletatik, triptofanoa baka-rrik du faltan. β-lamina tolestura zentral bati elkartutako helize motxez etaN-terminal helize luze batez osatuta dagoen giltzurrun formako molekula da



6 1.3 Abelgorri A Erribonukleasa PankreatikoaNobel Saritua Urtea Nobel LanaChristian B. An�nsen (1916-1995) 1972 Studies on the Priniples thatGovern the Folding of ProteinChains 43Stanford Moore (1913-1982) 1972 The Chemial Strutures ofPanreati Ribonulease andDeoxyribonulease 44William H. Stein (1911-1980) 1972 The Chemial Strutures ofPanreati Ribonulease andDeoxyribonulease 44Brue Merri�eld (1921-2006) 1984 Solid Phase Synthesis 45
Table 1.1: A RNasaren gainean lan egindako kimika Nobel Sarituak.(1.1 Irudia). Estruktura orokorra zortzi zisteina erresiduek sortzen dutenlau disulfuro zubien bitartez egonkortua egoteaz gain, loop gehinak disol-batzailearekin interakzionatzen dute.46 Lotura gunea (gune aktiboa) kobaforma ematen dioten lau β-lamina antiparaleloz eratua dago, eta sarrera,N-terminal helizeaz (α1) eta C-terminal laminaz (β6) babestuta dago.47Bestalde, A RNasa entzimaren malgutasuna oso garrantzisua izateaz gain,katalisi abiadura mugatzen du: urrats mantsoan, proteinaren aldaketa kon-formazionala ematen da produktoa askatuz. Entzimak konformazio askea etalotuaren arteko oreka mantentzen du, nahiz eta bi egoeren artean kobarenestrukturan aldaketa egon. Honek, entzimak substratua ez dagoenean ere,katalitikoki garrantzitsuak diren konformazioak lagintzen dituela adieraztendu.46 Bandaren irekiera eta itxiera abiadura konstantea ∼ 1000-3000 s−1koada. Substratua batzen denean, banda itxi egiten da ingurune hidrofobiko batsortuz. Ondoren produktuak askatzeko banda ireki egiten da. Batzearen on-dorioz dagoen aldaketa konformazional hau, koba tamainaren txikitzearekinlaburtu daiteke.48 Aldaketa honek loop batzuk nahasten ditu (4 loopa eta1 loopa) hala nola gune aktiboko erresiduoak. 4 loopak (64-71 erresiduoak)purina 5' aldetik lotzera behartzen du, 1loopak (14-24 aminoazidoak) guneaktibotik > 20 Åetara dauden erresiduo malgukor asko dituen bitartean.49Azken honek α1-helizea eta α2-helizea elkartzen ditu. Hala eta guztiz ere,A RNasak egonkortasun konformazional oso handia aurkezten du, nahikoageldoa baita pikosegundo-nanosegundo denbora tartean.47Aminoazido bakoitzaren ezaugarriek, proteinaren konformazioan eta fun-tzioan paper garrantzitsu bat jokatzen dute. Emaitza kristalogra�koetatikentzima honen 6 lotura azpigune identi�katu dira24,50�54 (begiratu 1.1 Es-kema): P−1-en Arg85; P0-n Lys66; P1-en Gln11, His12, Lys41, His119,Phe120 eta Asp121; P2-n Lys7 eta Arg10; B1-an Thr45, Asp83 eta Phe120;B2-n Asn67, Gln69, Asn71 eta Glu111. P1 azkiguneko His12, His119 etaLys41 erresiduo katalitikoen mutazioak, A RNasaren aktibitate gehiengoaren
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Figure 1.1: A RNasaren egitura kristalinoa (PDB ID= 1RPG50)galera dakar.41,55 His12 eta His119 azido eta base moduan jokatzen dutelasuposatzen den bitartean, Lys41 erresiduoak trantsizio egoera egonkortzenduela usten da.24,28,56,57 Hala ere, ikerketa batzuk erresiduo hauei besteeginkizun desberdin batzuk ematen dizkiete.29,58�61 Gainera, His119 erresi-duoaren albo-kateak bi konformazio har ditzake, Cα-Cβ loturaren inguruan142◦ko errotazioarekin eta Cβ-Cγ loturan 38◦ko errotazioarekin erlazionatzendirenak: A, χ1(N−Cα−Cβ−Cγ) ∼ 160◦, eta B, χ1 ∼ −80◦ .62 A konformazioaaktiboa kontsideratzen da eta katalisia ahalegintzen duen bitartean, B egi-tura konformazio inaktiboa kontsideratzen da.50B1 azpigunea nukleotido pirimidinikoekin bakarrik elkartzen da, ziti-dinarekiko lehentasuna izanik uridinaren aurrean. Thr45k espezi�kotasunhortan zerikusia du, nukleotido pirimidikoekin hidrogeno loturak sortzeazgain, adenina nukleobasearekin eragozpen esterikoak baititu.63 Gainera,oinarrizko egoera ezegonkortzen duenez, katalisian paper oso garrantzitsuadu.26,27 Bestalde, Asp83k ezin du zuzenean lotutako substratuarekin inte-rakzionatu, baina hidrogeno lotura bat sortzen du Thr45 erresiduoaren taldehidroxiloarekin, B1 azpigunean espezi�kotasuna sortzen duen aminoazidoa.B1-aren azken erresiduoa, Phe120, substratuaren lotura indartzen du bere
π elektroi eta hidrofobizitatearen bitartez, baina ez du purina/pirimidinaespezi�kotasunean parte hartzen.64,65 Hala eta guztiz ere, His119 erresidu-oaren kokapen zorrotzaren arduraduna da.66 B2 azpigunea base guztiekinbatu daiteke hurrengo abiadura konstante ordena aurkeztuz A > G >C > U.25,67 Beste alde batetik, P2 azpiguneko erresiduen mutazioak A



8 1.3 Abelgorri A Erribonukleasa PankreatikoaRNasaren endonukleasa aktibitatearen galera eta exonukleasa aktibitatearenindartzea dakar.32�34 Gainera, P0 eta P2-ko aminoazidoek substratuaren lo-tura zuzenaz gain, katalisian zeharkako ekarpena dute. Hauen interakziooulombikoak His12 eta His119ren pKa-k balio egokietan mantentzen di-tuzte.68 P1 azpiguneko Gln11 erresiduoak paper oso garrantzitsua jokatzendu katalisian, hidrogeno lotura bat eratzen baitu bere albo-kateko nitrogenoaeta P1-eko talde fosforilikoaren artean, substratua modu egokian orientatuzeta honen lotura era ez emankor batean gerta ez dadin eragotziz.69 Gainera,Gln11 erresiduoak entzima-substratu konplexuaren energi askea handiagotzendu.26 Bestalde, Asp121 eta His119 erresiduek bikote kataliko bat eratzendute, His119ren tautomero egokia ipintzeaz gain, A RNasaren egonkortasunkonformazionala handitzen duena.70,71 Gune aktiboa eta loop 4aren artekolotura nagusia erresiduo honek, Asp121, egiten du.1.3.2 Erreakzio MekanismoaA RNasa endoerribonukleasa, urdaileko mikroorganismoek sortzen dutenRNA kantitate handiak digeritzeko beharrezkoa da.2 Kate bakuneko RNAren3',5'-fosfodiester lotura apurketa katalizatzen du. Entzima honi buruzkodatu biokimiko, �siko eta kristalogra�ko aukera zabala dago.24,35,72 Hori-etatik, RNAren hidrolisiaren katalisia bi urratsetako mekanismo bat izandaitekeela ondorioztatu da,73 transfosforilazioa eta hidrolisia, nun bitarte-kari/produktu fosfodiester zikliko bat eratzen den gero hidrolizatua izateko(begiratu 1.2 Eskema). 3',5'-fosfodiester lotura aktibo gehiago geratzenez direnean bakarrik hasten da 2',3'-fosfodiester ziklikoaren hidrolisia 3'-fosfato terminal produktua emateko.74,75 Beraz, A RNasaren eraginkorta-sun katalitikoa askoz handiagoa da transfosforilazio erreakzioan hidrolisianbaino. Substratuaren kate luzera transfosforilazio erreakzio abiaduran kon-tutan hartu behar den beste faktore bat da. Ikerketa zinetiko batzuk on-dorengoa ziurtatu dute:25
• Entzimaren eraginkortasun katalitikoa substratu kate luzerarekin han-ditzen da.
• Gune aktiboko 5' aldean dauden base nitrogenatuek eraginkortasunkatalitikoa dute.
• A RNasak substratu polinukleotidoak oligonukleotidoak baino nahiagoditu.Bestalde, mekanismoaren bi urratsak base orokor batek eta azido orokorbatek modu kontzertatu batean katalizatzen dituztela usten da. Bi urra-tsak fosforoaren gain desplazamendu lerrokatua gertatu ondoren, bipiramidetrigonaleko geometria duen trantsio egoeretatik igarotzen direla suposatzenda.73,76�78 Mekanismo honentzako lau postulatu daude:
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Scheme 1.2: RNA hidrolisiaren katalisia bi-urratsetako mekanismo batean, transfosfo-
rilazioa eta hidrolisia. Lehenego fosfodiester zikliko bat eratzen da bitartekari/produktu
moduan, zeina gero hidrolizatua izaten den.

• Bost kideko eraztun batean posizio apikal eta ekuatorial bat luzatze-rakoan, eraztunaren tentsioa minimizatzen da.
• Talde elektronegatiboenek posizio apikalak betetzen dituzte.
• Bitartekariaren pseudoerrotazioa gertatu daiteke.
• Taldeak bitartekariaren posizio apikaletatik sartu eta atera behar dira.Nahiz eta informazio experimental asko izan, oraindik ez dago mekanis-moaren ulermen orokor bat, ezta RNasak sortzen duen katalisi abiadurahanditzearen analisi zehatzik. Gaur egun, abelgorri A RNasa pankreatikoakRNA hidrolizatzeko beste mekanismo desberdin batzuk jarraitu ditzakelaproposatu da.29,60,61,73,76,79�81 Gainera, trantsizio egoeren naturari eta pro-tonazio egoerari buruz eztabaida handia dago oraindik.28,82Lehenago aipatu dugun moduan, azido-base katalisi orokor baten bitartez,A RNasak RNA substratua bi urratsetako prozesu baten bitartez apurtzendu.73 Lehenengo urratsan (transfosforilazioan), RNA katea fosfoester trukebatez apurtzen da: ribosaren 2'-hidroxil taldeak fosfoesterraren lotura era-sotzen du (P-O2′ lotura eratzen da) eta hurrengo nukleotidoaren O5′ oxi-genoa kanporatua izaten da (P-O5′ lotura apurtzen da). Honen ondorioz,2',3'-fosfato zikliko bat sortzen da. Berriz, bigarren urratsan (hidrolisian),aktibatutako ur batek 2',3'-fosfato ziklikoa erasotzen du, fosfato 3'-terminalbat eskuratuz. Horretarako, P-O2′ lotura apurtzen du eta 2'-hidroxil taldeaberreskuratzen da (begiratu 1.2 Eskema). Erreakzio hauen talde katalitikonagusiak His12 eta His119aren albo-kateak eta Lys41aren amino talde ka-tionikoa dira. Kontutan izan behar da ere Gln11aren albo-katea eta Phe120arenkate nagusia tartean sartua daudela, bigarren mailako paper garrantzitsuajokatuz.



10 1.3 Abelgorri A Erribonukleasa PankreatikoaMekanismo KlasikoaMekanismo klasikoa73,76 katalisi azido-basiko kontzertatu bat da. Bertan,histidina katalitikoetako bat (His12) neutroa da eta base orokor bezala jokatzenduen bitartean, bestea (His119) protonatua dago eta azido orokor bezelajokatzen du. Transfosforilazio urratsan (2',3'-fosfato zikliko bat sortzen da,PO2′ lotura eratuz eta P-O5′ apurtuz), His12ren imidazol albo-kateak basemoduan jokatzen du 2'-hidroxil hidrogenoa substratutik abstraituz, eta ho-nen erasoa fosforo atomoan erraztuz. 5' nukleosidoaren desplazamendualortzeko eraso hau lerrokatua izan behar da. Bitartean, His119ren imida-zolium albo-kateak azido bezela jokatzen du O5′ oxigenoa protonatuz, etaondorioz atera behar den taldearen desplazamendua errazten du. Bukatzeko,lortutako bi produktuak, 2',3'-fosfato ziklikoa eta nukleosidoa disolbatzaileanaskatuak dira.2',3'-fosfato ziklikoaren hidrolisiaren urrats geldoa beste prozesu bateangertatzen da. Prozesu hau transfosforilazioaren alderantzizkoa dela dirudi(3'-fosfato terminal bat lortzen da, P-O5′ lotura eratuz eta P-O2′ apurtuz).Oraingoan His119 base moduan jokatzen du nukleo�loaren (ur molekula)protoi bat hartuz eta honen eraso nukleo�likoa fosforoaren gain erraztuz.Bitartean, His12k azido moduan parte hartzen du O2′ oxigenoa protonatuz.Bi erreakzio hauek oxifosforano dianioniko trantsizio egoeratik igarotzendira. Bertan fosforo atomoa pentakobalentea da. Trantsizio egoera hauekhidrogeno loturen bitartez egonkortzen dituzte Lys41 eta Gln11ren albo-kateek eta Phe120aren kate nagusiak. Ondorioz, erresiduo hauek katalisiaareagotzen dute.Breslow-ren MekanismoaBreslow eta bere kolaboratzaileek79,83 proposatutako mekanismoa, meka-nismo klasikoa73,76 moduan, azido-base katalisi kontzertatu bat da. Bainaoraingoan, transfosforilazio urratseko eraso nukleo�likoa bi protoi mugimen-durekin kontzertatua dago: lehenengoa substratuaren 2'-hidroxilotik His12base orokorrari, eta bigarrena His119 azido orokorretik O2P oxigeno fosfori-likora, O2′ren eraso nukleo�likoa fosforoaren gain errazten duena. Hurrengourratsan, His119k O2P oxigenoaren hidrogenoa berreskuratzen du eta O5′riematen dio, askatzen den taldearen mugimendua erraztuz. Eraso nukle-o�likoaren aurretik zubirik sortzen ez duen oxigeno fosforiliko bat proto-natzen denez, triester moduko mekanismoa deitzen zaio honi ere. Urratshonetan sortzen den trantsizio egoera oxifosforano monoanioniko bat da.Azkenik, bi produktuak, 2',3'-fosfodiester ziklikoa eta nukleosidoa, disol-batzailera askatzen dira.2',3'-fosfodiester ziklikoaren hidrolisi geldoa beste prozesu batean ematenda eta mekanismo klasikoarekin73,76 antza handia hartzen du. Urrats ho-nen trantsizio egoera oxifosforano dianioniko bat da. Ez da beharrezkoa



Erribonukleasak 11bitartekariaren protonazioa gertatzea transfosforilazioan bezala, hala ere, di-anioiak protoi bat eskuratu dezake geroago.2',3'-fosfodiester ziklikoaren hidrolisi geldoa beste prozesu batean ematenda eta mekanismo klasikoarekin73,76 antza handia hartzen du. 2',3'-zikloanahikoa erreaktiboa danez,84 ez da beharrezkoa honen protonazioa gertatzeaeraso nukleo�likoa aurretik, transfosforilazioan bezala. Hala ere, dianioiakprotoi bat eskuratu dezake geroago.Haydok-en MekanismoaHaydok eta bere lankideek,80,81 Breslow-en mekanismoak79 lehengo urra-tsarako azaltzen duen mekanismoaren beste bide desberdin bat proposatuzuten. Oraingo honetan, His119k bere protoia eman beharrean, hidrogenolotura bat sortzen du oxigeno fosforiloarekin. Berriz, His12k 2'-hidroxiloarenhidrogenoa oxigeno fosforilora desplazatzen laguntzeaz gain (konbertsio tau-tomerikoa), O2′-ren erasoa fosforoaren gain ahalegintzen du. Guzti honenondoren, His119k O5′ protonatzen du ateratzen den taldearen mugimenduaerraztuz. Azkenik, sortutako bi produktuak disolbatzailera askatuak dira.Oraingoan trantsizio egoera oxifosforano monoanioniko bat da.2',3'-fosfodiester ziklikoaren hidrolisi geldoa, beste prozesu batean ematenda eta mekanismo klasikoarekin73 antza handia du. Gln11aren albo-kateaketa Phe120aren kate nagusiak fosforo atomoaren karakter elektro�likoa han-dituz, katalisia areagotzen duten bitartean, Lys41k trantsizio egoera egon-kortzen du ur molekula baten bitartez oxigeno fosforiliko batekin interakzioez zuzen bat sortuz.Wladkowski-ren MekanismoaWladkowski eta bere lankideek60,85�87 proposatutako mekanismoan Lys41erresiduoa base moduan jokatzen du transfosforilazio urratsan eta azidomoduan hidrolisian. Hauek guztiz protonatutako bipiramide trigonal pen-takobalente (TBP) bitartekari oso egonkor bat proposatu zuten, nun His12eta Lys41 erresiduoak neutroak izan behar diren. His119 erresiduoak azidomoduan jokatzen du transfosforilazioan O5′ oxigenoa protonatuz eta askatzenden taldearen desplazamendua erraztuz, berriz base moduan jokatzen duhidrolisian talde nukleo�likoaren protoi bat abstraituz eta honen eraso nu-kleo�likoa fosforo atomoaren gain erraztuz.Lopez-en MekanismoaLopez eta bere lankideek29 hidrolisi urratsaren beste mekanismo bat pro-posatu zuten. Oraingoan, O2′ oxigenoa protonatzen duen azidoa Lys41 da,His12 beharrean mekanismo klasikoak73,76 adieratzen duen moduan. Wlad-kowski87 eta honen mekanismoaren arteko desberdintasuna trantsizio egoe-raren protonazioan datza. Wladkowskik bitartekari neutro bat proposatzen



12 1.4 Oxifosforanoakduen bitartean, Lopezek bitartekari dianioniko bat iradokitzen du. His12eta Gln11ren albo-kateek eta Phe120aren kate nagusiak hidrogeno loturenbitartez, oxigeno ekuatorialen gehiegizko karga negatiboa egonkortzen dute.1.4 OxifosforanoakOxifosforanoak garrantzi biologiko handiko molekula bipiramide trigonal pen-takobalenteak dira (TBP). Hauen ligandoek bi posizio har ditzakete, apikalaedo ekuatoriala (begiratu 1.3 Eskema). Oxifosforanoak transesteri�kazioeta hidrolisi erreakzioen trantsizio egoerak edo bitartekariak izaten dira.Lehenago aipatu dugun moduan, RNAren transfosforilazioa RNAren ribosaeraztunean aktibatutako 2'-hidroxi taldearen eraso lerrokatutik fosfatoarengain abiatzen da, TBP trantsizio egoera/bitartekaria sortuz. Ondoren P-O5′loturaren apurketa gertatzen da eta 2',3'-fosfato zizklikoa sortzen da.
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Scheme 1.3: Estruktura bipiramide trigonal pentakobalenteen irudikapen eske-
matikoa. TBP-k bi ligando mota dituzte: ligando ekuatorialak (urdinez) eta li-
gando axialak (gorriz). Berry pseudoerrotazio mekanismoan, piramide tetragonal
estruktura bitartez ligando posizioen aldaketa bat gertatzen da. Bi ligando ekua-
torial posizio axialetara igarotzen diren bitartean, bi ligando axialak posizio ekua-
torialetara mugitzen dira. Atomo pibotea, 1, posizio ekuatorialean mantentzen da,
baina piramide tetragonal trantsizio egoeran posizio apikala hartzen du.Urte askotan zehar transferentzi fosforiliko erreakziotan bitartekari egonko-rrak dauden edo ez eztabaidatu da.28,82,88 Bitartekariaren erdibizitza denbo-rak, protonazio egoerarekin eta fosforanoaren tamainarekin handitzen dena,funtsezko garrantzia du. Hala ere, egoera experimental desberdinetan fos-fodiester eta bitartekariak izan dezaketen protonazio egoerari buruzko eztabaidadago. Fosfodiester zikliko eta ez-ziklikoen hidrolisia gas eta medio homo-geneoetan (A RNasaren katalisi erreakzioaren berdintsua) aztertzen dutenlan askok, oxifosforano bitartekari egonkor bat proposatzen dute erreakzio-bidean zehar.29,89�92 Fosforano espezien protonazioak, pH eta fosforanoarenpKa-ren menpe dagoena, egonkortasunean eta erreakzioetan lortuko denproduktuan zerikusi handia du. Baldintza azidoetan oxifosforano bitarte-kari monoanioniko batek pseudoerrotazioa izan dezake. Ligando posizioenaldaketa piramide tetragonal baten bitartez, bi ligando ekuatorial posizio



Erribonukleasak 13axialetara igarotzen diren bitartean, bi ligando axialak posizio ekuatoriale-tara mugitzen dira. Atomo pibotea posizio ekuatorialean mantentzen da,baina piramide tetragonal trantsizio egoeran posizio apikala hartzen du (be-giratu 1.3 Eskema). Berry pseudoerrotazioa dagoen edo ez jakin daiteke2',5'-lotura duen migraketa produktua identi�katzen bada. Bestalde, bal-dintza basikoetan oxifosforano dianioniko trantsizio egoera/bitartekaria era-tzen da. Honen pseudoerrotazioa ezinezkoa da, elektroi-emaile oxianioi batposizio apikalean jarri beharko baitzen, espezie oso ezegonkor bat eratuz.84Ondorioz, ez da migrazio produkturik aurkitzen oxifosforano dianionikoaren-tzako.Datu experimental eta teorikoak transfosforilazioaren bitartekari oxifos-forano dianioniko bat zinetikoki trantsizio egoeratik bereiztu ezina izateazgain, protonazioa edo pseudoerrotazioa emateko bizitza denbora oso motzaduela diote gas fasean.82,89�94 Hala ere, orain dela gutxi emaitza kon-putazionalak61 kontutan hartuz oxifosforano dianioniko bitartekari egonkorbat proposatu da A RNasa hidrolisi erreakzioarentzako. Bestalde, bitartekari-aren existentziatik baztertuz, lotura endoziklikoa, P-O2′ , exoziklikoa, P-O5′ ,baino ahulagoa da.95,96 Beraz, oxifosforanoaren oxigeno exoziklikoaren ir-teera izan behar du urrats mugatzailea.Estrukturaren hidrogeno lotura intramolekularrei esker lortzen da oxifos-forano neutro/diprotiko eta monoanioniko/monoprotikoen egonkortasuna.Lotura intramolekular hauek P-O lotura axialen elongazioa eta ahuleziasortzen dute, batez ere apurketa endoziklikoarekin erlazionatua dagoenarena,P-O2′ .1.5 Tesi honen helburuaGaur egun ez da lortu oraindik RNAren hidrolisi mekanismoaren erabatekoulermena ezta A RNasak sortzen duen abiadura hobetzearen analisi ze-hatzik, nahiz eta entzima honen datu ugari ezagutzen diren. Gainera, oxifos-forano pentakobalente bitartekari/trantsizio egoeren natura eta protonazioaoraindik ez dago argi. Honako tesi honetan ezagutzen den datu multzoariatal bat gehitzen, eta oraindik argi ez dauden arloei ikuspuntu berri batematen saiatzen gara. Tesia lau ataletan banatzen da:
• Part I: Ikertutako sistemaren eta erabilitako metodoen sarrera oroko-rra.
• Part II: RNAren transfosforilazio eta hidrolisi erreakziotan sortzendiren A RNasa konplexu desberdinen dinamika konformazionala, es-trukturen erlaxazioa eta solbatazio desberdinak, dinamika molekularklasikoa erabiliz ikertzen dira. 3. Kapituluak 3',5'-CpA dinukleotidoaeta A RNasaren arteko konplexua aztertzen du erreaktibo, eta trans-fosforilazio eta hidrolisi trantsizio egoeren mimika modeloak erabiliz.



14 1.5 Tesi honen helburua4. Kapituluan transfosforilazio eta hidrolisien fosforano bitartekarieketa A RNasak sortzen duten konplexuen thio ordezkapenak, dinamikaeta solbatazioan duen eragina aztertzen da.
• Part III: QM/MM metodologia erabili da oxifosforano bitartekarienprotonazio egoera desberdinen egonkortasun erlatiboa eta A RNasaentzimak katalizatzen duen RNAren hidrolisiaren pro�l energetiko des-berdinak aztertzeko. Hamiltoniano semienpiriko berri bat erabili daQM zatiarentzako, AM1/d-PhoT.97 Hau transferentzia fosforilikoa dutenerreakzioetarako parametrizatua izan da.
• Part IV: Aurreko kapituluen informazio gehigarria.



Chapter 2Ribonuleases
2.1 IntrodutionIn modern life on earth, DNA and RNA ollaborate with a third enodedlass of biomoleules, proteins, to support Darwinian evolution. This olla-boration, generated the enormous range of life that today oupies nearlyevery habitable nihe on the planet. DNA stores biologial information andproteins manifest it. The onduit between the storage and the manifestationis RNA:1 DNA ⇀↽ RNA → proteinThe �ow of information through RNA is essential for known life. Two lassesof enzymes ontrol this �ow by atalyzing the synthesis or degradation ofRNA. The synthesis is atalyzed by RNA polymerases, while RNA degra-dation is atalyzed by RNA depolymerases, whih are most often alled"ribonuleases" (abbreviated as RNase). All ribonuleases exhibit ytotoxie�ets. They �rst are adsorbed spei�ally to ertain ells, then RNases en-ter ells' ytosol, and �nally degrade the RNA. Consequently, ribonuleasesinhibit protein synthesis and ause ell death.2 In addition, RNases po-ssess therapeuti opportunities for aner treatment. The damage ause toRNA by RNases ould be an important alternative to usual DNA-damaginghemotherapeutis.3,4Ribonuleases an be divided into exoribonuleases and endoribonule-ases. The exoribonuleases5 degrade RNA by removing terminal nuleotidesfrom either 5' end or 3' end of RNA moleule. Whereas, endoribonuleasesreate internal breaks. One of the most studied families of this last typeribonuleases is the panreati ribonulease A family.6



16 2.2 Panreati Ribonulease A family2.2 Panreati Ribonulease A familyThis intriguing enzyme superfamily ations are losely linked to the evolu-tion of vertebrates and has undergone tremendous diversi�ation.6�11 RNaseA family ontains proteins, whih deompose the RNA polymer hain. Manymembers of the superfamily have potent biologial ativities that are depen-dent on their enzymati ativity. For example, human angiogenin12 (RNase5) is impliated in aner and in vasular and rheumatoid diseases;13�16eosinophil-derived neurotoxin (EDN, RNase 2) and eosinophil-ationi pro-tein (ECP, RNase 3) are neurotoxi in vivo and are involved in hyper-eosinophili syndromes and allergy;17,18 bovine panreati seminal RNasehas antispermatogeni and immunosuppressive ativity;19,20 and Ononasehas powerful antitumor ativities.21�23

Scheme 2.1: Representation of Bovine Pancreatic Ribonuclease A active site with a
bound RNA ligand. The subsites interacting with RNA bases, Bi, and phosphate groups,
Pi, are indicated.The proess of RNA depolymerization involves the interation of theenzyme with the polymeri substrate in the ative site and its orret align-ment on the surfae of the enzyme through multiple binding subsites (seeSheme 2.1). Aording to the established nomenlature,24 the ative siteis partitioned into subsites Bi and Pi, whih interat, respetively, with theRNA bases and phosphate groups.25 Subsite B1 has a strong spei�ity for



Ribonuleases 17pyrimidine bases, with a 30-fold kineti preferene for ytidine versus uri-dine.26 The spei�ity is onferred by residue Thr45 in bovine panreatiribonulease A, whih is stritly onserved in all RNases.27 The proteinleaves the P-O5′ (sissile) bond on the 3' side of pyrimidine bases boundat B1. Two atalyti histidines and a single lysine in subsite P1 (residuesHis12, His119, and Lys41 in bovine panreati ribonulease A) are stritlyonserved among RNase homologs and play key roles in the reation.24,28,29Subsite B2 is highly onserved and reognizes all bases, having a preferenefor adenine.30 It provides a binding poket for the leaving group nuleotide.On the other hand, P2 subsite ontributes to the binding e�ieny in theformation of the enzyme-substrate omplex, and plays an indiret role inthe atalyti mehanism.31 It seems that this binding site is involved andplays a key role in the endonuleolyti ativity (leavage at an internal part)of RNase A.32�34 The variants that lak eletrostati interation in this siteshow a lear shift toward the exonuleolyti leavage of substrate. Othersubsites (e.g., P0 and B3) are more variable among homologs.2.3 Bovine Panreati Ribonulease ABovine panreati ribonulease A (RNase A) [EC 3.1.27.5℄, the predominantform of enzyme produed by the bovine panreas, is now inreasingly reog-nized as the arhetype of ribonulease A superfamily. It has been studiedfor over 60 years,24,28,35 whih had lead to the puri�ation of RNase A,the eluidation of the omplete amino aid sequene, solution of the rystalstruture, lari�ation of protein folding pathways and identi�ation of theelements underlying the atalyti mehanims.36�42 In 1972 three researhesand a fourth one in 1984 were awarded with the Nobel Prize in hemistry forwork on this enzyme43�45 (see Table 2.1). Stanford Moore and William H.Stein were the �rst researhes on providing for the �rst time the amino aidomposition of a protein, RNase A, and some years later its amino sequene,another �rst time for an enzyme and a third for a protein.44 The prize wasshared with Christian B. An�nsen who disovered that the three-dimensionalstruture of a protein is based on its amino aid sequene.43 The Nobel lau-reate of 1984, Brue Merri�eld, ahieved the omplete hemial synthesisof the enzyme.45 Therefore, this endoribonulease is an ideal system for atheoretial study of the strutural and dynami basis of enzyme atalysis.2.3.1 StrutureRNase A is a single polypeptide of moleular mass 13.7 kDa and a sequenelength of 124 amino aids. It ontains 19 of the 20 natural amino aids, lak-ing only tryptophan. The moleule is kidney-shaped with a long N-terminalhelix and shorter helies that are paked against a entral β-pleated sheet(see Figure 2.1). The overall struture is stabilized by four disul�de bonds



18 2.3 Bovine Panreati Ribonulease ANobel Laureate Year Nobel LetureChristian B. An�nsen (1916-1995) 1972 Studies on the Priniples thatGovern the Folding of ProteinChains 43Stanford Moore (1913-1982) 1972 The Chemial Strutures ofPanreati Ribonulease andDeoxyribonulease 44William H. Stein (1911-1980) 1972 The Chemial Strutures ofPanreati Ribonulease andDeoxyribonulease 44Brue Merri�eld (1921-2006) 1984 Solid Phase Synthesis 45
Table 2.1: Nobel prizes in Chemistry for work on Bovine Pancreatic Ribonuclease Athat involve all eight of its ysteine residues, and large solvent-exposed loopsare presented.46 Besides, the binding poket is formed by three antiparal-lel β-sheets, whih have groove shape. The entrane to the ative site leftis �anked by the N-terminal helix (α1) and the C-terminal strand (β6).47RNase A is an enzyme in whih �exibility is important and rate limiting toatalysis: the slow step involves a protein onformational hange that gatesthe produt release. This enzyme presents an equilibrium between the freeand bound onformation, whih brings a hange in the groove's struture,indiating that the enzyme samples the atalytially relevant onformationseven in the absene of substrate.46 The rate onstant of this opening andlosing of the hinge is of ∼ 1000�3000 s−1. When the substrate binds, thehinge loses, reating a hydrophobi environment. Later, the hinge opens torelease the produts. The onformational hange an be summarized by theredution in the size of the ative site groove upon binding.48 This hangeinvolves several loop regions (loop 4 and loop 1) as well as residues at ativesite. Loop 4 ( residues 64�71) provides spei�ity of purine binding at 5'side, and loop 1 ( residues 14�24) ontains several �exible residues that are

> 20 Å from the ative site.49 It onnets α1-helix and α2-helix. Neverthe-less, RNase A has high onformational stability. It is quite immobile in thepioseond to nanoseond time window.47The di�erent harateristis of eah amino aid residue play key rolesin the onformation and funtion of the protein. From the results of rys-tallographi studies, six substrate binding subsites have been identi�ed forthis enzyme24,50�54 (see Sheme 2.1): Arg85 at P−1; Lys66 at P0; Gln11,His12, Lys41, His119, Phe120 and Asp121 at P1; Lys7 and Arg10 at P2;Thr45, Asp83 and Phe120 at B1; Asn67, Gln69, Asn71 and Glu111 at B2.The modi�ation of atalyti residues His12, His119 and Lys41 results inthe loss of most of RNase A ativity.41,55 The putative role of His12 andHis119 is to at as an aid and a base, while Lys41 ats stabilizing the tran-



Ribonuleases 19

Figure 2.1: Crystal structure of RNase A (PDB ID= 1RPG50)sition state.24,28,56,57 However, some studies present di�erent roles for thoseresidues.29,58�61 In addition, the side hain of residue His119 an adopt twoonformations denoted as A, χ1(N−Cα−Cβ−Cγ) ∼ 160◦, and B, χ1 ∼ −80◦ 62 ,whih are related by a 142◦ rotation about Cα − Cβ bond and 38◦ rotationabout the Cβ − Cγ bond. Conformation A is onsidered as the ative on-formation, whih promotes atalysis, whereas onformation B is onsideredas the inative onformation.50The B1 subsite binds only to pyrimidine nuleotides with a preferenefor ytidine versus uridine. Thr45 ontributes to this spei�ity by forminghydrogen bonds with pyrimidine nuleobases and by steri exlusion of ade-nine nuleobase.63 Moreover, Thr45 plays an important role in atalysis bydestabilizing the ground state.26,27 Besides, Asp83 annot interat diretlywith the bound substrate. It forms a hydrogen bond with the hydroxylgroup of Thr45, whih gives substrate spei�ity at B1 subsite. The otherresidue of B1 subsite, Phe120, is likely to enhane substrate binding withthe aid of its π eletron and hydrophobiity, but it does not ontribute topurine/pyrimidine spei�ity.64,65 However, it is responsible for the stritpositioning of His119.66 The B2 subsite bind all bases, and presents a rateonstant order of A > G > C > U.25,67 On the oder hand, the mutation ofP2 subsite residues, results in a loss of endonulease ativity and inrease ofexonulease ativity of RNase A.32�34 Besides, amino aid residues of P2 andP0 subsites make some indiret ontribution to ativity, other than diretsubstrate binding. Their oulombi interations maintain His12 and His119



20 2.3 Bovine Panreati Ribonulease Aat their optimum pKa values.68 Residue Gln11 of subsite P1 plays an im-portant role in atalysis, it forms a hydrogen bond between its side hainnitrogen and the phosphoryl group of P1 subsite orienting the substrate andpreventing it from binding in a nonprodutive mode.69 Moreover, Gln11 in-reases the free energy of the enzyme�substrate omplex.26 Whereas, Asp121makes a hydrogen bond interation with His119, forming a atalyti dyadwhih positions the proper tautomer of His119 and enhanes the onforma-tional stability of RNase A.70,71 This residue provides the main link betweenthe ative site poket and loop 4.2.3.2 Reation MehanismRNase A distributive endoribonulease is needed to digest the large amountsof RNA produed by miroorganisms present in forestomahs.2 It atalyzesthe breakdown of 3',5'-phosphodiester linkage of single stranded RNA. A par-tiularly wide range of biohemial, physial, and rystallographi data areavailable for this enzyme.24,35,72 These have led to proposals for the atalysisof the hydrolysis of RNA by a two-step mehanism,73 transphosphorylationand hydrolysis, in whih a yli phosphodiester intermediate/produt isformed and subsequently hydrolysed (see Sheme 2.2). Only when no sus-eptible 3',5'-phosphodiester bonds are left, the hydrolysis of the 2',3'-yliphosphodiester bonds to a 3'-phosphate produt takes plae.74,75 Atually,the atalyti e�ieny of RNase A for the transphosphorylation reation ismuh higher than that for the hydrolysis reation. The length of the sub-strate is another fator that a�ets the rate of transphosphorylation. Somekineti studies have demostrated that:25

Scheme 2.2: Catalysis of the hydrolysis of RNA by a two-step mechanism, transphos-
phorylation and hydrolysis. A cyclic phosphodiester intermediate/product is formed and
subsequently hydrolysed.1. The atalyti e�ieny of the enzyme inreases with the length of the



Ribonuleases 21substrate2. The atalyti e�ieny depends on the nitrogenated bases adjaent atthe 5'-side of the ative site3. RNase A prefers polynuleotide substrates rather than oligonuleotidesOn the other hand, both steps, transphosphorylation and hydrolysis, arethought to involve in-line displaement at the phosphorus, to pass throughtrigonal bipyramid (TBP hereafter) transition states and to be atalyzed bythe onerted ation of a general aid and a general base.73,76�78 There arefour postulates for this mehanism:1. If a �ve-membered ring is present, ring strain is minimized if it spansone apial and one equatorial position.2. Apial positions are oupied by the more eletronegative groups.3. Pseudorotation of the intermediate may our.4. Groups must enter and leave the intermediate from apial positions.In spite of the aumulated experimental information, a full understandingof the mehanism and a detailed analysis of the rate enhanement produedby ribonulease has not been ahieved, and nowadays, there are di�erent me-hanism proposed29,60,61,73,76,79�81 for RNA hydrolysis atalyzed by bovinepanreati RNase A. Moreover, there remains onsiderable debate onern-ing the nature of the strutures of the transitions states along the reationpath and their protonation states.28,82As mentioned above, RNase A leaves RNA substrates in a two-stepproess, by general aid-base atalysis.73 In the �rst step (transphosphory-lation), the RNA hain is leaved by a phosphate ester exhange, in whihthe 2'-hydroxyl group of ribose attaks the phosphate ester linkage (P�O2′bond is formed) and the O5′ oxygen of the next nuleotide is ejeted (P�O5′bond is leaved). As a result, a 2',3'-yli phosphate is formed. In the se-ond step (hydrolysis), the previously formed P�O2′ bond of the 2',3' yliphosphate is leaved by an attaking ativated water moleule to generatea 3'-terminal phosphate group and regenerate the 2'-hydroxyl group (seeSheme 2.2). The prinipal atalyti groups for these reations are the sidehains of His12 and His119 and the ationi amino group of Lys41, whereasin addition, the side hain of Gln11 and the main hain of Phe120 are alsoimpliated as having important seondary roles.Classial MehanismThe lassial mehanism73,76 is a onerted aid-base atalysis, where oneof the atalyti histidines (His12) is neutral and ats as a general base,



22 2.3 Bovine Panreati Ribonulease Awhile the other (His119) is protonated and ats as a general aid. In thetransphosphorylation step (P�O2′ bond is formed and P�O5′ bond is leaved,generating a 2',3'-yli phosphate), the imidazole side hain of His12 ats asa base that abstrats the 2'-hydroxyl hydrogen of the substrate, and therebyfailitates its attak on the phosphorus atom. This attak proeeds in line todisplae the 5' nuleoside. Meanwhile, the imidazolium side hain of His119ats as an aid that protonates O5′ oxygen, failitating the displaement ofthe leaving group. Finally, both produts, the 2',3'-yli phosphodiesterand the nuleoside, are released to solvent.The slow hydrolysis of the nuleoside 2',3'-yli phosphodiester ours ina separate proess that resembles the reverse of transphosphorylation (P�O5′bond is formed and P�O2′ bond is leaved, reating a 3'-terminal phosphate).Now, His119 ats as a base abstrating the proton from the nuleophile, awater moleule, and failitating the nuleophili attak on the phosphorusatom. While His12 ats as an aid, protonating O2′ oxygen.Both reations our via dianioni oxyphosphorane transition states,where the phosphorus is a pentaovalent atom. The side hain of Lys41and Gln11, and the main hain of Phe120 enhane atalysis by stabilizingthese transition states via hydrogen bonds.
Breslow's MehanismAs the general aepted mehanism, lassial mehanism,73,76 this one pro-posed by Breslow and o-workers79,83 is a onerted aid-base atalysis. Al-though in this mehanism, the nuleophili attak in the transphosphory-lation step is onerted with two proton transfers: a �rst one from the 2'-hydroxyl hydrogen of the substrate to the general base His12; and a seondone from the general aid His119 to O2P phosphoryl oxygen, failitating theattak of O2′ on the phosphorus atom. In the next step, imidazole side hainof His119 removes the proton from the phosphoryl oxygen O2P and transfersit to O5′ , failitating the displaement of the leaving group. This mehanismis also alled the triester like mehanism, beause a non-bridging oxygen isprotonated prior to the nuleophili attak. The transition state form in thisstep is a pentaovalent monoanioni phosphorane. Finally, both produts,the 2',3'-yli phosphodiester and the nuleoside, are released to solvent.The slow hydrolysis of the nuleoside 2',3'-yli phosphodiester oursin a separate proess, whih is similar to the lassial mehanism.73,76 Itis not neessary the protonation of the 2',3'-yli phosphodiester prior tothe nuleophili attak, like in the transphosphorylation step, beause it issu�iently reative.84 Nevertheless, the dianion an pik the proton later.



Ribonuleases 23Haydok's MehanismHaydok and o-workers proposed an alternative mehanism80,81 for the �rststep of Breslow's mehanism.79 Here, the imidazolium side hain of His119hydrogen bonds instead of giving up its proton, to a phosphoryl oxygen, whileimidazole side hain of residue His12 failitates the intramoleular transferof the 2'-hydroxyl hydrogen to a phosphoryl oxygen (tautomeri onversion)and the attak of O2′ on the phosphorus atom. This is followed by a pro-ton transfer from imidazolium side hain of His119 to O5′ oxygen, whihfailitates the displaement of the leaving group. Then, both produts, the2',3'-yli phosphodiester and the nuleoside, are released to solvent. Thetransition state form in this step is a monoanioni pentaovalent phospho-rane.The slow hydrolysis step of the nuleoside 2',3'-yli phosphodiester o-urs in a separate proess similar to the lassial mehanism.79 The sidehain of Gln11 and the main hain of Phe120 enhane atalysis by inreasingthe eletrophiliity of the phosphorus atom, while the side hain of Lys41stabilize the transition state by an indiret interation with a phosphoryloxygen via a water moleule.Wladkowski's MehanismWladkowski and o-workers60,85�87 proposed a mehanism where Lys41 atsas the atalyti base in the transphosphorylation step and as the general aidin the hydrolysis step. They suggest a fully protonated and highly stablepentaovalent trigonal bipyramidal (TBP) phosphorane intermediate, whereresidues His12 and Lys41 are neutral. Residue His119 ats as the generalaid in the transphosphorylation step, protonating the O5′ axial oxygen andfailitating the displaement of the leaving group, while in the hydrolysis stepHis119 ats as the general base abstrating the proton from the nuleophileand failitating the nuleophili attak on the phosphorus atom.Lopez's MehanismLopez and o-workers proposed an alternative hydrolysis step,29 where Lys41at as the aid protonating O2′ oxygen rather than His12 as proposed in thestandard mehanism.73,76 The di�erene between this mehanism and theone proposed by Wladkowski87 is in the protonation state of the phosphoraneintermediate. Lopez suggests a dianioni intermediate, while Wladkowskisuggest a neutral one. Imidazolium side hain of residue His12, side hain ofGln11 and the main hain of Phe120 stabilizes the exess of negative hargeof the equatorial oxygens through hydrogen bond interations.



24 2.4 Oxyphosphoranes2.4 OxyphosphoranesThe oxyphosphoranes are pentavalent trigonal bipyramidal (TBP) moleulesof important biologial signi�ant, where the ligands oupy two di�erentpositions, the apial or the equatorial (see Sheme 2.3). They are the tran-sition states or intermediates in biologial transesteri�ation and hydrolysisreations. As mention above, the dominant reation path for the transphos-phorylation in RNA proeeds via an in-line attak of an ativated 2'-hydroxygroup of the RNA sugar ring on the reative phosphate group to produe aTBP phosphorane transition state/intermediate, followed by the leavage ofthe P-O5′ bond to produe a 2',3'-yli phosphate.
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Scheme 2.3: Schematic representation of the structure of pentacoordinate trigonal
bypiramidal species. The TBP species have two types of ligand: equatorial ligands
(in blue) and axial ligands (in red). At Berry pseudorotation mechanism, an ex-
change of ligand positions via square pyramidal structure occurs. Two equatorial
ligands move to axial positions, and the two axial ligands move to equatorial po-
sitions. The pivot atom, 1, remains in the equatorial position and it occupies the
apical position in the square pyramidal transition state.The possible presene of stable intermediates in phosphoryl transfer re-ations has been atively debated for many years.28,82,88 The lifetime ofthe intermediate, whih inreases with the protonation and the size of thephosphorane, is of paramount importane. In addition, ontroversy existsonerning the protonation states of the phosphodiesters and intermediateunder various experimental onditions. A large number of studies of the hy-drolysis of yli and non-yli phosphodiester in gas and in homogeneousmedia exist, analogues to RNase A atalysis reation, where the existeneof a stable phosphorane intermediate along the reation path has been pre-dited.29,89�92 The protonation of the phosphorane speies, whih dependsupon the pH and the pKa of the phosphorane, plays a entral role in itsstability and the outome of these reations. Under aidi onditions, amonoanioni oxyphosphorane intermediate an undergo pseudorotation. Anexhange of ligand positions via a square pyramidal struture, where twoequatorial ligands move to the axial positions, and the two axial ligandsmove to the equatorial positions. The pivot atom remains in the equatorialposition, and it oupies the apial position in the square pyramidal transi-



Ribonuleases 25tion state (see Sheme 2.3). The Berry pseudorotation an be dedued byidenti�ation of the migration produt with 2',5'-linkage. By ontrast, underbasi onditions a dianioni oxyphosphorane transition state/intermediate isformed, whih pseudorotation is prohibited beause an eletron-donatingoxyanion must be plaed at the apial position that would result in an ex-tremely unstable speies.84 Therefore, no migration produt is found for thedianioni oxyphosphorane.Experimental and theoretial data suggest that a dianioni oxyphospho-rane transphosphorylation intermediate is kinetially indistinguishable froma transition state and is too short-live to undergo other proesses as pro-tonation or pseudorotation in the gas phase.82,89�94 However, reently astable dianioni oxyphosphorane intermediate for the RNase A hydrolysisreation has been proposed taking into aount omputational results.61 Ir-respetive of whether or not the intermediate exists, the endoyli bond,P�O2′ , is intrinsially weaker than the exoyli bond, P�O5′ .95,96 There-fore, the departure of exoyli oxygen from the oxyphosphorane should bethe rate-limiting step.The stability of the neutral/diproti and monoanioni/monoproti oxyphos-phorane is due to the intramoleular hydrogen bonding on the struture.This intramoleular hydrogen bonding ause onsiderable elongation andweakening of the axial P-O bond, in partiular the one involved in the en-doyli leavage, P-O2′ .2.5 Sope of this thesisA full understanding of the reation mehanism and a detailed analysis ofthe rate enhanement produed by RNase A has not been ahieved for RNAhydrolysis, despite the large amounts of data available for this enzyme. Inaddition, the protonation states and the nature of the pentaovalent oxyphos-phorane transition states/intermediates' strutures along the reation pathremain being unlear today. The present thesis is a ontribution to the ex-tended range of data and tries to give some lue to the unresolved issues.The thesis work is divided in 4 parts:
• Part I: A General introdution to the system under study and to theapplied methodology.
• Part II: Di�erent RNase A omplexes' onformational dynamis, stru-tural relaxation, and di�erent solvation that ours at disreet stagesof the transesteri�ation and leavage reation of RNA are studied bylassial moleular dynamis. Chapter 4 analyzes RNase A omplexedwith the dinuleotide ytidilyl-3',5'-adenosine (CpA) in the reatant,and transphosphorylation's and hydrolysis' transition state analogs.In Chapter 5, the in�uene of thio substitutions in the dynamis and



26 2.5 Sope of this thesissolvation of RNase A omplexed with transphosphorylation's and hy-drolysis' phosphorane intermediates are studied.
• Part III: QM/MM methodology has been applied to study the rel-ative stability of di�erent protonation states of oxyphosphorane in-termediates and the energeti pro�les of RNA hydrolysis atalyzed byRNase A enzyme. A new semiempirial Hamiltonian, AM1/d-PhoT ,97parametrized for phosphoryl transfer reations has been used in theQM part.
• Part IV: Supporting Information of previous hapters



Chapter 3Methods3.1 Quantum TheoryComputational hemistry and moleular modeling are used to haraterizeand to predit the behavior of small and maro-moleules by evaluatingtheir energy. The most preise method to alulate the energy of moleularsystems is by solving the Shrödinger equation, the basis of the QuantumTheory. This theory, where the energy is quantized, was developed in thetwenties of the last entury.98�102 Although at the beginning Quantum The-ory was mainly the playground for the physiist, it soon found appliations inhemistry, reating the so all Quantum Chemistry. Over the years quantumhemistry has produed important tools for hemists in order to alulate,understand and predit moleular properties.Quantum Theory is unfortunately limited to systems with a small num-ber of atoms, beause this methodology treats the eletrons expliity, whihis omputationally very expensive. For large moleules like proteins, thedesription of energetis of the system relies on simpler methods, namelymoleular mehanis. These methods are based on the priniples of the las-sial instead of quantum mehanis, treating the position of the atoms andnot of the eletrons. This methodology will be explain in Setion 3.3.In priniple, all the amenable information of a system, may be obtainedfrom the arrangement of its nulei (protons and neutrons) and eletrons. TheQuantum Theory desribes this arrangement with a mathematial funtionalled the wavefuntion, Ψ. In order to obtain it, the Shrödinger equationneeds to be solved,
ĤΨ = EΨ(3.1)where Ĥ denotes the Hamiltonian operator, whih, when applied to thewavefuntion, Ψ, outputs the energy of the system, E, times the wavefuntionitself. For a system of Ne eletrons and NN nulei, the Hamiltonian in atomi



28 3.1 Quantum Theoryunits would be written as in Equation 3.2, aside from relativisti e�ets 1and spin-orbit oupling 2 .
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B; and RAB = |~RB − ~RA|, rij = |~rj −~ri| and riA = |~RA−~ri| are the distanebetween nulei A and B, eletrons i and j, and eletron i and nuleus A,respetively.Equation 3.2 an be simpli�ed supposing that, sine nulei are so heavywith respet to eletrons, their movement will be muh slower, and hene thenulear kineti term, T̂N , an be negleted. As a onsequene, the nuleus-nuleus potential energy term, V̂N−N , an be regarded as onstant, due tothe fat that it only depends on internulear distanes, whih are �xed in theapproximation. This is referred to as the Born-Oppenheimer approxi-mation,103 and results in the approximate Hamiltonian shown in Equation3.3.
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RABHere Ĥe is the eletroni Hamiltonian operator. Therefore, the eletroniwavefuntion, Ψe, depends expliity on the eletroni oordinates, and para-metrially on the position of the nulei. It is worth mentioning that forany arrangement of nulei (that is, eah moleular geometry), one obtains1The Relativisti E�ets are the hange in the inherent properties of the mass, whenit moves at a speed approahing the speed of light. For the quantum desription of theheaviest atoms in the periodi table, it beomes ruial.2Magneti interation between the spin of the eletron and the angular momentum ofthe orbital.



Methods 29an eletroni energy, and also a nuleus-nuleus interation. This builds upan e�etive 3NN -dimensional energy potential (for NN nulei), the topologyof whih will provide the energies of di�erent onformations, and the pathsthrough whih two energetially loal minima strutures are onneted. Thise�etive potential is often alled Potential Energy Surfae (PES here-after). The PES of a set of atoms is a vital feature that provides the infor-mation needed to disern the mehanisms of hemial transformations, andtheir energetis.Many mathematial methods have been devised to provide a way of �nd-ing the eletroni wavefuntion for any given atomi arrangement. One ofthe �rst developed moleular orbital method was the Hartree-Fok method(HF hereafter),104,105 where the wavefuntion is an antisymmetrized prod-ut of one-eletron orbitals. The eletrons are treated as moving in a mean�eld due to the nuleus and the remaining eletrons. The main drawbakof this method is that orrelation of eletrons with opposite spins is ne-gleted. There are di�erent ways in whih this orrelation an be takeninto aount. One of them are the perturbational methods suh as nth orderMøller-Plesset theory (MPn hereafter).106 In these methods the eletron or-relation is treated as a perturbation of the HF problem. In the Con�guration-Interation method (CI hereafter)107,108 the wavefuntion is expressed as alinear ombination of on�gurations to provide a better variational solutionto the exat many-eletron wavefuntion. There are other more sophistiatedmethods suh as Coupled Cluster (CC hereafter)109�111 , Multi-RefereneCon�guration Interation (MRCI hereafter) or Complete-Ative-Spae SelfConsistent Field (CASSCF hereafter) methods,112,113 whih are very usefultools to study eletroni properties of both ground and exited states. Thesemethods are alled ab initio methods, beause they alulate the wavefun-tion from �rst priniples, aording to the raw Quantum Theory.A more modern approah, and highly promising, is the Density Fun-tional Theory (DFT hereafter).114�117 Although not stritly ab initio, itis nonetheless very losely related to the HF method (simplest of ab ini-tio methods), but modi�ed in suh a way that its auray is substantiallyimproved.Other approah is the Semiempirial methods, whih are muh fasterbut less aurate than any ab initio or DFT alulations. They are lessrigorous in their treatment of the underlying physis.3.2 Semiempirial MethodsThe Semiempirial methods are a simpli�ation of the HF method, to beefup its performane. Only the valene eletrons are expliity onsidered, theore eletrons are aounted for by reduing the nulear harge or introdu-ing funtions to model the ombined repulsion due to the nulei and ore



30 3.2 Semiempirial Methodseletrons. Furthermore, only a minimum basis set, the minimum number offuntions neessary for aommodating the eletrons in the neutral atom,is used for the valene eletrons. Slater type orbitals (STO), exponentialfuntions, are used as basis funtions,
χζ,n,l,m(r, θ, ϕ) = NY m

l (θ, ϕ)rn−le−ζr(3.4)where N is a normalization onstant, Y m
l are the spherial harmoni fun-tions, n,m and l are quantum numbers, prinipal, magneti and azimuthalrespetively, θ is the polar angle and ϕ is the azimuthal angle, r is the dis-tane of the eletron from the nuleus and ζ is a onstant related to thee�etive harge of the nuleus. The exponential dependene ensures a fairlyrapid onvergene with inreasing number of funtions.The semiempirial methods make use of the Zero Di�erential Overlap(ZDO) approximation, in whih integrals ontaining the produt χA

µ (1)χB
λ (1)where µ 6= λ are negleted (Equation 3.6). Therefore, ertain two-eletronrepulsion integrals (see Equation 3.5) are ignored.
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〈µAνB|λCσD〉 = δµλδνσ〈µAνB|µAνB〉(3.6) where δµλ =

{
1 µ = λ
0 µ 6= λHere µ, ν, λ and σ denote the basis funtions, and A,B,C and D are theatoms where the basis funtions are entered on. One of the main onse-quenes of this assumption, is that all two-eletron integrals involving three-and four-enter harge distributions are negleted. The remaining integralsare made into parameters, whih are �tted from experimental results, orhigher level alulations. This is why these methods are alled Semiempiri-al. Di�erent semiempirial methods exist depending on how many integralsare negleted and how the parametrization is done.Neglet of Diatomi Di�erential Overlap Approximation (NDDO)All the terms arising from the overlap of two atomi orbitals whih are on dif-ferent enters are set to zero. The approximation is de�ned by the followingequations:Overlap integral and one-eletron operator:

Sµν = 〈µA|νB〉 = δµνδAB(3.7)
ĥ = −1

2
∇2 −

NN∑

A

Z
′

A

|~RA−~r|
= − 1

2
∇2 −

NN∑

A

VA(3.8)
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a denotes that the nulear harge has been redued by the number ofore eletrons.One-eletron integrals:
〈µA|ĥ|νA〉 = δµν〈µA| −

1

2
∇2 − VA|µA〉 −

NN∑

a6=A

〈µA|Va|νA〉

〈µA|ĥ|νB〉 = 〈µA| −
1

2
∇2 − VA −VB |νB〉(3.9)

〈µA|VC |νB〉 = 0In the ase of the two-eletron integrals, all the produts of basis fun-tions depending on the same eletron when loated at di�erent atoms arenegleted.
〈µAνB |λCσD〉 = δACδBD〈µAνB|λAσB〉(3.10)Intermediate Neglet of Di�erential Overlap Approximation (INDO)In addition to the NDDO approximations, INDO neglets all two-enter two-eletron integrals whih are not of the Coulomb type. Furthermore, the totalenergy is independent of a rotation of the oordinate system, some of the in-tegrals are independent of the orbital type. Therefore, one-eletron integralsinvolving two di�erent funtions on the same atom and a Va operator fromanother atom disappear.One-eletron integrals:

〈µA|ĥ|νA〉 = −δµν

NN∑

a

〈µA|Va|µA〉(3.11)Two-eletron integrals:
〈µAνB|λCσD〉 = δµAλC

δνBσD
〈µAνB |µAνB〉(3.12)Those two terms (〈µA|Va|µA〉 and 〈µAνB|µAνB〉) are independent to theorbital type, s or p. Moreover, the two-eletron integrals are redued to justtwo parameters.

〈µAνA|µAνA〉 = 〈µAµA|µAµA〉 = γAA(3.13)
〈µAνB|µAνB〉 = γAB



32 3.2 Semiempirial MethodsComplete Neglet of Di�erential Overlap Approximation (CNDO)In this approximation only the Coulomb one-enter and two-enter two-eletron integrals remain.Modi�ed methods used moleular experimental data suh as geometries,heats of formation, dipole moments and ionization potentials for �tting theparameters. In the next subsetion we are going to explain a bit the Modi�edNDDO Models, due to the fat that we have employed one of them in ouralulations.3.2.1 Modi�ed NDDO ModelsMNDO, AM1 and PM3 are derived from the same approximation, NDDO,and di�er only in the way the ore-ore repulsion is treated, and how theparameters are assigned. Those methods only onsider s- and p-funtions,whih are taken as Slater Type Orbitals (STO) with orresponding expo-nents, ζs and ζp (Equation 3.4). The parametrization is done in terms ofatomi variables, only the nature of a single atom is taking into aount.The one-enter one-eletron integrals have a value orresponding to theenergy of a single eletron experiening the full nulear harge (Us or Up)plus terms from the potential due to all the other nulei in the system (�rstEquation in 3.9).
hµν = 〈µA|ĥ|νA〉 = δµνUµ −

NN∑

a6=A

Z
′

a〈µAsa|νAsa〉(3.14)
Uµ = 〈µA| −

1

2
∇2 − VA|µA〉Here µA and νA are s- or p-symmetry orbitals entered on atom A, while sais a s-type funtion entered on an atom di�erent to A.The two-enter one-eletron integrals given by the seond Equation in 3.9are written as a produt of the orresponding overlap integral times theaverage of the two atomi "resonane" parameters, β.

〈µA|ĥ|νB〉 = 〈µA| −
1

2
∇2 − VA − VB |νB〉

= Sµν
1

2
(βµ + βν)(3.15)

Sµν = 〈µA|νB〉There are only �ve types of one-enter two-eletron integrals surviving theNDDO approximation (Equation 3.10)
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〈ss|ss〉 = Gss

〈sp|sp〉 = Gsp

〈ss|pp〉 = Hsp

〈pp|pp〉 = Gpp

〈pp′|pp′〉 = Gp2The G-type parameters are Coulomb terms, while H parameter is an ex-hange integral. The Gp2 integral involves two di�erent types of p-funtions(i.e. px, py or pz).On the other hand, there are a total of 22 di�erent two-enter two-eletronintegrals arising from a sp-basis, whih are modelled as interations betweenmultipoles (Table 3.1). They represent the energy of an eletron densitydistribution, eletron 1, arising from the produt of the �rst two atomiorbitals interating with the eletron density distribution of eletron 2, whiharises from the produt of the seond two atomi orbitals (Table 3.2).
Table 3.1: Different types of electron density distributionAtomi Multipole # harges ChargeOrbitals distribution

〈ss| Monopole 1 -1 entered on the nuleus
〈sp| Dipole 2 +1/2 loated at position (x,y,z)-1/2 loated at position (-x,-y,-z)
〈pp| Monopole + 3 +1/2 loated at the nuleusLinear Quadrupole -1/4 at positions (x,y,z) and at (-x,-y,-z)
〈pp′ | Square Quadrupole 4 +1/4, -1/4, +1/4 and -1/4 forminga square entered on the nuleusEah of the MNDO, AM1 and PM3 methods involves at least 12 param-eters per atom: orbital exponents, ζs/p; one-eletron terms, Us/p and βs/p;two-eletron terms, Gss, Gsp, Gpp, Gp2,Hsp; parameters used in the ore-orerepulsion, α; and for the AM1 and PM3 methods a, b and c onstants.Modi�ed Neglet of Diatomi Overlap (MNDO)The ore-ore repulsion has the next form in the MNDO model,118,119

EMNDO
N (A,B) = Z

′

AZ
′

B〈sAsB|sAsB〉(3.16)
×(1 + e−αARAB + e−αBRAB )



34 3.2 Semiempirial Methods1 〈ss|ss〉 12 〈spσ|pπpπ〉2 〈ss|pπpπ〉 13 〈spσ|pσpσ〉3 〈ss|pσpσ〉 14 〈ss|spσ〉4 〈pπpπ|ss〉 15 〈pπpπ|spσ〉5 〈pσpσ|ss〉 16 〈pσpσ|spσ〉6 〈pπpπ|pπpπ〉 17 〈spπ|spπ〉7 〈pπpπ|p
′

πp
′

π〉 18 〈spσ|spσ〉8 〈pπpπ|pσpσ〉 19 〈spπ|pπpσ〉9 〈pσpσ|pπpπ〉 20 〈pπpσ|spπ〉10 〈pσpσ|pσpσ〉 21 〈pπpσ|pπpσ〉11 〈spσ|ss〉 22 〈pπp
′

π|pπp
′

π〉

Table 3.2: The 22 different two-electron two-center integrals arising from a sp-
basiswhere the α exponents are taken as �tting parameters. They aount for de-reased sreening of nuleus by the eletrons at small interatomi distanes.
〈sAsB |sAsB〉 is a Coulomb repulsion integral between a s-symmetry orbitalentered in A and a s-symmetry orbital entered on B. For O�H and N�Hbonds, a modi�ed form of the sreening term is used,

EN (A,H) = Z
′

AZ
′

H〈sAsH |sAsH〉(3.17)
×
(
1 +

e−αARAH

RAH
+ e−αHRAH

)In ertain distanes, suh as nonovalent intermoleular interations (i.e.hydrogen bonds), the MNDO model is problemati.Austin Model 1 (AM1)The AM1 model120 inludes a set of Gaussian ore-ore terms that allevi-ate the exessive repulsion just outside the bonding distanes, whih wasobserved by MNDO model. The ore-ore repulsion has the following form,
EN (A,B) = EMNDO

N (A,B) +
Z

′

AZ
′

B

RAB(3.18)
×
(∑

k

akAe
−bkA(RAB−ckA)2 +

∑

k

akBe
−bkB(RAB−ckB)2

)where k is between 2 and 4 depending on the atom (di�erent number ofGaussians is used for eah atom), and ak, bk and ck are onstants �tted to



Methods 35moleular data. The Gaussian ore-ore terms are empirial adjustments tothe potential, devoid of rigorous physial meaning. However, a muh betterdesription of hydrogen bonds and proton-transfer reations are done withthem.Parametri Method Number 3 (PM3)In the PM3 method121,122 the AM1 expression for the ore-ore repulsion iskept, exept that only 2 Gaussian are assigned to eah atom.AM1 and PM3 models o�er a signi�ant improvement for hydrogen bondingrelative to MNDO but have the problem that they over-stabilize hypervalentstrutures beause of the arti�ially attrative ore-ore interations.In addition, with only s- and p-funtions inluded, the MNDO/AM1/PM3methods are unable to treat a large part of the periodi table. Furthermore,it is known that d-orbitals signi�antly improve the results for ompoundsinvolving seond row elements, espeially hypervalent speies as a pentava-lent phosphorane. The main problem is the inrease of two-eletron integrals:one-enter two-eletron integrals raises from 5 in a sp-basis to 17 in a spd-basis; while two-enter two-eletron integrals raises from 22 to 491 whend-funtions are inluded.Thiel and Voityuk123,124 onstruted a new model alled MNDO/d, whihinludes d-orbitals in the MNDO model. Nevertheless, it retains the sameproblem as MNDO for modeling hydrogen bonds and proton-transfer re-ations. Some years later, Lopez and York125 developed a new Hamilto-nian, AM1/d, that departs from d-orbitals formalism of MNDO/d and in-trodues the Gaussian ore-ore terms as in AM1 and PM3, however, theover-stabilization of the hypervalent strutures ontinue. This Hamiltonianwas reparametrizated for phosphoryl transfer reations for H, O and P atomssome years later by Nam et al., AM1/d-PhoT.97 They kept the ore-oreinterations for hydrogen bonding but turn those interations o� for phos-phorus bonding where the d-orbitals allow proper hybridization and auraterepresentation of hypervalent speies. A sale fator was introdued into theGaussian ore-ore terms in the AM1/d-PhoT model,
EN (A,B) = EMNDO

N (A,B) +
Z

′

AZ
′

B

RAB
GA

scaleG
B
scale(3.19)

×
(∑

k

akAe
−bkA(RAB−ckA)2 +

∑

k

akBe
−bkB(RAB−ckB)2

)where GA
scale and GB

scale are saling parameters for atoms A and B, whihvary from zero to one (values of 0 reover the onventional MNDO ore-ore model, whereas values of 1 reover AM1 ore-ore model). The saling



36 3.3 Moleular Mehanisfator provide �exibility to attenuate or even shut o� Gaussian ore-oreinterations between ertain atoms and o�ers a simple mehanism for inter-onverting between AM1-like model and MNDO-like models.3.3 Moleular MehanisAs mentioned before, for large biologial moleules like enzymes, the desrip-tion of energetis of the system relies on methods simpler than ab initio, DFTor semiempirial methods, namely moleular mehanis (MM hereafter). Inthese methods, the eletroni struture is not expliitly alulated, but it isimpliitly built up in the model by a set of �xed parameters (atomi harges,van der Waals parameters, fore onstants...), arefully obtained to repro-due experimental or ab initio data. Moleular mehanial methods providean analytial form for the potential energy of a given system as a funtionof the atomi oordinates, whih an be e�iently omputed and, therefore,opens the possibility to treat muh bigger systems than those attainable bythe ab initio or DFT methods.3.3.1 Fore FieldsThe spei� form of the analytial funtion and the orresponding set ofparameters used in Moleular Mehanis are referred to as the fore �eld. Aommon pitorial representation of a fore �eld is one in whih atoms arerepresented by spheres and the ovalent bonds by springs, ball and springmodel. The value of the energy is alulated as a sum of several terms: i)internal or bonded terms (Ebond), and ii) a sum of external or non-bondedterms (Enon−bond). The former desribes the ovalent bonds, the angulardeformations between ovalently bound atoms and torsional energies in amoleule. The latter aounts for the interations between non-ovalentlybonded atoms or atoms separated by three or more ovalent bonds. In themoleular mehanis program used in this work, the CHARMM biomoleularprogram126,127 (Chemistry at HARvard Moleular Mehanis), the potentialenergy funtion (U(~rN )) is a funtion of the positions (~r) of the N atoms ofthe system, and an be written as in Equation 3.20:
U(~rN ) = Ebond + Enon−bonded

U(~rN ) =
∑bondsKb (b− b0)

2

+
∑anglesKθ (θ − θ0)

2 +
∑Urey-BradleyKUB (S − S0)

2

+
∑dihedralsKϕ (1 + cos(nϕ− δ)) +

∑impropersKω (ω − ω0)
2
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+

∑residuesUCMAP (ϕ,ψ)(3.20)
+

N∑

i=1

N∑

j=i+1




4ǫij



(
σij

rij

)12

−
(
σij

rij

)6



︸ ︷︷ ︸Lennard-Jones Potential +
qiqj

4πǫ0rij︸ ︷︷ ︸Coulomb Potential

Among the eight terms showed in Equation 3.20, the �rst six orrespond tothe so-alled "bonded, internal" terms, whereas the last two terms orrespondto the so-alled "non-bonded" terms. All of them are explained below.Bonded termsThe �rst term aounts for the hange in the potential energy when the dis-tane between ovalently bonded atom pairs is hanged. Sine it is modelledthrough a harmoni potential, if the distane deviates b from the equilibriumbond length b0, a quadrati penalty is introdued. The magnitude of thispenalty is ontrolled through the Kb fore onstant, spei� for eah bondtype, and determines its �exibility or rigidity.The angle term, desribes the hanges in energy upon variations in theangle θ formed by three atoms, A − B − C, where A and C are ovalentlybonded to B. Sine this term is also modelled by a harmoni potential, itis required the de�nition of an equilibrium angle θ0, and Kθ is the foreonstant assoiated to a spei� angular term.The third term, or Urey-Bradley (UB hereafter) term, is also assoiatedwith the angles. It is used to optimize the �t to vibrational spetra and outof plane motions. UB term takes into aount the harmoni strething of the

A · · ·C distane S, with a KUB fore onstant and S0 equilibrium distanebetween atoms A and C. The UB term is optional, it is only used in speialases.The fourth term desribes the energy required for a torsion around abond. This potential is periodi, it has a sinusoidal expression, Kϕ being thebarrier ontrolling the amplitude of the torsional motion, n the periodiityof the dihedral angle and δ the phase shift that determines the values of theangles at whih the energy vanishes.Improper dihedrals onstitute the �fth term. They are used for the de-sription of out of plane motions. ω is the improper dihedral angle, ω0 theequilibrium angle and Kω the fore onstant assigned to a partiular im-proper dihedral angle.The sixth term, is a numerial orretion to the dihedral angle of themain hain, alled CMAP.128 It orrets ertain systemati errors in thedesription of the protein bakbone.



38 3.3 Moleular MehanisNon-bonded termsThe energy term representing the ontribution of non-bonded interationsin the CHARMM potential funtion has two omponents, the Coulombiinterations term (eletrostati interations) between the point harges (qiand qj), and the Lennard-Jones 12-6 (LJ hereafter) term, whih is used forthe treatment of the ore-ore repulsion and the attrative van der Waalsdispersion interation. Although some other potential funtions also may beused in CHARMM.

Figure 3.1: Lennard-Jones 12-6 potential.r⋆ is the optimal separation of atoms,ǫ
is the value of the energy at the minimum (the well depth), andσ is the separation
for which the energy is zero (the collision parameter).The van der Waals interations are one of the most important fores forthe stability of the biologial maromoleules, and CHARMM omputes itaording to the seventh term in Equation 3.20. The van der Waals inter-ation is most often modeled using the Lennard-Jones 12-6 potential whihexpresses the interation energy using the atom-type dependent onstants,the ollision parameter σ (the separation for whih the energy is zero) andthe well depth ǫ129 (see Figure 3.1). This interation between two atomsarises from a balane between repulsive and attrative fores. The repul-sive fore dominates at short distanes (nuleus-nuleus repulsion, eletron-eletron Pauli repulsion, et.), while the attrative fores are long-range.The attrative fores an be onsidered as arising from �utuations in theharge distribution in the eletron louds. The �utuation in the eletrondistribution on one atom or moleule gives rise to an instantaneous dipolewhih, in turn, indues a dipole in a seond atom or moleule giving rise to



Methods 39an attrative interation. Eah of these two e�ets is equal to zero at in�niteatomi separation rij and beome signi�ant as the distane dereases. Theattrative interation is longer range than the repulsion but as the distanebeomes shorter, the repulsive interation beomes dominant. This gives riseto a minimum in the energy, the well depth. The value of the energy at theminimum (ǫ), and the optimal separation of atoms (r⋆), whih is roughlyequal to the sum of van der Waals radii of the atoms, depend on the atomhemial type.The eletrostati interations between a pair of atoms is represented bythe Coulomb potential, as shown in the eighth term of Equation 3.20; 4πǫ0 isthe term for the e�etive dieletri moment of the medium, rij is the distanebetween two atoms having harges qi and qj and ǫ0 is the dieletri onstantin vauo.1303.3.2 Treatment of the Non-bonded InterationsThe most time onsuming part of an energy evaluation is the alulationof the non-bonded terms in the potential energy funtion. In priniple, thenon-bonded energy terms between every pair of atoms should be evaluated;in this ase, the number of omputation steps inreases as the square of thenumber of atoms for a pairwise model (N2). To speed up the omputation,the interations between two atoms separated by a distane greater than aprede�ned distane, the uto� distane roff , are ignored, and are thereforeequal to ero. Several di�erent ways to terminate the interation have beendeveloped over the years, depending on whether the distane is alulated be-tween the interating atoms (atom-based) or between two groups of atoms(group-based). Furthermore, the interation energy or fore an be trun-ated abruptly at the uto� distane, trunation method ,131 or some kindof smoothing sheme an be applied, spherial trunation methods.132 Thetrunation method leads to large �utuations in the energy and is thereforenot often used. However, spherial trunation methods are a better option,whih inlude energy shifting and swithing as well as fore shifting andswithing approahes.131,132 The Shift funtion modi�es the entire potentialsurfae suh that at the uto� distane, roff , the interation potential iszero (Figure 3.2), while the Swith funtion tapers over a prede�ned rangeof distanes.There are several methods to go beyond the uto� sheme in order tohandle all long-range eletrostati interations. These methods inlude theEwald summation method,133�138 the Extended Eletrostatis approah139or Fast Multipole Methods.140,141Ewald summationEwald133 developed a method whih transforms the onditionally and slowlyonvergent eletrostati energy term lattie sum over all pair interations



40 3.3 Moleular Mehanis
Figure 3.2: The effects of the spherical cutoff functions on the electrostatic poten-
tial.

and over all lattie vetors if Periodi Boundary Conditions (PBC hereafter)are imposed, Equation 3.21, into the summation of a smoothly varying long-range term and a short-range term, whih are more ompliated but ab-solutely and rapidly onvergent sums, plus a "self-energy" and a "dipole"term, Equation 3.22 (see Setion 3.3.6 for PBC information). In the Ewaldmethod, eah harge is onsidered to be surronded by a neutralising hargeGaussian distribution of equal magnitude but opposite sign.
U(~rN ) =

1

2

N∑

i=1

N∑

j=1

∑

~m

′ qiqj
4πǫ0|rij + ~m|(3.21)
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1
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︸ ︷︷ ︸Reiproal spae(3.22)
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2where ~m is the lattie vetor (real spae) of the periodi array of unit ells,



Methods 41the prime on the sum of Equation 3.21 indiates that j 6= i when ~m =

0, erf is the omplementary error funtion (erf(x) = 2/
√
π
∫∞
x e−t2dt

), ~kis the reiproal spae lattie vetor, V is the volume of the unit ell, Iis the imaginary unit, and κ is a onstant (determines the width of theGaussian distribution) whih adjusts the relative rates of onvergene of thereal and reiproal spae sums. The former onverges more rapidly for large
κ, whereas the latter onverges more rapidly for small κ. It is usually hosenso as to optimize the balane of auray and e�ieny of the alulations.The �rst term of Equation 3.22 is a reiproal spae sum over all pairwiseinterations in the in�nitive lattie. The seond term is a diret sum over allshort-range pairs. It is a sum of the interations between the point-hargesand the neutralising distributions. The third term of the equation, the self-energy term, anels the harge distribution for eah Gaussian in the unitell interating with itself. Finally, the fourth term, the dipole term, mustbe inluded if the surrounding medium is vauum.Variants on the Ewald method like the employment of pairwise uto�lists for diret sum, harges on grids, and fast Fourier transforms, greatlyenhane the omputational performane. Part of the work present in thisthesis has been arried out applying Partile Mesh Ewald method135�138(PME hereafter). This method introdued a fast N · log(N) algorithm foromputing the Ewald sums.3.3.3 Limitations of the Empirial Potential Energy Fun-tionIn moleular mehanis the eletroni struture is not expliitly taken intoaount, whih leads to ertain limitations. For instane, sine ovalentbonds are represented as harmoni springs, the reation or breaking of o-valent bonds is not possible. Another limitation is due to the �xed set ofatom types employed when determining the parameters for the fore �eld.Atom types are used to de�ne an atom in a partiular bonding situation, forexample an aliphati arbon atom in a sp3 bonding situation has di�erentproperties than a arbon atom found in the Histidine (His hereafter) ring.Instead of presenting eah atom in the moleule as an unique one desribedby unique set of parameters, there is a ertain amount of grouping in orderto minimize the number of atom types. This an lead to type-spei� errors.The properties of ertain atoms like aliphati arbon or hydrogen atoms,are less sensitive to their surroundings and a single set of parameters maywork quite well, while other atoms like oxygen, nitrogen and sulfur are muhmore in�uened by their environment. These atoms require more types andparameters to aount for the di�erent bonding environments.An approximation introdued to derease the omputational demand isthe pairwise additive approximation, i.e., interation energy between oneatom and the rest of the system is alulated as a sum of pairwise (one



42 3.3 Moleular Mehanisatom to one atom) interations, or as if the pair of atoms are invisible toother atoms in the system (see Equation 3.20). The simultaneous interationbetween three or more atoms is not alulated in most ontemporary fore�elds, so polarization e�ets are not expliitly inluded in the fore �eld. Thisan lead to subtle di�erenes between alulated and experimental results,for example, in the alulation of experimentally observable pKa shifts ofionizable amino aid residue side hains indued by the eletrostati �eld ofthe whole protein. The development of polarizable fore �elds is urrentlyan ative area of researh.142Another important point to take into onsideration is that the energybased methods do not expliitly inlude entropi e�ets. Thus, a minimumvalue of energy does not neessarily orrespond to the equilibrium, or themost probable state. Beause of the fat that experiments are generallyarried out under isothermal-isobari onditions (onstant number of par-tiles, onstant pressure and onstant temperature, NPT) the equilibriumstate orresponds to the minimum of Gibbs Free Energy, G. While just anenergy alulation ignores entropi e�ets, these are inluded in a moleulardynamis simulations129 (see Setion 3.3.5).Despite their limitations, urrent fore �elds are alibrated towards ex-perimental results and quantum mehanial alulations of small model om-pounds. Fore �elds di�er by the de�nition of their mathematial potentialenergy funtion and the values used for their assoiated parameters, suhas: b0, Kb, θ0, Kθ, Kϕ, n, δ, ω0 and Kω (see Equation 3.20). Among themost ommonly used potential energy funtions are CHARMM (Chemistryat HARvard Maromoleular Mehanis),143�146 AMBER (Assisted ModelBuilding with Energy Re�nement),147�150 GROMOS (GROningen MOle-ular Simulation),151�153 OPLS (Optimized Potentials for Liquid Simula-tions)154,155 and MMFF (Merk Moleular Fore Fiel)156 fore �elds. Theability of these fore �elds to reprodue physial properties measurable byexperiment has been ritially tested. The properties inlude strutural dataobtained from X-ray rystallography and NMR, dynami data obtained fromspetrosopy, inelasti neutron sattering and thermodynami data. Fore�elds are also developed and adapted to di�erent types of systems; thereare for example all atom fore �elds for proteins,144 nulei aids,143 or-gani moleules157 and lipids144 developed for the CHARMM biomoleularprogram,126,127 and similarly for the other fore �elds. The ontinuing devel-opment of fore �elds remains an intense area of researh with impliationsfor both fundamental researh as well as for applied researh in the pharma-eutial industry.3.3.4 Energy MinimizationThe potential energy plotted as a funtion of the atomi oordinates yieldsthe potential energy surfae (PES). For a partiular moleule, the energy



Methods 43minima on this surfae orrespond to stable onformations. Knowledge of thepotential energy surfae ombined with determining the relative populationsin the various energy minima provides an understanding of the energetisand eventually the thermodynamis of the moleular system. Sampling thePES an be done by several di�erent tehniques.For a given moleule one would like to �nd low energy onformations.For most moleules, exept for very simple ones, the PES is a ompliatedmulti-dimensional funtion that depends on the oordinates of the N atomsof the system and to �nd the global potential energy minimum would requirea searh of the entire potential energy surfae. Another fundamental point onthe PES is the lowest-energy saddle point onneting two loal minima. Thesaddle point is the highest point on a lowest total energy pathway onnetingthese minima. It has the property that is a maximum with respet to onedegree of freedom and is a minimum with respet to all other degrees offreedom. The signi�ane of the saddle point is that it is an approximatedynami bottlenek, a point of no return, for a transformation from theviinity of one loal minimum or valleys to another. The probability, rate, ofreation is very strongly in�uened by the height of this saddle point. Boththe minima and the saddle point are stationary points on the PES.All energy minimization methods are used to �nd loal minima, thus thestrutures found by this approah are always lose to the initial struture.There are several di�erent algorithms for minimizing the energy of thesystem.158�160 They all involve alulating the �rst derivative and possiblythe seond derivative of the potential energy (Equation 3.20), and using thisinformation to guide the oordinates to a lower energy onformation.One of the simplest minimization algorithms is the steepest desent, SD,method,158,160 a �rst derivative method. The oordinates are adjusted ateah step of this iterative method in the negative diretion of the gradient(
−dE

dx

) where E is the energy and x refers to the oordinates. The step size isan adjustable parameter whih determines how far the oordinates are shiftedat eah step. If the energy dereases, the step size is inreased by 20 % toaelerate the onvergene. If the energy rises, a minimum has been negletedand the step size thus halved. Although the steepest desent method doesnot onverge readily for ompliated funtions, it rapidly improves very pooronformations.126,127Another �rst derivative method is the onjugate gradient tehnique whihhas better onvergene harateristis159 than SD. The method is iterativeand remembers the previous minimization steps as well as the urrent gra-dient to determine the next step. The onjugate gradient tehnique requiresless energy and gradient evaluations to ahieve the same redution in energyas the steepest desent method.A seond derivative method is the Adopted-Basis set Newton-Raphson,ABNR, tehnique161 whih provides better onvergene to the loal minimum



44 3.3 Moleular Mehaniswhen there are no large gradient omponents.126,127 This routine performsenergy minimization using a Newton-Raphson algorithm applied to a sub-spae of the oordinate vetor spanned by the displaement oordinates ofthe latest positions. The seond derivative matrix is onstruted numeriallyfrom the hange in the gradient vetors, and is inverted by an eigenvetoranalysis allowing the routine to reognize and avoid saddle points in the en-ergy surfae. At eah step the residual gradient vetor is alulated and usedto add a steepest desent step onto the Newton-Raphson step, inorporatingnew diretion into the basis set. In most irumstanes, this method is thebest.Typially, initial minimizations are done using the �rst derivative meth-ods, usually with SD, and then are followed by seond derivative methods.3.3.5 Moleular Dynamis SimulationsOne of the prinipal tools in the theoretial study of biologial moleules isthe method of moleular dynamis simulations (MD simulations hereafter).This omputational method alulates the time dependent behavior of amoleular system. Like Monte Carlo methods,162�165 MD provides a meansto sample the potential energy surfae of a moleule but in addition, thisomputational method alulates the time dependent behavior of the sys-tem. Classial MD simulations are now routinely used to investigate thestruture, dynamis and thermodynamis of biologial moleules and theiromplexes.166 They are also used in the optimization of strutures fromX-ray rystallography and NMR experiments.Moleular dynamis simulations are based on Newton's seond law orequation of motion,
~F = m~a(3.23)where ~F is the fore exerted on the partile, m is its mass and ~a is itsaeleration. From a knowledge of the fore on eah atom, it is possibleto determine the aeleration of eah atom in the system. Integration ofthe equations of motion then yields a trajetory that desribes the positions,veloities and aelerations of the partiles as they vary with time. From thistrajetory, the average values of properties an be determined. The methodis deterministi; one the positions and veloities of eah atom are known,the state of the system an be predited at any time in the future or thepast.More preisely, the trajetory is obtained by solving the di�erential equa-tions embodied in Newton's seond law
Fxi

mi
=

d2xi

dt2
(3.24)This equation desribes the motion of a partile of mass mi along one oor-dinate (xi) with Fxi

being the fore on the partile in that diretion. The



Methods 45fore an also be expressed as the gradient of the potential energy (U), asshown in Equation 3.25.
~Fi = −~∇iU(3.25)Combining Equations 3.24 and 3.25, Equation 3.26 is obtained, where U isthe potential energy of the system. Newton's equation of motion an thenrelate the derivative of the potential energy to the hanges in position as afuntion of time.

−dU
dxi

= mi
d2xi

dt2
(3.26)The initial distribution of veloities is usually determined from a randomdistribution with the magnitudes onforming to the required temperatureand orreted so there is no overall momentum (P ) as expressed in Equa-tion 3.27.

P =
N∑

i=1

mivi = 0(3.27)Usually the veloities vi are hosen randomly from a Maxwell-Boltzmann orGaussian distribution at a given temperature, whih gives the probability(pix) that an atom i has a veloity vx in the x diretion at a temperature T(Equation 3.28). Here kB is the Boltzman onstant.
p(vix) =

(
mi

2πkBT

)1/2

e

(
− 1

2

miv2
ix

kBT

)(3.28)The temperature an then be alulated if we onsider that at thermal equi-librium, the average kineti energy per degree of freedom an be expressedas in Equation 3.29, where vα is the α omponent of the veloity of a givenpartile. We an use this relation to de�ne an instantaneous temperature attime t, T (t), as shown in Equation 3.30.
〈
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2
mv2

α

〉
=

1

2
kBT(3.29)

T (t) =
N∑

i=1

miv
2
i (t)

kBNf
(3.30)where Nf is the number of degrees of freedom, whih is 3N − 3 for a systemof N partiles with �xed total momentum. The relative �utuations in thetemperature will be of order 1/

√
Nf . As Nf is typially on the order of

102 − 103, the statistial �utuations in the temperature are on the order of5-10%.



46 3.3 Moleular MehanisIntegration AlgorithmsThe potential energy is a funtion of the atomi positions (3N) of all theatoms in the system (N). Due to the ompliated nature of this funtion,there is no analytial solution to the equations of motion, they must besolved numerially. Numerous numerial algorithms have been developedfor integrating the equations of motion. The algorithm must onserve en-ergy and momentum, should be omputationally e�ient and permit longintegration time steps.129,167,168 All integration algorithms assume the po-sitions, veloities and aelerations an be approximated by a Taylor seriesexpansion (Equations 3.31, 3.32 and 3.33):
r(t+ δt) = r(t) + v(t)δt +

1

2
a(t)δt2 +

1

3!
b(t)δt3 + ...(3.31)

v(t+ δt) = v(t) + a(t)δt +
1

2
b(t)δt2 + ...(3.32)

a(t+ δt) = a(t) + b(t)δt + ...(3.33)where r is the position, v is the veloity (the �rst derivative of r with respetto time), a is the aeleration (seond derivative of r with respet to time),
b(t) is the third derivative and δt the time step in the Moleular Dynamissimulation. The algorithm used in the present work was mostly the VerletLeap-Frog algorithm.Verlet Algorithm: The Verlet algorithm169,170 is derived as shownin Equations 3.34 and 3.35. When summing these two equations one getsEquation 3.36

r(t+ δt) = r(t) + v(t)δt +
1

2
a(t)δt2 +

1

3!
b(t)δt3 + O(δt4)(3.34)

r(t− δt) = r(t) − v(t)δt +
1

2
a(t)δt2 − 1

3!
b(t)δt3 + O(δt4)(3.35)

r(t+ δt) = 2r(t) − r(t− δt) + a(t)δt2 + O(δt4)(3.36)
≈ 2r(t) − r(t− δt) +

f(t)

m
δt2 + O(δt4)The Verlet algorithm uses positions and aelerations at time t and the po-sitions from time t− δt to derive new positions at time t+ δt, with an errorthat is of order δt4. The Verlet algorithm uses no expliit veloities. Theadvantages of the Verlet algorithm are its straightforwardness and the mod-est store requirements. However, only moderate preision is obtained.Leap-Frog Algorithm: In this algorithm,171 the veloities are �rstalulated at time t+1/2δt (Equation 3.37). They are then used to alulate



Methods 47the positions r at time t+δt (Equation 3.38). In this way, the veloities leapover the positions, then the positions leap over the veloities. The advantageof this algorithm is that the veloities are expliitly alulated, however, thedisadvantage is that they are not alulated at the same time as the positions.The veloities at time t an be approximated by the relationship shown inEquation 3.39,
v(t+

1

2
δt) = v(t− 1

2
δt) + a(t)δt(3.37)

r(t+ δt) = r(t) + v(t+
1

2
δt)δt(3.38)

v(t) =
1

2
[v(t− 1

2
δt) + v(t+

1

2
)](3.39)3.3.6 Boundary ConditionsA major obstale for a simulation is the large fration of moleules that lie onthe surfae of any small sample. For example, in the ase of 1000 moleulesarranged in a 10x10x10 Å3 ube, 488 moleules are loated at the ubefaes,167,168 and these will have a large e�et on the measured properties.Moleules on the surfae will experiene ompletely di�erent fores thanthose moleules inside the bulk.Periodi Boundary ConditionsOne way to overome the problems linked to the �nite arrangement in mole-ular dynamis simulations is the use of periodi boundary onditions. Thismethod allows for the use of a relatively small number of partiles in a simu-lation in suh a way that the partiles experiene fores as though they werein a bulk solution. The entral box is surrounded with replias of itself. See,for example, the two dimensional box in Figure 3.3. The oordinates of theimage partiles, those found in the surrounding box are related to those inthe primary box by simple translations. The box is repliated throughoutspae in�nitely. Fores on primary partiles are alulated from partileswithin the same box as well as in the neighboring image box. The uto� ishosen suh that a partile in the primary box is not a�eted by its imagein the surrounding boxes. As a moleule moves in the original box duringa simulation, the periodi image in eah of the neighboring boxes moves inexatly the same way. If a moleule leaves the entral box, one of its imageswill enter through the opposite fae. There are no walls at the boundaryof the entral box and no surfae moleules. The partile density in theentral box is onserved. It is not neessary to store the oordinates of allimage boxes, only the the oordinates in the entral box are stored.167 Thesimplest box is the ubi box, although di�erent shapes exist, i.e. rhombi



48 3.3 Moleular Mehanis
Figure 3.3: Representation of a two-dimensional periodic system for a two di-
mensional box with only the first neighbors of the central box shown. As a particle
moves out of the simulation box, an imagine particle moves in to replace it. When
calculating particle interactions within the cutoff range, both real and image neigh-
bors are included. Image from the bookComputer Simulation of Liquids.167

dodeahedron and the trunated otahedron. Both of them are more spher-ial than the ube, whih makes the distane between periodi images largerthan in the ube.Limitations of this method are mainly patent for very small system size(∼ 100 atoms) and for properties with important long-range ontributions.PBCs however, have little e�et on the equilibrium thermodynami proper-ties and strutures.167In reent years, a number of models have been introdued whih per-mit the inlusion of long-range eletrostati interations in moleular dyna-mis simulation. For simulations of proteins and enzymes in a rystallinestate, the Ewald summation133 is onsidered to be the orret treatmentfor long range eletrostati interations167 (see Setion 3.3.2). Variationsof the Ewald method for periodi systems inlude the partile-mesh Ewaldmethod.135�138 To treat non-periodi systems, suh as an enzyme in solution,methods based on multipole expansions have been developed. Many of thesemethods partition the eletrostati interation into a long-range omponentand a short-range omponent. The short-range omponent is treated in theusual pairwise fashion while a multipole approximation is introdued to ap-proximate the long-range eletrostati interation.127,139�141 Although thesemethods require more omputer time than if one simply neglets the long-range part, they are signi�antly faster than if one does the N2 summation



Methods 49of all the interations, and the results an be signi�antly improved.Solvent Boundary PotentialsThere exist numerous ases where one may not wish to use periodi boundaryonditions. In some ases, the use of PBC requires the use of a prohibitivelylarge number of water moleules. The simplest way to inorporate watermoleules in the simulation is to surround the protein or just a part of theprotein with a sphere of water. Boundary potentials have been developedwhih restrain the water moleules to a sphere while maintaining a strongsemblane to bulk water. Strutural and thermodynamis properties whenalulated under these onditions indiate that the water still behaves asbulk water. This usually involves muh fewer water moleules than in aPBC simulation and is often su�ient. Other times, one may be interestedin studying the motion of one part of the protein as moving in a "solventbath" provided by the remainder of the protein. One way to deal with theseissues is, of ourse, to expliitly inlude all the additional omponents in thesimulation. This solution is omputationally very expensive, beause muhwork is done on parts of the system that are of no diret interest to the study.Another way is to redue the magnitude of the problem by eliminating theexpliit solvent degrees of freedom from the alulation and representingthem by simpli�ed models. An alternative approah is to move away fromNewtonian moleular dynamis toward stohasti dynamis.
Figure 3.4: Partitioning of the system in a SBC method. The reaction region is
treated by Newtonian dynamics, while the buffer region is treated by Langevin
dynamics.

Reservoir regionReaction
Region

Buffer region

One of the solvent boundary potentials method is the Stohasti Bound-ary Conditions (SBC hereafter)172�175 method. The system is devided intothree regions, a boundary or reservoir region and a reation zone. The rea-tion zone is partitioned into a reation region and a bu�er region, Figure 3.4.In the reation region, whih ontains the site of major dynami interest,the partiles are treated expliitly by moleular dynamis, Newton's 2nd



50 3.4 Quantum Mehanial/Moleular MehanialMethodslaw, Equation 3.23. The surrounding bu�er region moleules represent asimpli�ed heat bath and are treated expliity by stohasti dynamis basedon the Langevin equation,173,176
mi
d2ri
dt2

= −~∇iU(r) −miβivi(t) + fi(t)(3.40)where the �rst term of the right-hand side is the same as that used in New-tonian dynamis, Equations 3.23, 3.25 and 3.26. The other two terms areunique to stohasti dynamis and represent solvent e�ets. The seondterm is a dissipative drag fore re�eting frition due to the solvent. Thefrition oe�ient, β, is related to the di�usion onstant, D, via the Einsteinrelationship.129 The third term, fi is a random fore that represent stohas-ti ollisions between solvent moleules and the solute. The stohasti foreintrodues energy into the system, while the frition fore removes it. TheLangevin random fore is obtained from a random Gaussian distribution ofzero mean and a variane related to the frition oe�ient,
〈fi(t)〉 = 0(3.41)

〈fi(t)fi(0)〉 = 6mikBTδ(t) = 2Diδ(t)(3.42)Finally, the boundary or reservoir region provides a stati fore �eld thathelps to insure that the orret strutural and dynami properties will bemaintained within the reation zone. Due to this fore �eld, eah atom inthe bu�er region in addition to the stohasti fores is subjet to an averageboundary fore. An additional Fmean
i term is added to Equation 3.40.3.4 Quantum Mehanial/Moleular MehanialMethodsBeause the QM treatment of an entire biologial maromoleule requiresvery large amounts of omputer time, and beause the MM methods an notstudy bond leavage/formation proesses, hybrid QM/MM potentials areommonly used to study hemial and biologial proesses involving bondleavage and formation, suh as enzymati reations.177�179 In this approah,a small region of the system (the QM region, the ative-site), whih ele-troni strutural hanges are of interest, is treated quantum mehaniallyand the remainder of the system (the MM region, protein and solvent whihis not involved in the reation and is believed to hange little) is repre-sented by a lassial MM fore �eld (see Setion 3.3). In this approah,eletrostati e�ets as well as steri ontributions from the environment areinorporated diretly into the eletroni struture alulations of the reative



Methods 51region, a�eting its harge polarization and hemial reativity.180 Owing tothe strong QM-MM interations, the total energy of the system annot bewritting as the sum of the energies of the subsystems. Coupling terms haveto be onsidered, and speial preautions need to be taken at the boundarybetween the subsytems, espeially if it uts through ovalent bonds. Thee�etive Hamiltonian would be written as
Ĥeff = ĤQM + ĤMM + ĤQM−MM + ĤBoundary + ĤRestrains(3.43)where ĤQM is the Hamiltonian of the QM region. Any ab initio, DFT orsemiempirial QM method an be used to generate the appropiate eletronidesription (see Setions 3.1 and 3.2). The ĤMM details the lassial intera-tions in the MM region, and an be generated using any standard moleularsimulation program (see Equation 3.20). The third term, ĤQM−MM de-sribes the interation between the QM region atoms and the MM regionpartiles (see Equation 3.44 in atomi units). This Hamiltonian inludesvan der Waals and eletrostati interations between both regions. Van derWaals ontributions are treated lassially, while eletrostati interationsare desribed by treating the MM atoms as point harges in an eletrostati�eld whih interats with the QM atoms.

ĤQM−MM = −
∑
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)(3.44)Here i and α represents the QM eletrons and nulei, respetively, and Morresponds to the MM atoms. The �rst term, the eletrostati interationbetween a MM atom of partial harge qM and eletron i, is inluded in theSCF alulation, whereas the other two terms do not depend on the eletronioordinates. If semiempirial methods are used, the �rst term is redued tothe interation between the valene eletrons of QM atoms and the partialharge of MM atoms, while the seond term, the Coulombi interation, anbe expressed as Equation 3.45 if AM1/d-PhoT semiempirial potential isbeing used,
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)where Z ′

Q is the ore harge of the quantum atom Q, qM is the point hargeof atom M in MM region, and sQ and sM are s orbitals assoiated withthe nulei an MM atom, respetively (see Equations 3.16 and 3.19 for futherexplanation).



52 3.4 Quantum Mehanial/Moleular MehanialMethods3.4.1 Treatment of Boundary atomsThe separation into quantum region and lassial regions is not straighfor-ward in enzyme reations,179,181 beause the QM region is frequently bondedthrough ovalent bonds to the MM region, and is not lear how to de�neuniquely the boundary onditions for the eletroni struture alulations ofthe QM region, nor how to inorporate the eletrostati and van der Waalse�ets of the lassial region into the QM energy expression. A number ofdi�erent approahes have been proposed to deal with this situation. We willexplain only two of them, the simplest approah and the approah we haveused in the work done in this thesis projet.Link atom MethodThe link atom method182�184 is the simplest approah proposed to irum-vent the problem. In this approah a dummy atom alled a link atom,usually hydrogen, is introdued into the quantum system along the ovalentbond between the QM and MM regions, to saturate the valeny of the QMfragment. It is usually positioned at 1 Å along the original bond but it isnot onstrained during the simulations. For eah link atom (hydrogen) onenuleus and one eletron are added to the QM system. Sine the link atomsare not part of the atual hemial system under study, they introdue ad-ditional degrees of freedom into the system. In addition, partial harges onthe MM atoms that are losest to the link atoms must be removed to avoidonvergene di�ulties.Generalized Hybrid Orbital MethodThis method developed by Gao and o-workers185 is based on loal self-onsisten �eld186�189 (LSCF) algorithm developed by Rivail and o-workers.186The General Hybrid Orbital method185,190�194 (GHO hereafter) makes useof hybrid atomi orbitals as basis funtion on the boundary atoms of theMM fragment. The hybrid orbitals are devided into three auxiliary and oneative orbitals (see Figure 3.5). The ative orbital is inluded in the SCFalulations, while the remainder auxiliary orbitals are kept frozen and arenot allow to mix with the other orbitals. Consequently, the hemial bondonneting the QM and MM regions is expliity treated without introdu-ing spurious "link atoms" and additional degrees of freedom. Furthermore,in ontrast to the LSCF approah, the GHO method does not need to bereparametrized every time a new system is studied. The point harge of theMM atom is distributed equally over the three frozen auxiliary hybrid or-bitals. They thus provide a type of pseudopotential that mimi the eletroniharater at the link.
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Figure 3.5: Partition between the QM and MM region in the GHO method. The
boundary atom of the MM fragment,M , is defined by four hybrid atomic orbitals,
where three of them are called auxiliary orbitals (in green) and are pointing towards
MM atoms,M2. The last hybrid orbital, the active orbital (in red), is pointing
towards the QM regionQ atom.3.5 Free Energy CalulationsThe free energy di�erene between states of a system indiates the relativestability. The state orresponding to the global minimum in free energy is themost stable, and a system will be in this state with the highest probabilityunless it beomes trapped in a loal minimum due to high energy barriers.At a given temperature, the free energy is a funtion of all the positions andmomenta in the system. Calulation of the free energy as a funtion of allthese variables is pratially very di�ult. To simplify things, everythingan be integrated out exept one or a few internal oordinates, reationoordinates. Integrating everything exept the reation oordinates gives afree energy pro�le alled the potential of mean fore195 (PMF hereafter).The PMF di�erene between two values of a reation oordinate is re-lated to the relative probability of observing those values of the reationoordinate.196 This requires sampling of all values of the reation oordinatebetween those two values. MD simulations an be extended to failitate thealulation of free energies. They provide a diret link between the miro-sopi struture and �utuations of a system and the free energy.Free energy hanges assoiated with onformational hanges are one ofthe most important appliations of free energy alulations. To obtain re-liable free energy estimates from simulations, su�ient onformational sam-pling must be ahieved, not only of the starting and �nal states but alsoof many intermediate states. The system must be driven along the rea-tion oordinate with an appropiate set of onstraints or restraints. Usually,this represents a onsiderable hallenge. In addition, many tehniques toenhane sampling have been proposed: thermodynami integration usingonstrained MD,197,198 umbrella sampling,162,199 Jarzynski's equality,200,201steered MD202,203 and adaptive fore biasing.204



54 3.5 Free Energy CalulationsUmbrella SamplingThe Helmholtz free energy (free energy of anonial ensemble NVT) alongthe reation oordinate ξ is a on�guration integral over all other degrees offreedom and takes the form
A(ξ) = −kBT ln




∫
δ[ξ − ξ(r)] e[−βH(r)] dr

∫
e[−βH(r)] dr


(3.46)

= −kBT lnP (ξ)where δ is the Dira delta funtion, whih is 1 when ξ(r) = ξ and is 0otherwise, P (ξ) is the reation oordinate probability density, H is the totalenergy of the system, r represents all oordinates for the system and β =
1/kBT . When the omparing onformations are separated by energy barriersgreater than kBT ∼ 1 Kal/mol, barrier rossing in a simulation will be rareand P (ξ) statistially unreliable. To bias the sampling toward a region ofinterest that would not otherwise be signi�antly populated, a restrainingpotential, umbrella potential Ubias(ξ), is added to the potential energy ofthe system (Equation 3.47), whih an be desribed as in Equation 3.48 if aharmoni form is assumed

V ′ = V + Ubias(3.47)
U(ξ)bias =

1

2
K (ξ − ξi)

2(3.48)whereK is a fore onstant and ξi is a target value of ξ. The biasing potentialserves to on�ne the variations of the oordinate ξ within a small intervalaround ξi, helping to ahieve a more e�ient on�gurational sampling inthis region. By making the biasing potential su�iently steep, large K, theenergy of V ′ surfae far from ξi will beome so high in energy that only theregion near ξi will be sampled at ambient temperatures.The Umbrella Sampling tehnique162,199 hoses a set of umbrella or win-dow potentials over the whole range of interest ξ, and performed a simulationwith eah of them, biasing the on�gurational sampling around a di�erentregion of ξ. The analysis of a histogram is done within eah window, todetermine the probability of ξi in the range ξi ±w/2 (see Figure 3.6). Afterthe full range of the reation oordinate is studied in that way, the resultsof various windows are unbiased and reombined together to obtain the �nalestimate free energy along the reation path, the PMF.Taking into aount Equation 3.46 the biased probability density obtainfrom the ith biased ensemble is
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Figure 3.6: Picture (a) shows one of the umbrella potentials, one of the windows.
(b) and (c) shows a set of probabilities and Helmholtz free energies, respectively,
that would be acquired from each window. Finally, (d) depicted the continuos
curve that would be obtained by connecting theA′(q) from each window assuming
that umbrellas have points in common with their neighbors.(a) (b)
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∫
δ [ξ − ξ(r)] e{−β[H(r)+Ui(ξ(r))]} dr

∫
e{−β[H(r)+Ui(ξ(r))]} dr(3.49)

= e−βUi(ξ(r)) P (ξ)unbias
i

〈
e−βUi(ξ(r))

〉−1where < · · · > indiates the average over the system ensemble. Therefore,the unbias probability an be expressed as
P (ξ)unbias

i = eβUi(ξ(r)) P (ξ)bias
i

〈
e−βUi(ξ(r))

〉(3.50)based on Equation 3.46 the PMF for the ith window is



56 3.5 Free Energy Calulations
A(ξ)i = −kBT lnP (ξ)bias

i − U(ξ)bias
i + Fi(3.51)where Fi is the free energy onstant whih represents the free energy assoi-ated with the introdution of the window potential and is de�ned as

e−βFi =
〈
e−βUi(ξ(r))

〉(3.52)The unknown free energy onstants Fi are obtained by adjusting the various
A(ξ)i of adjaent windows in the region in whih they overlap until theymath,162,199 the mathing an be done manually or automatially. One
Fi values are obtained, the PMF for the whole range of interest is gener-ated by onneting the various A(ξ)i together. The proess of mathing theadjaent windows is not easy, is somewhat arbitrary, so the unertainty in-volved in the proess results in a global error that grows with the numberof windows. The weighted histogram analysis method205�208 (WHAM here-after) is an approah designed to minimized propagation error by makingoptimal use of the information from multiple simulations. The entral idea,the maximum overlap method, onsists in onstruting an optimal estimateof the P (ξ)unbias as a weighted sum over the data extrated from all thesimulations and determining the funtional form of the weight fators thatminimizes the statistial error.

P (ξ)unbias =
Nw∑

i=1

P (ξ)unbias
i ×

[
ni e

−β[Ui(ξ)−Fi]

∑Nw
j=1 nj e−βUj(ξ)−Fj ]

](3.53)where ni is the number of data points used to onstrut the biased distribu-tion funtion and Nw is the number of windows used to over the whole rangeof the reation oordinate. Based on Equations 3.50 and 3.52, Equation 3.53an be re-written as
P (ξ) =

Nw∑

i=1

ni P (ξ)bias
i e−βFi e−β[Ui(ξ)−Fi]

e−βUi(ξ)
∑Nw

j=1 nj e−β[Uj(ξ)−Fj ](3.54)
=

Nw∑

i=1

ni P (ξ)bias
i∑Nw

j=1 nj e−β[Uj(ξ)−Fj ]



Part IICharaterization ofOxyphosphorane Intermediatesby Classial MoleularDynami Simulations





IntrodutionAs has been mention in the General Introdution (see Setion 2.3) Bovinepanreati ribonulease A is an ideal system for a theoretial study of thestrutural and dynami basis of enzyme atalysis. This endoribonuleaseatalyzes the breakdown of 3',5'-phosphodiester linkage of single strandedRNA. The wide range of biohemial, physial, and rystallographi dataavailable for this enzyme24,28,35,57,72 have led to proposals for the atalysisof the hydrolysis of RNA by a two-step mehanism,76 in whih a yliphosphate intermediate is formed and subsequently hydrolyzed. Both stepsare thought to involve in-line displaement at the phosphorus and to beatalyzed by the onerted ation of a general aid and a general base. Inspite of the aumulated experimental information, a detailed understandingof the origin of the rate enhanement produed by RNase A has not beenahieved, and there remains some debate regarding several aspets of thehemial mehanism.29,60,61,73,79,80,87,209Theoretial alulations are potentially powerful tools that, together withexperiment, an provide deep insight into the details of atalyti mehanisms.In order to provide insight into mehanism, it is neessary to haraterizeand understand the hanges in enzyme onformation and ontats that o-ur along the reation oordinate, partiularly at the transition state. Itis di�ult to obtain diret strutural information about a transition statefrom experiment. In the ase of phosphoryl transfer reations, for example,vanadate transition state mimis have been ommonly used and harater-ized with X-ray rystallography.210�213 Borah et al.212 studied the strutureof RNase A with an uridine vanadate (U>v) transition state analog by 51Vand proton NMR spetrosopy in solution, and by joint neutron and X-raydi�ration (2.0 Å resolution) in a rystalline environment. Some years laterLadner et al.213 studied the same omplex at 1.3 Å resolution. The over-all enzyme struture and the relative position of the key ative-site residues,His12, His119 an Lys41, are similar, while the V-O bond distanes and anglespresent signi�ant di�erenes (see Tables A.1 and A.2). However, the resultsobtained solely based on analyses of a omplex with a pentavalent organo-vanadate have to be taken with some skeptiism, as vanadate transition statemimis might be only marginally relevant to the true oxyphosphorane tran-sition state.214 Very reently, X-ray rystallography was used to study the



60in�uene of four naturally ourring 5-pyrophosphate linked substituents onthe binding of adenyli RNase A inhibitors, the analysis of whih enabledkineti data on the binding to be rationalized.215 In solution, Loria et al.have performed extensive NMR spin-relaxation experiments on the µs-msdynamis of RNase A,47 studies of the apo and substrate-mimiked states,48and haraterization of the dynamis at di�erent stages along the reationoordinate216 inluding the transition state.49 These and other experimen-tal studies provide a wealth of information about RNase A that are linked,albeit sometimes indiretly, to its struture and binding at di�erent stagesof the reation. Nonetheless, to date a detailed study of the struture anddynamis of RNase A at various ritial points along the atalyti hemialpathway in solution has not been reported.On the other hand, a powerful experimental tehnique used to probe themehanisti details is the analysis of "thio e�ets",217 i.e., the hange inthe reation rate that ours when oxygen atoms are substituted by sulfurat seleted positions. Thio-substitutions may simultaneously a�et severalstrutural parameters, suh as hain folding, hydrogen bonding, metal-ionbinding, solvation, and van der Waals interations, and, hene, interpreta-tion of the observed hange in the reation rate is not always unambigu-ous. Theoretial studies an provide valuable aid in the interpretation ofthe thio e�et experiments. In addition, eletroni and solvation e�ets ofthe thio-substitution are opposite. While the soft sulfur atoms stabilize an-ioni phosphorane-like transition states by more faile deloalization of thenegative harge, this rate-aelerating e�et is largely ompensated by lesse�ient solvation of the thiophosphorane intermediates ompared to theiroxygen ounterparts. Therefor, the leavage of phosphodiester via a dian-ioni transition state usually exhibits a rather small thio e�et. Bearing theimportane of solvation in mind, stabilization of a phosphorane intermediateor leaving group by intramoleular hydrogen bonding ould well be re�etedin the magnitude of the thio e�et.



Chapter 4Bovine PanreatiRibonulease A - CpA andTransition State-likeComplexesAbstratThe mehanisms of enzymes are intimately onneted with their overallstruture and dynamis in solution. Experimentally, it is onsiderably hal-lenging to provide detailed atomi level information about the onforma-tional events that our at di�erent stages along the hemial reation path.Here, theoretial tools may o�er new potential insights that omplementthose obtained from experiments that may not yield an unambiguous meh-anisti interpretation. In this study, we apply moleular dynamis simula-tions of bovine panreati ribonulease A, an arhetype ribonulease, in orderto study the onformational dynamis, strutural relaxation, and di�erentialsolvation that ours at disreet stages of the transesteri�ation and leavagereation. Simulations were performed with expliit solvation with rigorouseletrostatis, and utilize reently developed moleular mehanial fore �eldparameters for transphosphorylation and hydrolysis transition state analogs.Herein, we present results for the enzyme omplexed with the dinuleotidesubstrate ytidilyl-3',5'-adenosine (CpA) in the reatant, and transphospho-rylation and hydrolysis transition states. A detailed analysis of ative sitestrutures and hydrogen bond patterns are presented and ompared. The in-tegrity of the overall bakbone struture is preserved in the simulations, andsupport a mehanism whereby His12 stabilizes aumulating negative hargeat the transition states through hydrogen bond donation to the non-bridgeoxygens. Lys41 is shown to be highly versatile along the reation oordinate,and an aid in the stabilization of the dianioni transition state, while being



62 4.1 Introdutionpoised to at as a general aid atalyst in the hydrolysis step.4.1 IntrodutionIn this hapter we investigate the struture and dynamis of RNase A - 3',5'-CpA in solution with MD simulations of the reatant state, and transphos-phorylation and hydrolysis transition state mimis (Sheme 4.1). Transitionstate mimis were modeled by the CHARMM fore �eld parameters for re-ative phosphoryl transfer intermediates.218 Simulations of RNase A havebeen previously reported by other authors,80,219�224 however, the presentwork is, to our knowledge, the �rst time that simulations of oxyphosphoranetransition states for RNase A have been studied. The simulations provideinsight into the �exibility of the bound ligands and the interation of thesurrounding ative site residues to stabilize the trigonal bipyramidal geom-etry of the transition state/intermediates of the transphosphorylation andhydrolysis reations.The hapter is organized as follows: The Computational Details se-tion desribes the fore �eld models and simulation set up. The Resultssetion presents simulation results for the reatant model, transphosphory-lation transition state mimi model ([Trans℄TS ) and hydrolysis transitionstate mimi model ([Hyd℄TS ). The Disussion setion plaes the simulationresults into a broader biologial ontext, and makes detailed omparisonwith experiments. The Conlusion setion summarizes the main points ofthe hapter and outlines future researh diretions.4.2 Computational detailsThe starting struture for all-atom moleular dynami simulations of RNaseA omplexed with ytidilyl-3',5'-adenosine (CpA) in solution was taken fromProtein Data Bank with aesion number 1RPG,50 where the struture wasdetermined at a resolution of 1.4 Å. The CpA struture was built from therystal results for the inhibitor omplex, d(CpA), by introduing the 2' oxy-gen into the deoxy sugar. The transphosphorylation and hydrolysis transi-tion state mimis were built from the previous omplex using a �path� to in-trodue a dianioni pentavalent yli oxyphosphorane transition state mimiwith 2' (nuleophile) and 5' (leaving group) positions oriented axially.218 Theposition of the hydrogen atoms were determined using HBUILD faility inthe program CHARMM,126,127 Ver. 32a1. Atomi harges, van der Waals,and fore-�eld parameters orresponded to the all-atom CHARMM27 nu-lei aid fore �eld144�146 with extension to transition state mimis218 andTIP3P water model.225 In the reatant state, His12 and His119 are neutraland protonated, respetively, in states appropriate for their proposed rolesas general base and aid atalysts for the transphosphorylation reations. In
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64 4.2 Computational detailsthe transition state mimis, both of these residues are protonated sine thegeneral base has already aepted a proton from the nuleophile, and thegeneral aid is loaded to donate a proton to the leaving group. All otherresidues were assumed to be in their standard ionization states in solutionat neutral pH.The aqueous solvation environment was reated by retaining the 164rystallographi water positions, and further solvating the system with bulkwater moleules and ions. Additional water moleules were inluded by over-laying a pre-equilibrated rhombi dodeahedral ell of 8,346 TIP3P watermoleules, entering it at the enter of mass of the omplex using statis-tis methodology, and deleting water moleules with oxygen atom lying ina radius of 2.8 Å from any non-hydrogen atom of the protein, enzyme orrystallographi waters. The ion atmosphere onsisted of Na+ and Cl− ionsthat were added at random positions to neutralize the net +6 harge of thesolute and reah the physiologi extraellular onentration of 0.15 M. Thereatant simulation orresponded to the entire protein (1,859 atoms), theligand (63 atoms), 7,548 water moleules, 6 Cl− ions to neutralize the netpositive harge of the solute and 42 additional ounter and oions (21 Cl−1and 21 Na+1 ions). The transition state mimi simulations were prepared inan analogous fashion.Periodi boundary onditions (see Setion 3.3.6) were used along with theisothermal-isobari ensemble (NPT)196 at 1 atm and 298 K via an extendedsystem pressure algorithm226 and Nosé-Hoover thermostat.227,228 Eletro-stati interations were treated rigorously using the smooth partile meshEwald method (PME)135,137,138 with a κ value of 0.35 Å−1 and diret-spaeut-o� of 12 Å, 72 FFT grid points for eah of the lattie diretions, and 4th-order B-spline interpolation for spreading the atomi harges to the FFT grid(see Setion 3.3.2). Nonbonded interations were performed using a uto� of12 Å with shifted van der Waals potential to smooth the Lennard-Jones term.Nonbond pair lists were maintained out to 13.0 Å and updated heuristially.Newton's equations of motion were integrated numerially using the leapfrogVerlet algorithm within a timestep of 1 fs,167 while atomi oordinates weresaved for analyses every 0.5 ps (see Setion 3.3.5). Covalent bond lengthsinvolving hydrogen were onstrained using the SHAKE algorithm.229Water moleules were initially relaxed for 5000 steps of steepest de-sents158,160 energy minimization keeping all solute atom and ion positionsrestrained to their initial oordinates using a harmoni potential onstant of10 kal·mol−1·Å−2. The restraints on the ions were then released, and thesolvent (water and ions) were relaxed with 5000 steps of onjugate gradientminimization,159 keeping the solute positions restrained. From this startingpoint, restrained moleular dynamis was performed starting at 0 K andheating to 298 K over 20 ps, and arried out to 220 ps, during the ourse ofwhih the harmoni restraints on the solute atoms were slowly released. Theprodution phase moleular dynamis then began, and overed 6.0 ns, the



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 65last 5 ns of whih is used for analysis. All the simulations were performedwith the CHARMM biomoleular program126,127 , Ver. 32a1.4.3 ResultsThis setion presents moleular dynamis simulation results for RNase Ain three di�erent model states along the atalyti reation: the reatantstate omplex (3',5'-CpA), the transphosphorylation transition state mimi([Trans℄TS ) and hydrolysis transition state mimi ([Hyd℄TS ) models (Sheme 4.1).Representative strutures from the simulation are shown in Figure 4.1. Re-sults are ompared with available rystallographi data in Tables A.1 andA.2. The results are divided into di�erent subsetions for eah model stru-ture.First, the root-mean-square deviation (RMSD) and the ligand onfor-mation are shown. The glyosyl dihedral angles χC(O4′−C1′−N1−C2) and
χA(O4′−C1−N9−C4) desribe, respetively, the orientation of the ytidine andadenine rings with respet to the sugar,230,231 whereas the pseudorotationphase angle P232 desribes the sugars ring onformation, and the bakbonetorsion angles (α, β, γ, δ, ǫ and ζ) haraterize the onformation of the sugar-phosphate bakbone (Sheme 4.1). Then, we disuss the geometry of theative-site, fousing attention on the onformation of key residues and theirinteration with the substrate and solvent moleules. The side hain ofresidue His119 an adopt two onformations denoted as A (χ1(N−Cα−Cβ−Cγ) ∼
160◦) and B (χ1 ∼ −80◦),62 whih are related by a 142◦ rotation aboutCα − Cβ bond and 38◦ rotation about the Cβ − Cγ bond. Conformation Ais the �ative� onformation that promotes atalysis, whereas onformationB is an �inative� onformation.50 In the rystallographi struture of theomplex, onformation A is observed.50 The riteria for the existene ofhydrogen bonds of the form D −H · · ·A, where D and A are the hydrogenbond donor and aeptor, respetively, are 1) a maximum H · · ·A distane Rof 2.4 Å, 2) a minimum D̂HA angle of 120◦ and 3) a hydrogen bond lifetime
τ ≥ 5.0 ps. Finally radial distribution funtions (RDFs) of water moleulesaround phosphoryl and oxyphosphorane oxygens are alulated. The RDFsare denoted gXY (r) where the subsript XY refers to the distribution of Yatoms around X atoms. Analysis for all trajetories was over the last 5 ns ofprodution simulation, following pre-equilibration and 1 ns of unrestrainedequilibration dynamis.4.3.1 Reatant modelIn this subsetion, results are presented for the simulations of the RNase A- 3',5'-CpA omplex in the reatant state (Sheme 4.1 and Figure 4.1). TheRMSD with respet to the initial onformation as a funtion of the simulation



66 4.3 Results
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Figure 4.1: Structure of the Reactant model at top, [Trans]TS in the middle and
[Hyd]TS at the bottom. Some MD average distances between heavy atoms are
depicted.



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 67time is shown in Appendix Figure A.1. The RMSD reahes equilibrium after1 ns and �utuates stably with an average value of 1.46 ± 0.11 Å.Conformational dynamisThe time evolution of key dihedral angles that de�ne the onformation ofthe substrate and the His119 residue are shown in Supporting Information(Figure A.2) and the average values are listed in Table A.3. The glyosyldihedral angles, χC and χA, are in the anti onformation in the rystallo-graphi struture.50 The �utuations of these dihedral angles are very small,signifying that the χC and χA anti onformations are stable throughout thesimulation. The average values are -161.0◦ and -65.7◦ respetively. However,the onformation of the ribose shows some di�erenes with respet to therystallographi struture. In partiular, the ytidine ribose essentially staysat North C3′-endo throughout the simulation in ontrast with the South C2′-endo onformation enountered at the rystallographi struture.50 On theother hand, the adenosine ribose is observed in the simulations to sampleboth the South C2′-endo onformation as in the rystal struture, and theNorth C3′-endo puker. The average values are 23.2◦ and 140.8◦ respetively(Figure A.2 and Table A.3). The tendeny of the simulation to oupy a C3′-endo puker is due to the fat that the sugar rings are the native ribose sugarsof RNA, whereas in the rystal struture, the substrate is d(CpA), havingthe ribose replaed with deoxyribose in order to render the omplex inative(reall, it is the 2'OH group that ats as nuleophile in the transphosphory-lation). Whereas lassial B-form DNA tends to have C2′-endo sugar puker,RNA typially has a C3′-endo sugar puker similar to an A-form helix thatredues the steri repulsion between the 2' and 3' oxygens.233 In addition,the dinuleotide phosphodiester bakbone torsional angle undergoes a tran-sition from gauhe+ (γC), trans (γA) in the rystallographi struture to themore stable gauhe+, gauhe+ in the simulation, whih was also observedby Brünger et al.219 Consequently, these di�erenes in puker between thesimulation and rystal struture have relevane for the native reative sub-strate. Finally, it is noteworthy that the side hain of His119 maintains itsative A onformation of the rystallographi struture throughout the sim-ulation, with a mean χ1 value of 166.9◦ and χ2 of -104.2◦ (see Figure A.2 inSupporting Information).Hydrogen bond interationsThe average distanes between atoms partiipating in protein-substrate hy-drogen bonds, with the hydrogen-bond oupanies, average time and num-ber of events are listed in Table 4.1. Time evolution of seleted distanesbetween protein and ligand atoms is plotted in Figure A.3. In the rys-tal struture of RNase A - 3',5'-d(CpA) omplex50 the ligand phosphate



68 4.3 Resultsgroup interats with His12, His119, Gln11, Phe120 and a water moleule(Table A.1). In our reatant model simulation, this group makes a stronghydrogen bond with the imidazolium side hain of His119, and weaker hydro-gen bond interations with Gln11, Lys41, His12, Phe120 and solvent water(Table 4.1).
Table 4.1: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in the simu-
lation of the reactant model. The criteria for the existence of hydrogen bonds are 1) a maximum
H · · · A (acceptor) distance of 2.4 Å 2) a minimum̂DHA of 120◦ and 3) a hydrogen bond
lifetime τ ≥ 5.0 ps. The occupancy,Occ, is defined as the total lifetime of each hydrogen bond
by the production time. The events are the number of times each hydrogen bond is formed.
All distances are in Å. HSP stands for a doubly protonated His, while HSD stands for a His
protonated at Nδ position. Distane Hydrogen bondAtom pair MD† MD‡ X-Ray� Occ 〈τ〉(ps) # EventsLYS 41 Hζ1 - ADE O1P 4.294(0.937) 4.420(0.693) 4.722 0.03 33.02 5LYS 41 Hζ2 - ADE O1P 4.260(0.877) 0.01 25.00 2LYS 41 Hζ3 - ADE O1P 4.311(0.827) 0.01 15.00 4ADE 2 H3T - ADE O1P 5.400(0.616) 5.198(0.522) 5.062 0.01 30.00 1WATER - ADE O1P 3.148 1.72 25.70 335GLN 11 Hǫ21 - ADE O2P 2.419(0.571) 3.212(0.455) 4.181 0.57 37.24 76LYS 41 Hζ1 - ADE O2P 4.254(0.863) 4.023(0.736) 4.938 0.02 22.50 4LYS 41 Hζ2 - ADE O2P 4.138(0.855) 0.01 15.00 4LYS 41 Hζ3 - ADE O2P 4.313(0.789) 0.00 20.00 1HSP 119 Hδ1 - ADE O2P 3.696(0.312) 4.498(0.318) 3.803 0.00 10.00 1CYT 1 H2′ - ADE O2P 1.916(0.394) 2.741(0.236) 0.88 79.56 55WATER - ADE O2P 3.062 1.19 43.46 137LYS 41 Hζ1 - CYT O2′ 2.900(0.754) 2.932(0.253) 0.32 56.96 28LYS 41 Hζ2 - CYT O2′ 2.867(0.819) 0.36 152.06 12LYS 41 Hζ3 - CYT O2′ 3.093(0.725) 0.20 100.51 10WATER 11 - CYT O2′ 3.836(0.344) 0.00 10.00 2HSP 119 Hδ1 - CYT O3′ 2.901(0.405) 3.318(0.241) 4.429 0.03 12.47 12WATER - CYT O3′ 0.01 11.67 3HSP 119 Hδ1 - ADE O5′ 2.141(0.394) 2.988(0.242) 2.656 0.81 59.87 68WATER 5892 - ADE O5′ 0.00 10.00 1HSD 12 Nǫ2 - CYT H2′ 3.250(0.202) 3.494(0.279) 0.03 14.98 9WATER 11 - CYT H2′ 3.836(0.344) 0.24 12.82 92
†Arithmeti average hydrogen bond distane over the last 5 ns of the prodution simulation, withstandard deviation in parentheses. ‡ Arithmeti average distane between the orresponding heavyatoms of the last 5 ns of the prodution trajetory, with standard deviation in parentheses.�X-Ray data from Zegers et al.50



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 69The O2P phosphate oxyanion (pro-S oxygen) makes a strong hydrogenbond interation with ytosine H2′ (the nuleophile) and side hain of residueGln11 with average distanes < R > of 1.916 Å and 2.419 Å, and hydrogenbond oupanies Occ of 0.88 and 0.57, respetively (Table 4.1). For the last2 ns of the prodution dynamis, the interation between O2P and Gln11beomes slightly weaker (Figure A.3). The O1P oxyanion (pro-R) does notinterat diretly with any residue of the enzyme. The O2P and O1P oxygensinterat with water moleules throughout the simulation. The imidazole sidehain of His12 forms a water bridge with O2P for most of the simulation.This same water moleule forms a hydrogen bond with the 2'OH of ytosine.Together, these interations form a hydrogen bond network that stabilizesthe orientation of the nuleophile. The O3′ phosphoryl oxygen is hydrogenbonded to the imidazolium side hain of protonated His119 in the last 1.5ns, while the interation between O5′ phosphoryl oxygen and His119 remainsstrong throughout the simulation. The average distanes and hydrogen bondoupanies are 2.901 Å and 0.03 for O3′ and 2.141 Å and 0.81 for O5′(Table 4.1 and Supporting Information Figure A.3).Residue Lys41 is positioned at a distane of 3.7 Å from O3′ oxygen inthe rystal struture,50 whereas in the reatant state simulation, the averagedistane is 5.00 Å (Table A.1). The side hain of Lys41 forms weak hydro-gen bond interations with O1P and O2P phosphoryl oxygens, and a stronghydrogen bond interation with the 2'-hydroxyl oxygen, O2′ (Table 4.1 andFigure A.3). The average heavy-atom distanes and hydrogen bond groupoupanies involving Lys41 are 4.420 Å and 0.05, respetively, for O1P ,4.023 Å and 0.03, respetively, for O2P , and 2.932 Å and 0.88, respetively,for O2′ .Solvation of the substrateDetermination of ligand-solvent interations in the ative site is of paramountimportane to reveal the role of spei� water moleules and bulk solvente�ets in the enzymati mehanism. We analyzed two aspets of ligand-solvent interations: spei� hydrogen bond interations with ative sitewater moleules, and radial distribution funtions of water solvent aroundkey atoms of the substrate.The CpA ligand makes a variety of hydrogen bonds with various watermoleules in the ative site (Table 4.1). Eah atom of the ligand apableof hydrogen bonding was observed to form hydrogen bonds with severaldi�erent water moleules in the ourse of the prodution simulation, withthe exeption of the 2'-hydroxyl group and O5′ oxygen that only interattransiently with a single water moleule in the ourse of the simulation. Thelongest average hydrogen bond lifetime τ is 43.46 ps and orresponds to theO2P phosphoryl oxygen, whereas the largest �oupany�, 1.72, orrespondsto water interations with O1P phosphoryl oxygen. Note that in this ase



70 4.3 Resultsthe hydrogen bond oupany is > 1 beause it aounts for the possibilityof making simultaneous hydrogen bonds with multiple water moleules, andin this sense is more similar to an average oordination number.Radial distribution funtions are shown in Figure 4.2. Broadly speaking,the RDF's desribe three kind of situations:
• i) a very sharp peak at the �rst solvation layer followed by a deepminimum with a very low probability. This is indiative of tightlybound and highly ordered water moleules interating diretly withthe atom, with slow or negligible water exhange. We will refer to thisregime as a highly ordered water interation. This is the ase for O1Pand O2P . The �rst one shows the largest peak among the RDF's forthe reatant omplex simulation, 3.4 at 2.6 Å and falls to 0.3 at 3.2 Åwhile O2P RDF is 3.1 at 2.7 Å and falls to 0.4 at 3.1 Å.
• ii) a pronouned peak at the �rst solvation layer followed only by amodest derease to a loal minimum that still has signi�ant proba-bility. This is indiative of a reasonably ordered �rst solvation layerthat is able to readily exhange with bulk solvent. We will denotethis regime as a fully-exposed solvent interation. This is the ase for
gP−OW

in the reatant simulation.
• iii) a weak �rst peak followed by a fairly disordered �utuations in theRDF that gradually relax to bulk values. This behavior is indiative ofpoorly solvated areas, or limited solvent aessibility. We will lassifythese atoms as poorly solvated atoms. This is the regimen we foundfor gO2′−OW

, gO5′−OW
and gO3′−OW

. Those RDF start to inrease fordistanes > 3.0 Å (Figure 4.2).4.3.2 Transphosphorylation transition state mimimodel, [Trans℄TSIn this subsetion we show the results obtained for the RNase A - 3',5'-CpA transphosphorylation transition state mimi model (Sheme 4.1 andFigure 4.1). The RMSD with respet to the initial onformation as a fun-tion of the simulation time is shown in Figure A.1. The RMSD reahesequilibrium after 1 ns and �utuate stably with an average value of 1.24 ±0.10 Å.Conformational dynamisThe time evolution of χC and χA glyosyl dihedral angles are shown in Fi-gure A.2 and the average values are listed in Table A.4. The �utuations ofboth dihedral angles are small, signifying that the χC and χA anti onforma-tions remain stable throughout the simulation as in the reatant model. Theaverage values are -158.9◦ and -63.1◦, respetively. The ytidine ribose stays



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 71in the North C3′-endo throughout the simulation, while the adenosine riboseoupies mainly a South C2′-endo onformation with infrequent and short-lived transitions to a North C3′-endo puker. The average values are 10.1◦and 149.4◦ respetively. From ∼ 5300 ps to ∼ 5700 ps the α and γA phos-phodiester dihedral angles undergo a onformational transition from transto gauhe+ and from gauhe+ to trans, respetively (Figure A.4) known asa rankshaft motion, and is often observed in BI↔BII transitions .234 Fi-nally, the imidazolium side hain of residue His119 retains an ative A-typeonformation as in the reatant model, with a mean χ1 value of 165.9◦ and
χ2 value of -108.6◦ (Figure A.2.)Hydrogen bond interationsHydrogen bond formation between the ligand and the protein residues in theative site is desribed in Table 4.2, in whih the average distanes betweenatoms partiipating in protein-ligand hydrogen bonds, with the hydrogen-bond oupanies, average time and number of events are listed. The timeevolution of seleted distanes between protein and ligand atoms is plottedin Supporting Information Figure A.4. In the [Trans℄TS simulation, thephosphodiester group makes strong hydrogen bond interations with the twoatalyti histidines, His12 and His119, Gln11, Phe120 and a water moleule,and somewhat weaker interations with Lys41 and some water moleules.The O1P equatorial non-bridge oxygen makes a strong hydrogen bondinteration with the side hain of Gln11, whih was not seen in the rea-tant model, in addition to hydrogen bonding with water moleules. Alsoobserved at this position was a weaker hydrogen bond interation with theside hain of Lys41 (Table 4.2). The average O1P hydrogen bond distaneand oupany with Gln11 are 1.984 Å and 0.94, respetively, while the av-erage distane between O1P and Nζ of Lys41 is 3.006 Å with a hydrogenbond group oupany of 0.30. Equatorial oxygen O2P makes strong hy-drogen bond interations with imidazolium side hain of His12 and a watermoleule, and somewhat weaker interations with the main hain of Phe120(Table 4.2 and Figure A.4). The average O2P hydrogen bond distanes andoupanies are 1.877 Å and 0.99 with His12, 2.246 Å and 0.73 with Phe120,and 2.714 Å and 1.00 with the water moleule. As in the reatant model,O1P and O2P interat with water moleules throughout the simulation. Inthe [Trans℄TS simulation, His12 interats diretly with the O2P equatorialoxygen, instead of via a water bridge as in the reatant state simulation.The side hain of His12 also hydrogen bonds with the O2′ axial oxygen withan average distane of 2.374 Å and hydrogen bond oupany of 0.36.The imidazolium side hain of His119 forms a strong hydrogen bond in-teration throughout the simulation with the O5′ axial oxygen and a weakinteration with O3′ equatorial oxygen, similar to the reatant model. How-ever, the His119 residue, whih is protonated in all of the simulations, is



72 4.3 Resultsloser to the dianioni phosphorane in the [Trans℄TS simulation than to themonoanioni phosphate in the reatant state simulation. The average hy-drogen bond distanes are 1.851 Å and 2.602 Å respetively. The hydrogenbond between His119 and O5′ is observed to exhange only eight times dur-ing the [Trans℄TS simulation, and has an average lifetime of 638.7 ps. Theationi Lys41 side hain forms strong interations with the O2′ axial oxygen(< R >=2.917 Å and Occ=0.80) and weaker interations with O1P equato-rial oxygen (< R >=3.006 Å and Occ=0.30).
Table 4.2: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in
the simulation of the [Trans]TS mimic model. The criteria for the existence of hy-
drogen bonds are 1) a maximum H· · · A (acceptor) distance of 2.4 Å 2) a minimum
D̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,Occ, is
defined as the total lifetime of each hydrogen bond by the production time. The events
are the number of times each hydrogen bond is formed. All distances are in Å. HSP
stands for a doubly protonated His.Distane Hydrogen bondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsGLN 11 Hǫ21 - CYT O1P 1.984(0.246) 2.917(0.183) 0.94 85.81 56LYS 41 Hζ1 - CYT O1P 2.956(0.640) 3.006(0.235) 0.09 14.49 30LYS 41 Hζ2 - CYT O1P 2.938(0.579) 0.10 13.73 39LYS 41 Hζ3 - CYT O1P 2.811(0.571) 0.11 14.87 37WATER - CYT O1P 1.09 48.64 114HSP 12 Hǫ2 - CYT O2P 1.877(0.192) 2.846(0.157) 0.99 218.90 23PHE 120 HN - CYT O2P 2.246(0.246) 3.204(0.224) 0.73 28.35 131WATER 11 - CYT O2P 2.714(0.117) 1.00 391.92 13HSP 12 Hǫ2 - CYT O2′ 2.374(0.205) 2.989(0.189) 0.36 14.44 127LYS 41 Hζ1 - CYT O2′ 3.040(0.717) 2.917(0.183) 0.23 23.21 50LYS 41 Hζ2 - CYT O2′ 3.071(0.721) 0.25 24.07 53LYS 41 Hζ3 - CYT O2′ 2.908(0.778) 0.32 28.01 58HSP 119 Hδ1 - CYT O3′ 2.602(0.230) 3.155(0.166) 0.05 11.44 24WATER - CYT O3′ 0.52 18.46 143HSP 119 Hδ1 - ADE O5′ 1.851(0.117) 2.842(0.104) 1.00 638.75 8WATER - ADE O5′ 0.14 15.12 46
†Arithmeti average hydrogen bond distane for 5 ns of the prodution simulation, with stan-dard deviation in parentheses. ‡ Arithmeti average distane between the orrespondingheavy atoms in 5 ns of the prodution trajetory, with standard deviation in parentheses.



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 73Solvation of the substrateThe [Trans℄TS simulation exhibits a variety of interations between the ligandsubstrate and solvent (Table 4.2). Eah hydrogen-bonding atom of the CpAligand interats with several di�erent water moleules in the ourse of the[Trans℄TS simulation. However, it is noteworthy that the O2P equatorialoxygen only interats with a single water moleule. The largest hydrogenbond group oupany (1.09) orresponds to hydrogen bond interationswith O1P equatorial oxygen. On the other hand, O2′ axial oxygen does notform any hydrogen bond with water moleules, instead interating almostexlusively with the side hain of Lys41.Inspetion of the RDF's (Figure 4.2) indiate the O2P and O1P presentsignatures of highly ordered water interations. The former exhibits thelargest peak among the RDF's of the [Trans℄TS omplex, 4.3 at 2.7 Å thatdrops to 0.02 at 3.2 Å while O1P 's RDF is 3.2 at 2.7 Å and falls to 0.2at 3.1 Å. The observed peak value for O2P is signi�antly larger than thepeak value in the reatant model (3.1), and suggest an important solventstabilization of the negative harge aumulated at the non-bridge oxygensin the dianioni transition state. On the other hand, the fat that the peakfalls to a near 0 value in the ase of O2P indiates that exhange is veryslow. With respet to the rest of the phosphorane oxygen atoms (axial O5′and O2′ oxygens and equatorial O3′), the RDFs present signatures of a poorlysolvated situation that indiate less ordered solvent and more rapid exhangerelative to the RDFs for the equatorial O2P and O1P atoms. In the [Trans℄TSsimulation, the O3′ and O5′ RDFs begin to inrease earlier than the orre-sponding reatant state simulation RDFs, while the opposite ours for theO2′ RDFs. The latter begins to inrease for distanes > 4.0 Å and presentsa maximum value of 1.6 at 4.7 Å whih falls to 0.6 at 5.8 Å.4.3.3 Hydrolysis transition state mimi, [Hyd℄TSIn this setion we present the results for the RNase A - 3',5'-CpA hydrolysistransition state mimi model (Sheme 4.1 and Figure 4.1). The RMSD withrespet to the initial onformation as a funtion of the simulation time isshown in Figure A.1. The RMSD reahes equilibrium after 1 ns and �utuatestably with an average value of 1.27 ± 0.11 Å, very similar to the [Trans℄TSsimulation.Conformational dynamisThe time evolution of this dihedral angle is shown in Supporting InformationFigure A.2 and the average value is listed in Table A.4. The �utuation of thedihedral angle is very small signifying that the χC anti onformation is verystable throughout the simulation, like in the reatant model and [Trans℄TSmodel simulations. The average value is -161.6◦. The ytidine ribose stays



74 4.3 Results
Figure 4.2: Distribution of water around phosphorus atom, phosphate and phos-
phorane oxygens’s atoms is shown for reactant model in black, [Trans]TS model
in red and [Hyd]TS model in green. O2′ is at top left corner, at top right corner
O5′ /O3T is depicted, phosphorus atom is in the middle left and on the right side is
O3′ oxygen, finally O1P is at the botton left corner and at the right corner O2P are
shown.
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Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 75in the North C3′-endo puker throughout the simulation with an averagevalue of 15.9◦. Finally, the imidazolium side hain of His119 is retained inthe ative A onformation like in the reatant and [Trans℄TS models, with amean χ1 value of 154.5◦ and χ2 value of -105.8◦. The torsional dihedral anglesdo not undergo any signi�ant onformational transitions (Figure A.5).Hydrogen bond interationsHydrogen bond formation between the ligand and the protein residues inthe ative site is desribed in Table 4.3, in whih the average distanesbetween atoms partiipating in protein-ligand hydrogen bonds, with thehydrogen-bond oupanies, average time and number of events are listed.The time evolution of seleted distanes is plotted in Supporting Informa-tion Figure A.5 . In the [Hyd℄TS simulation, the phosphodiester group makesstrong hydrogen bond interations with both atalyti histidines, His12 andHis119, the bakbone of Phe120, the side hains of Gln11 and Lys41, andsolvent moleules.The equatorial non-bridge O1P atom forms a strong hydrogen bond in-teration with the side hain of residue Gln11. After 2 ns, the interationweakens and is partially replaed with an interation with the side hain ofLys41 that gets stronger (see Table 4.3 and Figure A.5). The hydrogen bondoupanies are 0.86 and 0.57 respetively. The reatant state, [Trans℄TSand [Hyd℄TS simulations all show strong interations between O1P and theside hain of Gln11, but only the [Trans℄TS and [Hyd℄TS simulations predita hydrogen bond interation between O1P and Lys41, this interation be-ing most prominent in the hydrolysis transition state mimi. The [Trans℄TSand [Hyd℄TS simulations also both show strong interations between O1Pand side hain of Gln11, being stronger in the [Trans℄TS model. The O2Pequatorial oxygen makes 3 strong interations with residues His12, Phe120and a water moleule. One of them, His12 Hǫ2-O2P , is essentially loked forover the last 5 ns of simulation, with an average hydrogen bond distane of1.729 Å and oupany of 1.00 with only 9 observed exhange events andan average lifetime of 573.33 ps. On the other hand, the hydrogen bondbetween O2P and the bakbone of Phe120 is weaker, with a hydrogen bondoupany of 0.85 and an average distane average of 2.157 Å. The O1P andO2P equatorial oxygens interat with water moleules throughout the sim-ulation as in the reatant and [Trans℄TS models, but quite remarkably, theO2P interats exlusively with a single water moleule as in the [Trans℄TSsimulation. On the other hand, the axial O2′ oxygen makes weak intera-tions with the side hain of His12, Lys41 and a water moleule. The averageO2′-His12 distane is 2.488 Å hydrogen bond oupany is 0.13, and averagelifetime is 11.67 ps. The interation between O2′ and Lys 41 is stronger,with hydrogen bond group oupany of 0.46. Analysis of the interations ofLys41 suggest this residue interats with the O2′ axial oxygen over the �rst



76 4.3 Results
Table 4.3: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in the
simulation of the [Hyd]TS model. The criteria for the existence of hydrogen bonds are
1) a maximum H· · · A (acceptor) distance of 2.4 Å 2) a minimum̂DHA of 120◦ and 3)
a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,Occ, is defined as the total lifetime
of each hydrogen bond by the production time. The events are the number of times each
hydrogen bond is formed. All distances are in Å. HSP stands for a doubly protonated
His. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsGLN 11 Hǫ21 - CYT O1P 2.053(0.388) 2.963(0.284) 0.86 62.54 71LYS 41 Hζ1 - CYT O1P 2.957(0.776) 3.029(0.385) 0.21 62.65 17LYS 41 Hζ2 - CYT O1P 2.988(0.627) 0.14 46.56 16LYS 41 Hζ3 - CYT O1P 2.814(0.668) 0.22 59.48 19WATER - CYT O1P 1.47 39.38 193HSP 12 Hǫ2 - CYT O2P 1.729(0.119) 2.723(0.099) 1.00 573.33 9HSP 119 Hδ1 - CYT O2P 3.102(0.308) 3.863(0.288) 0.00 10.00 1PHE 120 HN - CYT O2P 2.157(0.259) 3.120(0.231) 0.85 50.17 88WATER 397 - CYT O2P 2.695(0.131) 0.99 341.33 15HSP 12 Hǫ2 - CYT O2′ 2.488(0.197) 3.162(0.171) 0.13 11.67 57LYS 41 Hζ1 - CYT O2′ 3.173(0.683) 3.205(0.383) 0.12 55.47 11LYS 41 Hζ2 - CYT O2′ 3.274(0.821) 0.15 83.88 9LYS 41 Hζ3 - CYT O2′ 3.135(0.839) 0.19 64.65 15WATER 6130 - CYT O2′ 13.333(13.670) 0.55 188.34 15HSP 119 Hδ1 - CYT O3′ 2.165(0.230) 2.961(0.149) 0.79 31.77 128WATER - CYT O3′ 0.40 14.48 144HSP 119 Hδ1 - CYT O3T 2.060(0.296) 2.991(0.252) 0.88 76.77 59WATER - CYT O3T 0.19 12.47 79
†Arithmeti average hydrogen bond distane for 5 ns of the prodution simulation, with stan-dard deviation in parentheses. ‡ Arithmeti average distane between the orresponding heavyatoms in the prodution trajetory, with standard deviation in parentheses.2110 ps, while in last 2890 ps it interats with the O1P equatorial oxygen.In turn, during the last 2890 ps of the simulation, O2′ hydrogen bonds witha water moleule (average heavy atom distane of 2.859 Å), while there wasno interation between O2′ and water moleules during the �rst 2110 ps.The entry of this water moleule into the ative site is thus onneted withthe movement of Lys41 toward the O1P equatorial oxygen. Finally, the sidehain of residue His119 makes 2 strong interations with the O3′ equatorialoxygen and the terminal O3T axial oxygen, with hydrogen bond oupaniesof 0.79 and 0.88, respetively, and average distanes of 2.165 Å and 2.060 Årespetively.



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 77Solvation of the substrateEah of the phosphoryl oxygens of the CpA ligand form hydrogen bonds withresidues of the enzyme during the ourse of the simulation (Table 4.3), withthe exeption of the O2P equatorial oxygen and O2′ axial oxygen. The over-all hydrogen bond pattern is similar to that of the [Trans℄TS simulation, witha few notable exeptions. The hydrogen bonding interations between O1Pand Lys41 is strengthened in the [Hyd℄TS simulation (group Occ 0.57) rela-tive to the [Trans℄TS simulation (group Occ 0.30), whereas the interation ofO1P with Gln11 is redued. The O2P was observed to make transient hydro-gen bonding interation with the protonated His119 residue not present inthe [Trans℄TS simulation, whereas the interation of O2′ with the protonatedHis12 and Lys41 residues are less pronouned. Moreover, in the [Hyd℄TSsimulation, the O3′ atom of ytidine aquires a more signi�ant hydrogenbond with His119 with Occ 0.79, whereas this interation is greatly reduedin the [Trans℄TS simulation (Occ 0.05). In the [Hyd℄TS simulation, the pro-posed general aid His119 is observed to make a strong hydrogen bond withthe ativated water nuleophile/terminal hydroxyl group of ytidine (O3Tin Table 4.3). The O1P , O2P , O2′ and O3′ atoms maintain additional stronghydrogen bond interations with water moleules in the [Hyd℄TS simulation.Unlike the [Trans℄TS simulation, the [Hyd℄TS simulation exhibits a signi�-ant solvent interation with the O2′ axial oxygen. The solvent interationwith the largest lifetime average (341.33 ps) orresponds to a hydrogen bondbetween a water moleule and the O2P equatorial oxygen, while the largesthydrogen bond group oupany (1.47) orresponds to the O1P equatorialoxygen.Radial Distribution Funtion analysis reveal a highly ordered water in-teration for the O1P , O2P and O2′ oxygens. The non-bridging equatorialoxygens O1P and O2P have the highest probability in their RDF with wateroxygens, with maximum value of 3.8 and 3.7, respetively, both loated at2.7 Å. The minima for O2P is onsiderably lower than that for O1P , onsis-tent with the larger number of solvent exhange events for the latter. ThegO2′−OW
RDF for the [Hyd℄TS model has an ordered �rst solvation peak (1.7at 2.8 Å), unlike that of the reatant and [Trans℄TS models. Additionally,the axial oxygen in the [Hyd℄TS model (shown in Figure 4.2 as O5′) is solventexposed, and exhibits a broad solvation peak with maximum of 2.1 at 3.0 Åwhih falls to 0.7 at 4.4 Å. Comparison of these peak values with the RDF'sof the reatant and [Trans℄TS simulations indiates the preferential solventstabilization at this position in the hydrolysis transition state mimi. To-gether with the gP−OW

RDF, the hydrolysis transition state is more highlysolvated than the reatant state and [Trans℄TS model.



78 4.4 Disussion4.4 DisussionThe present work presents a series of moleular dynamis simulations ofRNase A - 3',5'-CpA omplex and its transphosphorylation and hydroly-sis transition state mimi models. These simulations employ a set of re-ently developed fore �eld parameters for oxyphosphorane transition statesor intermediates whih are onsistent with the CHARMM27 all-atom em-pirial fore �eld for nulei aids.218 The parameters were developed basedon density-funtional alulations, with partial atomi harges derived fromeletrostati potential �tting and Lennard-Jones parameters reproduing in-teration energies with water moleules. Bonded energy terms (bond, an-gle and torsion parameters) were also derived from the density-funtionalalulations and renormalized to maintain ompatibility with the existingCHARMM27 parameters for standard residues. Thus, the parameters usedin this work reprodue the main geometrial and eletroni harateristisof important oxyphosphorane intermediates based on density-funtional the-ory, but within a moleular mehanial approximation. This has allowed usto provide key strutural information on how these reative intermediatesare struturally reognized in the ative site of RNase A, using lassial MDsimulations with reasonable time sales. One has to onsider that this typeof data an be di�ult to be aessed from experiments, due to the di�ultyof trapping reative intermediates, and to the inherent limitations of usingvanadate speies as oxyphosphorane analogs.214 The main advantage of theuse of a lassial fore �eld is the omputational e�ieny that allows forsu�iently long time sales as to get statistially relevant results. However,there are also important limitations of the present approah that should beremarked upon. For instane, a non-polarizable fore �eld is used in a systemsigni�antly harged, whih results in a lak of signi�ant dispersion e�ets inthe present model. In addition, due to the use of a lassial fore �eld, thereis no possibility of providing with a reation pro�le as a funtion of ovalentbond formation and leavage, and one is limited to the analysis of struturalinformation. Still important insights on the reation mehanism an be in-ferred from the strutural data presented here. In the present setion, wemake a disussion on the relevane of our strutural �ndings for the lassialatalyti reation mehanism. In this so-alled lassial mehanism, RNase Aleaves RNA substrates in a two-step proess, by general aid-base atalysis.In the �rst step (transphosphorylation, [Trans℄TS struture), the RNA hainis leaved by a phosphate ester exhange, in whih the 2'-hydroxyl group ofribose attaks the phosphate ester linkage (P�O2′ bond is formed) and theO5′ oxygen of the next nuleotide is ejeted (P�O5′ bond is leaved). In theseond step (hydrolysis [Hyd℄TS struture), the P�O2′ bond of the 2',3' yliphosphate is leaved by an attaking ativated water moleule to generatea 3'-terminal phosphate group and regenerate the 2'-hydroxyl group. Theprinipal atalyti groups for these reations are the side hains of His12



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 79and His119 and the ationi amino group of Lys41. In the so-alled lassialmehanism, the most aepted one among experimentalists, His12 ats as ageneral base, while His119 ats as an aid in the transphosphorylation step,and in the hydrolysis step His12 ats as an aid, while His119 ats as a base.However, the exat role of eah of these residues is still a matter of disus-sion, and di�erent mehanisms have been proposed.29,60,61,73,79,80,87,209 Weanalyze now the strutural information relevant from our dynamis with re-spet to these three important residues and the role of solvent moleules inthe stabilization of oxygen oxyphosphoranes.Regarding Lys41, our MD simulations demonstrate that this residue ismore �exible in the reatant model than in the transition state mimi models.The ationi side hain of Lys41 hydrogen bonds with O1P and O2P phos-phate oxygens as well as ytosine O2′ oxygen in the reatant model, whilein the [Trans℄TS and [Hyd℄TS models Lys41 only forms signi�ant hydrogenbonds to the O2′ axial oxygen and O1P equatorial oxygen (Tables 4.1, 4.2and 4.3). The interation with the equatorial oxygen gets stronger pro-eeding from the reatant model to the transphosphorylation and hydrolysistransition state models (hydrogen bond group oupany of 0.03-0.05, 0.30and 0.57 respetively). This is onsistent with the early supposition thatLys41 provides preferential eletrostati stabilization of the reative inter-mediate/transition state .214,235 Whereas the interation of Lys41 with thenon-bridge equatorial oxygen beomes stronger in proeeding from the rea-tant to the transition states, the interation with the O2′ oxygen beomesslightly weaker. The interation between Lys41 and the O2′ position is ofinterest, as Lys41 is known to have a redued pKa (8.6-9.1) ,236 has beenobserved rystallographially to undergo strutural hange in the pH range8.0-8.8,237 and has even been suggested to at as general base/aid atalystinstead of His12 .60,61,87 It is possible that Lys41 might have a depressedpKa due to interation with nearby hydrophobi groups, as has been ob-served for a lysine residue in enolase .238 However, to reonile this ques-tion would require the alulation of the pKa value of Lys41 (and possiblyother residues) using a ombined quantum mehanial/moleular mehani-al (QM/MM) simulation and free energy perturbation approah. This isbeyond the sope of the urrent work that fouses on the struture and dy-namis at di�erent stages along the reation oordinate. It is, nonetheless,of importane to note that the simulations predit a stable hydrogen bondinteration with the O2′ nuleophile in the reatant state that is preserved inproeeding to the transition state. In the ionized form, Lys41 ould assist inatalysis by inreasing the aidity of the nuleophile and failitating protontransfer to His12. Alternately, the interation of Lys41 with the nuleophilemight impliate a more ative role as a general base atalyst, although thiswould require further simulation and QM/MM alulations to fully test.On the other hand, His12 has a very weak interation with the CpA re-atant model. Instead, in both transition state mimis, His12, in protonated



80 4.4 Disussionform, makes strong hydrogen bond interations with the O2P equatorial oxy-gen. The hydrogen bond oupany is 0.99 for the [Trans℄TS mimi and 1.0for [Hyd℄TS mimi (Tables 4.2 and 4.3). Thus, the simulation results suggestthat interation with His12 may be important to stabilize the exess of nega-tive harge at O2P as the reation proeeds. In addition, the O2P equatorialoxygen makes two strong hydrogen bond interations in the transition statemimi models that provide stabilization of its negative harge: one hydrogenbond interation with the main hain of residue Phe120, and the other witha water moleule. On the other hand, the interation between His12 andthe O2′ axial oxygen is not strong in either of the transition state mimisimulations. The hydrogen bond oupanies are 0.36 for the [Trans℄TS and0.13 for the [Hyd℄TS . This last oupany is not what one would expetif His12 were to play the role of a general aid atalyst as in the lassialmehanism.73 Nonetheless, this small oupany might be partially o�set byan indiret interation via a bridging water moleule between His12 and theO2′ axial oxygen that beomes evident in the last 3 ns of the simulation.The results for Lys41 and His12 suggest that Lys41 may play a moreversatile, and possibly more ative role in RNase A atalysis, whih ouldlead to its use as a base atalyst in the transphosphorylation step and an aidatalyst in the hydrolysis step29,60,87 instead of His12. A reent QM/MMstudy on the hydrolysis step of the reation by Elsässer et al.61 lends furthersupport to the interpretation of our results, pointing to Lys41 as the aidatalyst of the reation and His12 as a hydrogen-bond stabilizer of the exessof negative harge at the equatorial phosphoryl oxygen. Our results withsimulations on the nanosale support these onlusions and predit a similarbehavior for the transphosphorylation step of the reation.The interation between imidazolium side hain of His119 and the O3′equatorial oxygen inreases as the reation proeeds in the forward diretion,from a hydrogen bond oupany of 0.03 in the reatant model to 0.79 forthe [Hyd℄TS mimi. In the ase of the axial O5′ oxygen, the interationinreases from a hydrogen bond oupany of 0.81 for the reatant model to1.0 for the [Trans℄TS mimi, and it dereases slightly to 0.88 for the [Hyd℄TSmodel. Finally, it is remarkable that the side hain of residue His119 remainsin its ative A onformation that promotes atalysis50,62 in eah simulation.In this sense, His119 and the adenine rings form ontinuous π − π stakinginterations that ontribute to the stabilization of the His119 A orientationand the adenine ring anti orientation, and these interation therefore seemsto be fundamental for atalysis.On the other hand, there are important di�erenes in the solvation ofthe two transition state mimis. The gP−OW
RDF (Fig. 4.2) shows a higherdegree of solvation (as re�eted by the peak height of the RDF and �rstoordination number) for the [Hyd℄TS mimi simulation than for the othertwo simulations. The O3T axial oxygen is learly more aessible to solvent inthe [Hyd℄TS simulation. Its RDF maximum (2.1) is at 3.0 Å while [Trans℄TS



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 81model's maximum (1.2) is at 4.1 Å. This is also seen if we analyze the runningoordination number up to the �rst minimum in the oxygen-RDF:
n(R) = 4πρW

∫ R

0
g(r)r2dr ; ρW ≡ Water average density(4.1)In the ase of gO5′/O3T −OW
RDF, n(R) is 0.75 for [Trans℄TS and 3.19 for[Hyd℄TS . Exept for O2P (see below) the rest of the atoms follow the sametendeny with running oordination numbers up to the �rst shell (around3.1-3.6 Å) larger for [Hyd℄TS than for [Trans℄TS , namely, 1.59/1.20 (O1P ),0.55/0.00 (O2′) and 0.84/0.79 (O3′) for [Hyd℄TS /[Trans℄TS respetively. Theonly exeption is found for O2P for whih the same �rst-shell running oor-dination number is found at both transition state mimis, namely, 1.00.Finally, we would like to highlight the behavior of the RDF's of O2P .In both transition state mimi models, its RDF is 0 after the large peakbetween 2.5 and 3.0 Å. Also remarkable, is the zero probability to �nd awater moleule between 3 and 4 Å in the [Trans℄TS model, indiative of a rigidstrutural solvation shell in the viinity of this atom. Thus, based on thesesimulations it seems that this water moleule ould play a strutural role inthe stabilization of oxyphosphorane speies. In this sense, Pelmenshikov etal.239 has demonstrated by DFT alulations that for the stabilization of thesalt bridge between deprotonated DNA phosphate groups and protonatedbasi groups, suh as histidines, requires the diret interations of thesegroups with water moleules. In partiular, the spei� interation of awater moleule with the phosphoryl oxygen is needed to stabilize the negativeharge at this oxygen and avoid proton transfer from the positively hargedhistidine. In oxyphosphoranes this tendeny is probably enhaned due to thebuilt up of negative harge at the phosphoryl oxygens, and our results pointsto this interpretation of an enhaned neessity of stabilization of the salt-bridge between the histidine and the oxyphosphorane by a diret interationof O2P with a water moleule.4.5 ConlusionsIn the present paper, we report the results of MD simulations of RNase A- 3',5'-CpA omplex and its transphosphorylation and hydrolysis transitionstate mimi models using reently developed fore �eld parameters for phos-phoryl transfer intermediates.218 The aim of these studies is to determinestrutural relaxation, and di�erential solvation that ours at disreet stagesof the transesteri�ation and leavage reation, in partiular, at the CpAphosphate reatant, and at the two pentaovalent oxyphosphorane stru-tures that represent the transition states or high-energy intermediates inthe transphosphorylation and hydrolysis steps of the reation. Simulationswere performed with expliit solvation, with rigorous eletrostatis, and for



82 4.5 Conlusionsseveral nanoseonds, whih allow to make a detailed analysis of the mainhanges in hydrogen bond patterns and interation with the solvent amongthe three strutures.Based on our simulations we an onlude that there are no major dif-ferenes between the bakbone struture of the studied three strutures. Be-sides, the relative orientation of the bases, denoted by their glyosyl dihedralangle onformations, is very stable and it is not a�eted by the nature of thesubstrate. In addition, it is quite remarkable that the ative A onformationof His119 is maintained for the three strutures studied and along the wholeprodution run.Analysis of the hydrogen bond oupanies between the substrates andRNase A shows that the residues diretly interating with the substratesare His12, His119, Lys41, Gln11, Phe120 and a variety of water moleules.However, there are important hanges in the hydrogen bond pattern betweenthe reatant and transition state analogs that shed light on the reation me-hanism and role of spei� residues in transition state stabilization. Theformation of pentaovalent phosphorane anhors His12 to interat with theequatorial O2P oxygen, espeially in the ase of the [Hyd℄TS simulation, andauses Lys41 to loosen the interation with the equatorial O2P oxygen andstrengthen the interation with the equatorial O1P oxygen while maintain-ing signi�ant hydrogen bond oupany with axial O2′ atom. This resultsuggests that the role of His12 and Lys41 in the transphosphorylation andhydrolysis reations ould be interhanged to the ones proposed in the las-sial mehanism, and is in qualitative agreement with onlusions of othertheoretial alulations29,60,61,87 in whih Lys41 has been laimed to possiblyat as the aid atalyst in the hydrolysis reation.Analysis of substrate interation with water moleules has been aom-plished by the alulation of hydrogen bond oupanies between the sub-strate oxygen atoms and spei� water moleules and by the analysis ofthe radial distribution funtions around key atoms of the phosphate andphosphorane moieties. Simulations results point to a higher solvation of the[Hyd℄TS , ompared to [Trans℄TS or the reatant model. In all models, theequatorial O1P and O2P atoms are the most solvated phosphate/phosphoraneatoms. It is remarkable that the formation of phosphorane strutures leadsto the enapsulation of a water moleule hydrogen bonded diretly to O2Pthat shows no exhange with other water moleules in the time sale of thesimulations, and suggests an important role of this water moleule in the sta-bilization of the negative harge aumulated at this equatorial phosphoraneoxygen in both [Trans℄TS and [Hyd℄TS simulations.239The work presented in this paper ould also be taken as the base for thefuture analysis of MD simulations of this type of oxyphosphorane transitionstate analogues bound to RNase A mutants that are known to a�et theenzyme turnover rate, namely, H119N, H119A, H119D, H12A, H12E, H12D,K41R or K41A58,240�242 whih derease kcat between two and four orders



Bovine Panreati Ribonulease A - CpA and TransitionState-like Complexes 83of magnitude. In addition, the present data ould also be used as referenestrutures to analyze how hemial hanges at the oxyphosphorane itself (likesulfur substitution, i.e., thio e�ets) a�ets their reognition by RNase A.Work along these lines is under progress.



84 4.5 Conlusions



Chapter 5Thio e�ets on BovinePanreati Ribonulease A -CpA Transition State-likeComplexesAbstratThe mehanisms of enzymes are intimately onneted with their overallstruture and dynamis in solution. Experimentally, it is onsiderably hal-lenging to provide detailed atomi level information about the onforma-tional events that our at di�erent stages along the hemial reation path.Here, theoretial tools may o�er new potential insights that omplementthose obtained from experiments that may not yield an unambiguous meh-anisti interpretation. In this study, we apply thio-e�ets to moleular dyna-mis simulations of bovine panreati ribonulease A, an arhetype ribonu-lease, in order to study the onformational dynamis, strutural relaxation,and di�erential solvation that ours at disreet stages of the transester-i�ation and leavage reation. Simulations were performed with expliitsolvation with rigorous eletrostatis, and utilize reently developed mole-ular mehanial fore �eld parameters for transphosphorylation and hydro-lysis transition state analogs. Herein, we present results for the enzymeomplexed with the dinuleotide substrate ytidilyl-3',5'-adenosine (CpA) intransphosphorylation and hydrolysis transition thio-substituted states. Adetailed analysis of ative site strutures and hydrogen bond patterns arepresented and ompared. The integrity of the overall bakbone struture ispreserved in the simulations, and support a mehanism whereby His12 stabi-lizes aumulating negative harge at the transition states through hydrogenbond donation to the non-bridge oxygens. Lys41 is shown to be highly ver-satile along the reation oordinate, and an aid in the stabilization of the



86 5.1 Introdutiondianioni transition state, while being poised to at as a general aid atalystin the hydrolysis step.5.1 IntrodutionIn this work we investigate for the �rst time the strutural and dynamial be-havior of RNase A - CpA transition state-like omplexes' thio substitutionsin solution with moleular dynamis simulations: 1) two monothio substi-tutions of non-bridging phosphorane oxygens of transphosphorylation tran-sition state/intermediate mimi model, namely, [S:O1P℄Trans and [S:O2P℄Trans(see Sheme 5.1); 2) a dithio substitution of non-bridging phosphorane oxy-gens of transphosphorylation transition state/intermediate mimi model,[S:O1P,O2P℄Trans ; 3) two monothio substitutions of non-bridging phosphoraneoxygens of hydrolysis transition state/intermediate mimi model, namely,[S:O1P℄Hyd and [S:O2P℄Hyd ; and 4) a dithio substitution of non-bridging phos-phorane oxygens of hydrolysis transition state/intermediate mimi model,[S:O1P,O2P℄Hyd . Transition state mimis were modeled by the CHARMMfore �eld parameters for reative phosphoryl transfer intermediates.218 Thesimulations provide insights on the �exibility of the bound ligands and thesurrounding ative site residues in stabilizing the trigonal bipyramidal ge-ometry of the key transition state/intermediates of the reation. Moreover,the reent haraterization of a stable dianioni phosphorane intermediate inRNase A61 remarks the importane of studying pentavalent oxyphosphoranestrutures and its derivatives within RNase A, with methods that allows forsu�ient long-time dynamis to evaluate potential hanges in the strutureof key ative site residues upon phosphorane formation, and the orrespond-ing thio substitutions.The hapter is organized as follows: the Computational Details setiondesribes the fore �eld models and simulation set up. The Results setionshows the simulation results obtained for the transphosphorylation's andhydrolysis' transition state mimi models. Three types of thio substitutionshave been onsidered for eah ase: i) thio substitution at the O1P position,denoted as monothio S:O1P substitution, ii) thio substitution at the O2P po-sition, referred as monothio S:O2P substitution, and iii) double substitutionat the O1P and O2P positions, denoted as the dithio S:O1P,O2P substitution.The Disussion setion plaes the simulation results into a broader biologialontext, and ompares them. Finally, the Conlusion setion summarizes themain points of the paper and outlines future researh diretions.5.2 Computational detailsThe starting struture for all-atom periodi boundary onditions MoleularDynami simulations of RNase A omplexed with ytidilyl-3',5'-adenosine



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 87
Sc

he
m

e
5.

1:
S

ch
e

m
a

tic
re

p
re

se
n

ta
tio

n
o

f
th

e
st

u
d

ie
d

m
o

d
e

ls
.

O
n

th
e

to
p

ro
w

,
tr

a
n

si
tio

n
st

a
te

m
im

ic
th

io
su

b
st

itu
te

d
m

o
d

e
ls

a
re

re
p

-
re

se
n

te
d

([
S

:O 1
P
]T

ra
n

s
,

[S
:O

2P
]T

ra
n

s
a

n
d

[S
:O

1P
,O

2P
]T

ra
n

s
),

w
h

ile
o

n
th

e
se

co
n

d
ro

w
th

e
h

yd
ro

ly
si

s
tr

a
n

si
tio

n
st

a
te

m
im

ic
th

io
su

b
st

itu
te

d
co

m
p

le
xe

s
a

re
sh

ow
n

([
S

:O 1P
]H

yd
,[

S
:O

2P
]H

yd
a

n
d

[S
:O

1P
,O

2P
]H

yd
).

[S:O 1P℄Trans
[S:O 2P℄Trans
[S:O 1P,O 2P
℄Trans

[S:O 1P℄Hyd
[S:O 2P℄Hyd
[S:O 1P,O 2P
℄Hyd



88 5.2 Computational details(CpA) was taken from Protein Data Bank with aession number 1RPG,50where the struture was determined at a resolution of 1.4 Å. The CpA stru-ture was built from the rystal results for the inhibitor omplex, d(CpA),by introduing the 2' oxygen into the deoxy sugar. The transphosphory-lation and hydrolysis transition state mimis were built from the previousomplex using a �path� to introdue a dianioni pentavalent yli phos-phorane transition state mimi with 2' (nuleophile) and 5' (leaving group)positions oriented axially.218 As well as, thio substitutions. The position ofthe hydrogen atoms were determined using HBUILD faility in the programCHARMM,126,127 Ver. 32a1. Atomi harges, van der Waals, and fore-�eld parameters orresponded to the all-atom CHARMM27 nulei aid fore�eld144�146 with extension to transition state mimis218 and TIP3P watermodel.225 Residues His12 and His119 are protonated, in the states appro-priate for their proposed roles for the transphosphorylation reations. Thegeneral base has already aepted a proton from the nuleophile, and thegeneral aid is ready to donate a proton to the leaving group. All otherresidues were assumed to be in their standard ionization sates in solution atneutral pH.The aqueous solvation environment was reated by retaining the 164rystallographi water positions, and further solvating the system with bulkwater moleules and ions. Additional water moleules were inluded by over-laying a pre-equilibrated rhombi dodeahedral ell of 8,346 TIP3P watermoleules, entering it at the enter of mass of the omplex using statis-tis methodology, and deleting water moleules with oxygen atom lying ina radius of 2.8 Å from any non-hydrogen atom of the protein, enzyme orrystallographi waters. The ion atmosphere onsisted of Na+ and Cl− ionsthat were added at random positions to neutralize the net +6 harge ofthe solute and reah the physiologi extraellular onentration of 0.15 M.The transphosphorylation transition state mimi models simulation orre-sponded to the entire protein (1,860 atoms), the ligand (62 atoms), 7,384water moleules, 6 Cl− ions to neutralize the net positive harge of the soluteand 42 additional ounter and o-ions (21 Cl−1 and 21 Na+1 ions). A totalof 24,206 atoms formed the systems under study. The hydrolysis transitionstate mimi models simulations were prepared in an analogous fashion.Periodi boundary onditions were used along with the isothermal-isobariensemble (NPT) at 1 atm and 298 K via an extended system pressure algo-rithm226 and Nosé-Hoover thermostat.227,228 Eletrostati interations weretreated rigorously using the smooth partile mesh Ewald method (PME)135,137,138with a κ value of 0.35 Å−1 and diret-spae ut-o� of 12 Å, 72 FFT gridpoints for eah of the lattie diretions, and 4th-order B-spline interpolationfor spreading the atomi harges to the FFT grid. Nonbonded interationswere performed using a uto� of 12 Å with shifted van der Waals potentialto smooth the Lennard-Jones term. Nonbond pair lists were maintained outto 13.0 Å and updated heuristially. Newton's equations of motion were in-



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 89tegrated numerially using the leapfrog Verlet algorithm within a timestepof 1 fs,167 while atomi oordinates were saved for analysis every 0.5 ps. Co-valent bond lengths involving hydrogen were onstrained using the SHAKEalgorithm.229Water moleules were initially relaxed for 5000 steps of steepest de-sents energy minimization keeping all solute atom and ion positions re-strained to their initial oordinates using a harmoni potential onstant of10 kal·mol−1·Å−2. The restraints on the ions were then released, and thesolvent (water and ions) were relaxed with 5000 steps of onjugate gradientminimization, keeping the solute positions restrained. From this startingpoint, restrained moleular dynamis was performed starting at 0 K andheating to 298 K over 20 ps, and arried out to 220 ps, during the ourseof whih the harmoni restraints on the solute atoms were slowly released.The prodution phase moleular dynamis then began, and overed 6.0 ns.All the simulations were performed with the CHARMM biomoleular pro-gram,126,127 Ver. 32a1.5.3 ResultsThis setion presents moleular dynamis simulation results for thio-substitutedoxyphosphorane ompounds with RNase A, taking into aount thio substi-tutions of the non-bridging equatorial phosphorane oxygens for the trans-phosphorylation and hydrolysis phosphorane strutures, that an be takenas a prototype of the transition state struture or high-energy phosphoranereation intermediates that RNase A has to stabilize in order to atalyze thisreation. The ombination of these possibilities leads to a total of six di�er-ent RNase A � thio-oxyphosphorane omplexes treated in this work, namely:i) the transphosphorylation's transition state mimi monothio substituted([S:O1P℄Trans and [S:O2P℄Trans ) omplexes, and the dithio substituted one([S:O1P,O2P℄Trans ), and ii) the hydrolysis' transition state mimi monothiosubstituted [S:O1P℄Hyd and [S:O2P℄Hyd omplexes, and the dithio substituted[S:O1P,O2P℄Hyd (see Sheme 5.1). First, we analyze the results for the trans-phosphorylation's transition state/intermediate mimi omplexes, and then,the hydrolysis' transition state mimi models. The results are omparedwith those for the non-substituted phosphorane-like transition state mimisharaterized previously 243 (see Table 5.1 and Setion 4), whih are referredas [native℄Trans and [native℄Hyd strutures.First, the root-mean-square deviation (RMSD) and the ligand onforma-tion are shown. Speial attention is foused in desribing the ligand onfor-mation, using the glyosyl dihedral angles χC(O4′−C1′−N1−C2) and
χA(O4′−C1−N9−C4), whih desribe respetively, the orientation of the yto-sine and adenine rings with respet to the sugar,230,231 whereas, the pseu-dorotation phase angle P 232 desribes the sugars' ring onformation, and



90 5.3 Results
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Atompair[native℄ Trans243[S:O1P ℄ Trans[S:O2P ℄ Trans[S:O1P ,O2P ℄ Trans[native℄ Hyd243[S:O1P ℄ Hyd[S:O2P ℄ Hyd[S:O1P ,O2P ℄ Hyd

P-O
2
′1.97(0.04)1.979(0.041)2.008(0.043)2.014(0.042)1.96(0.04)1.992(0.042)2.001(0.061)2.017(0.042)

P-O
5
′1.76(0.05)1.767(0.045)1.770(0.045)1.787(0.045)1.72(0.05)1.770(0.046)1.766(0.061)1.779(0.046)

P-O
3
′1.74(0.04)1.746(0.038)1.748(0.039)1.753(0.038)1.73(0.04)1.751(0.038)1.747(0.055)1.760(0.036)

P-X
2
P 1.53(0.02)1.525(0.022)2.064(0.037)2.074(0.037)1.52(0.02)1.529(0.022)2.071(0.059)2.075(0.036)

P-X
1
P 1.52(0.02)2.059(0.037)1.525(0.022)2.072(0.037)1.52(0.02)2.076(0.037)1.527(0.041)2.084(0.037)

O

5
′-P-O

2
′164.2(2.4)164.1(2.5)164.7(2.5)163.9(2.4)164.2(2.6)164.9(2.5)163.7(2.4)164.9(2.6)

O

5
′-P-O

3
′81.8(2.3)82.2(2.3)81.9(2.4)82.3(2.3)81.7(2.6)83.2(2.5)81.9(2.3)84.2(2.5)

O

5
′-P-X

2
P 95.8(3.4)95.4(3.4)95.5(3.5)95.2(3.3)94.3(4.1)97.1(3.6)96.0(3.3)94.8(3.4)

O

5
′-P-X

1
P 98.7(3.4)97.5(3.3)96.6(3.5)98.0(3.2)96.4(3.7)98.4(3.5)100.3(3.1)101.0(3.0)

O

2
′-P-O

3
′83.2(1.5)82.6(1.6)83.6(1.6)82.4(1.5)83.5(1.6)82.6(1.5)82.9(1.5)82.1(1.5)

O

2
′-P-X

2
P 89.1(2.8)90.2(2.8)88.6(2.8)89.4(2.7)89.7(2.8)88.9(2.9)86.6(2.8)87.4(2.8)

O

2
′-P-X

1
P 89.5(2.8)90.9(2.7)92.6(2.8)91.6(2.7)92.5(2.8)89.4(3.1)91.1(2.8)89.8(2.6)

X

2
P -P-X

1
P 127.4(1.9)124.6(4.7)123.5(4.4)123.9(4.4)127.7(1.9)121.5(5.3)122.5(4.3)121.1(4.9)

X

2
P -P-O

3
′116.7(3.1)122.3(3.6)113.5(4.1)119.2(4.1)117.2(3.2)122.9(3.9)115.1(3.9)118.0(3.8)

X

1
P -P-O

3
′115.2(3.2)112.6(4.3)122.6(3.9)116.4(4.0)114.7(3.2)114.7(4.9)121.5(3.9)119.7(4.5)

O

3
′-X

2
P -X

1
P -P-6.0

-4.2-3.3-4.1
-2.9-6.1-6.3-6.7



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 91the bakbone torsion angles (α, β, γ, δ, ǫ and ζ) haraterize the onforma-tion of the sugar-phosphate bakbone (see Sheme 5.1). Then, we disussthe geometry of the ative site, fousing attention on the onformation ofkey residues and their interation with the substrate and solvent moleules.The side hain of residue His119 an adopt two onformations denoted asA (χ1(N−Cα−Cβ−Cγ) ∼ 160◦) and B (χ1 ∼ −80◦),62 whih are related bya 142◦ rotation about Cα − Cβ bond and 38◦ rotation about the Cβ − Cγbond. Conformation A is the �ative� onformation that promotes atalysis,whereas onformation B is an �inative� onformation.50 On the other hand,the riteria for the existene of hydrogen bonds of the form D − H · · ·A,where D and A are the hydrogen bond donor and aeptor, respetively,are 1) a maximum H · · ·O ( oxygen) distane R of 2.4 Å or H · · ·S (sulfur)distane R of 3.0 Å, 2) a minimum D̂HA angle of 120◦ and 3) a hydrogenbond lifetime τ ≥ 5.0 ps. Finally, Radial Distribution Funtions (RDFs) ofwater moleules around phosphorane oxygens and sulfurs are also alulated,due the importane of the role of spei� water moleules and bulk solvente�ets in stabilizing phosphorane strutures .244 The RDF's are denoted as
gXY (r) where the subsript XY refers to the distribution of Y atoms aroundX atoms.5.3.1 Transphosphorylation's transition state mimi [S:O1P℄TransmodelIn this subsetion, results are presented for the simulations of RNase A - 3',5'-CpA transphosphorylation phosphorane transition state/intermediate mimi[S:O1P℄Trans omplex (see Sheme 5.1), in whih the non-bridging phospho-rane oxygen at position O1P is substituted by a sulfur atom. We show theresults obtained for the �rst 3807 ps of the prodution run, sine for the last2193 ps there is a drasti onformational hange that we onsider unreal-isti. The RMSD with respet to the initial onformation as a funtion ofthe simulation time is shown in Figure B.1. The RMSD reveals that for the�rst 3807 ps, the omplex is stable with an average RMSD of 0.86 ± 0.11Å. Then, the struture is not equilibrated for the last part of the dynami,evolving to a onformation that implies several strutural hanges of boththe phosphorane struture and of the protein, with the partial disappearaneof one of the β-sheets. This strutural hange seems too drasti to be on-sider realisti, and moreover, it is only observed for this MD simulation, andnot for the rest of the �ve MD simulations with the other thio-substitutedases. In our opinion, there is not an obvious reason for this to be the ase,and therefore we omit from the present analysis this last 2193 ps of the pro-dution run, although a omplete analysis of these strutural hanges areprovided in the supplementary material (see Setion B).



92 5.3 ResultsConformational dynamisThe time evolution of key dihedral angles that de�ne the onformation ofthe substrate and the His119 residue are shown in Supporting Information(Figure B.2) and the average values are list in Table B.1. The glyosyl dihe-dral angles, χC and χA, are in the anti onformation in the native transitionstate mimi model simulation243([native℄Trans struture, hereafter). The �u-tuations of these dihedral angles are very small, signifying that both glyosyldihedral angles anti and high-anti onformation are very stable throughoutthe simulation. The average values are -159.58◦ and -66.83◦ respetively.The ytidine ribose stays in the North C3′-endo onformation throughoutthe simulation, while the adenosine ribose oupies mainly a South C2′-endoonformation with infrequent transitions to the North C3′-endo puker. Theaverage values are 12.50◦ and 155.85◦ respetively (see Figure B.3 and Ta-ble B.1). Besides, α and γA phosphodiester dihedral angles undergo a on-formational transition at ∼ 1400 ps, from gauhe+ to trans and from trans togauhe+, respetively, known as rankshaft motion. Whereas, γC phospho-diester dihedral angle has some infrequent and short-lived onformationaltransitions from gauhe+ to trans and gauhe− (see Figure B.5). Finally, itis noteworthy that the side hain of residue His119 maintains its ative Aonformation of the transphosphorylation transition state mimi model ofthe native reation243 ([native℄Trans ), with a mean χ1 value of 165.83◦ and
χ2 value of -107.75◦ (see Figure B.2).Hydrogen bond interationsThe hydrogen bond formation between the ligand and the protein residuesin the ative site is desribed in Table 5.2, in whih the average distanesbetween atoms partiipating in protein-ligand hydrogen bonds, with thehydrogen-bond oupanies, average time and number of events are listed.The time evolution of seleted distanes between protein and ligand atomsis plotted in Supporting Information Figure B.6. In the simulation of the[native℄Trans model,243 the oxyphosphorane group makes strong hydrogenbond interations with the two atalyti histidines, His12 and His119, Gln11,Phe120 and a water moleule, and somewhat weaker interations with Lys41and some water moleules. In [S:O1P℄Trans model, the interation with Gln11and Phe120 are muh weaker and some new weak interations appear (seeTable 5.2).The equatorial O2P non-bridge oxygen makes a strong hydrogen bondinteration with imidazolium side hain of residue His12, whih average dis-tane is < R > 1.807 Å and the hydrogen bond oupany Occ is 0.99, inaddition to hydrogen bonding with a water moleule (see Figure B.6). Sur-prisingly, the interation between residue Phe120 and O2P equatorial oxygenis not that strong in omparison with [native℄Trans model243 (Occ 0.42 vS
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Table 5.2: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in the
simulation of [S:O1P]Trans model for the first 3807 ps of the production time. The criteria
for the existence of hydrogen bonds are 1) a maximum H· · · A(acceptor) distance of 2.4
Å for oxygens and 3.0 Å for sulfurs, 2) a minimum̂DHA of 120◦ and 3) a hydrogen bond
lifetime τ ≥ 5.0 ps. The occupancy,Occ, is defined as the total lifetime of each hydrogen
bond by the production time. The events are the number of times each hydrogen bond is
formed. All distances are in Å. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsLYS 7 Hζ2 - CYT S1P 5.245(1.255) 5.097(0.770) 0.00 10.00 1LYS 7 Hζ3 - CYT S1P 5.263(1.122) 0.00 12.50 2GLN 11 Hǫ21 - CYT S1P 3.587(1.655) 4.077(0.934) 0.47 47.34 38LYS 41 Hζ1 - CYT S1P 3.484(0.349) 3.885(0.671) 0.08 15.01 19LYS 41 Hζ2 - CYT S1P 3.375(0.475) 0.13 15.94 32LYS 41 Hζ3 - CYT S1P 3.561(0.440) 0.13 20.00 24WATER - CYT S1P 1.44 16.81 325HSP 12 Hǫ2 - CYT O2P 1.807(0.028) 2.788(0.019) 0.99 289.62 13HSP 119 Hδ1 - CYT O2P 3.098(0.048) 3.789(0.046) 0.00 10.00 1PHE 120 HN - CYT O2P 2.408(0.163) 3.365(0.145) 0.42 61.12 26WATER 2082 - CYT O2P 2.820(0.115) 0.91 60.52 57HSP 12 Hǫ2 - CYT O2′ 2.477(0.050) 3.151(0.036) 0.18 12.05 56LYS 41 Hζ1 - CYT O2′ 3.684(1.420) 3.816(0.739) 0.03 23.02 5LYS 41 Hζ2 - CYT O2′ 3.696(1.199) 0.23 145.00 6LYS 41 Hζ3 - CYT O2′ 3.558(0.097) 0.15 50.45 11WATER 2455 - CYT O2′ 9.853(143.629) 0.56 75.71 28HSP 119 Hδ1 - CYT O3′ 2.623(0.010) 3.178(0.031) 0.02 11.28 8WATER - CYT O3′ 0.27 15.77 65HSP 119 Hδ1 - ADE O5′ 1.843(0.013) 2.836(0.010) 1.00 473.75 8WATER - ADE O5′ 0.33 26.26 47

† Arithmeti average hydrogen bond distane in the prodution simulation, 3807 ps, with squarestandard deviation in parentheses.
‡ Arithmeti average distane between the orresponding heavy atoms in the prodution tra-jetory, with square standard deviation in parentheses.0.73), with an hydrogen bond average distane of 2.408 Å. Residue Phe120is slightly displaed from the viinity of O2P equatorial oxygen at ∼ 1400ps, whih oinided with the rankshaft motion of α and γA phosphodiesterdihedral angles. Also observed at this position was a really weak hydrogenbond interation with imidazolium side hain of residue His119 with only 1short event and an average distane of 3.098 Å (see Figure B.6 and Table 5.2).This last hydrogen bond interation was not observed in [native℄Trans model.



94 5.3 ResultsOn the other hand, the equatorial S1P atom makes strong hydrogen bondinteration throughout the simulation time with di�erent water moleules.However, the hydrogen bond interations between this atom and the enzymeresidues are quite weak (see Table 5.2). The stronger ones orrespond tothe interation with residue Gln11 and the amino group of residue Lys41. Itonly has an oupany of 0.47 with a distane average of 3.587 Å for residueGln11 and a group oupany of 0.34, with an average distane between S1Pand Lys41's Nζ of 3.885 Å for residue Lys41 (see Table 5.2 and Figure B.6).For the �rst ∼ 1612 ps, residue Lys41 is hydrogen bonded to S1P , but af-ter, Gln11 gets loser S1P and Lys41 is displaed. Besides, in [S:O1P℄Transmodel, the interations between imidazolium side hain of residue His12 andthe amino group of residue Lys41 with O2′ axial oxygen are weaker than in[native℄Trans model243 (Occ 0.18 vS 0.36 and Occ 0.41 vS 0.80 respetively,see Table 5.2 and Figure B.6). The ationi residue Lys41 is more mobile(< R > = 3.816 Å and Occ = 0.41) than residue His12 (< R > = 2.477Å and Occ = 0.18). We an onlude that this residue Lys41 is hydrogenbonding to O2′ for the �rst ∼ 1580 ps during all the time, while in the restof the simulation it makes sporadi hydrogen bonds. Finally, in ontrast tothe [native℄Trans model, O2′ axial oxygen interats with a water moleule (seebelow).The imidazolium side hain of residue His119 forms a strong hydrogenbond interation throughout the simulation with O5′ axial oxygen and a weakinteration with O3′ equatorial oxygen, similar to the [native℄Trans model243(see Table 5.2). The average distanes and hydrogen bond oupanies are1.843 Å, 1.00 and 2.623 Å, 0.02 respetively.Solvation of the substrateDetermination of ligand-solvent interations in the ative site is of paramountimportane to reveal the role of spei� water moleules and bulk solvente�ets in enzymati mehanism. We analyze two aspets of ligand-solventinterations: spei� interations with water moleule through the formationof hydrogen bonds, and statistial distribution of water moleules aroundkey atoms of the substrate through the analysis of the orresponding radialdistribution funtions.The [S:O1P℄Trans simulation exhibits a variety of interations between theligand substrate and solvent (see Table 5.2). Eah hydrogen-bonding atomof the ligand interats with several di�erent water moleules in the ourseof the [S:O1P℄Trans simulation. However, it is remarkable that O2P equato-rial oxygen and O2′ axial oxygen only interat with one water moleule, inontrast to the [native℄Trans model,243 in whih O2′ did not show any spei�hydrogen bond interation with water moleules. The largest hydrogen bondgroup oupany (1.44) orresponds to hydrogen bond interations with S1Pequatorial sulfur, while the largest lifetime-average of solvent hydrogen bonds



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 95(75.71 ps) orresponds to hydrogen bond interations with O2′ axial oxygen.Radial distribution funtions (RDF) an be found in Figure 5.1. Broadlyspeaking, the RDFs desribe three kind of situations:
• i) a very sharp peak at the �rst solvation layer followed by a mini-mum with a negligible or very small value of RDF ( i.e. gO2P−OW

and
gO2′−OW

). This is an indiative of tightly bound and highly orderedwater moleules interating diretly with the atom with slow or negli-gible water exhange. We will refer to this regime as a Highly OrderedWater Interation. This is speially the ase for O2P , whih shows thelargest peak among the RDFs of [S:O1P℄Trans omplex, 4.11 at 2.7 Å tofall to 0.12 at 3.2 Å. To a lesser extent, O2′ follows a similar patternwith a peak of 1.36 at 2.8 Å, whih falls to 0.07 at 4.0 Å. Comparingthese RDFs with the ones found for the native struture (dotted linesin Figure 5.1), we an say that whereas gO2P−OW
in [S:O1P℄Trans is verysimilar to the one in [native℄Trans , gO2′−OW

is qualitatively di�erent, inthe sense that the presene of the �rst peak is laking in [native℄Trans .
• ii) a sharp peak followed by a smooth derease towards bulk values ( i.e.
gS1P−OW

), whih is indiative of a formed �rst solvation oordinationshell that rapidly exhanges waters with bulk solvent. We will denotethis regime as a Fully-exposed Solvent Interation. Notie that this thiosubstitution implies a signi�ant redution and shift to longer distanesof the �rst peak of gS1P −OW
( 2.4 at 3.4 Å) with respet to [native℄Trans(3.2 at 2.7 Å), with a redution in the order of the �rst solvation shellat this position.

• iii) small peaks and �utuations of RDFs that inreases up to bulkvalues, whih are indiative of poorly solvated areas, or small solventaessibility. We will lassi�ed this as Poorly Solvated Atoms. In thease of [S:O1P℄Trans omplex, this is the regime we �nd for gO3′−OW
and

gO5′−OW
. The RDF for O3′ has its �rst peak at 2.9 Å with a small0.68 value, and gO5′−OW

starts to inrease for distanes > 2.6 Å. It isalso signi�ant the redution in the values of these RDFs with respetto the ones found for [native℄Trans , indiating the lower solvation ofthe ative site upon sulfur substitution. This is also notieable in thebehavior of gP−OW
.5.3.2 Transphosphorylation transition state mimi [S:O2P℄TransIn this subsetion we show and disuss the results obtained for RNase A- 3',5'-CpA transphosphorylation transition state/intermediate model withthio substitution at 2P position, i.e., the O2P non-bridging equatorial oxygenof the phosphorane is replaed by a sulfur atom in this model, [S:O2P℄Trans(see Figure 5.1). The RMSD with respet to the initial onformation as a



96 5.3 Results
Figure 5.1: Radial distribution functions of water oxygens around phosphoryl
atoms, for the transphosphorylation transition state mimic thio substituted models.
Equatorial phosphoryl atoms are at the top, on the left corner 1P and on the right
2P. At the center O2′ axial oxygen is on the left and P atom on the right, while at
the bottom O3′ equatorial oxygen is on the left and O5′ axial oxygen on the right.
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Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 97funtion of the simulation time is shown in Figure B.1. The RMSD �utuatesstably with an average value of 0.97 ± 0.13 Å.Conformation dynamisThe time evolution of χC and χA glyosyl dihedral angles are shown in Fi-gure B.2 and the average values are listed in Table B.2. The �utuationsof both dihedral angles are small, signifying that the χC and χA anti on-formations remain stable throughout the simulation as in the [native℄Transmodel. The average values are -155.59◦ and -67.25◦, respetively. Very sim-ilar to the ones obtained in the [native℄Trans simulation243 (χC = -158.85◦and χA = -63.14◦). The ytidine ribose stays at North C3′-endo onfor-mation throughout the simulation, however, adenosine ribose is mainly atSouth C2′-endo onformation, although it sometimes shows transitions toNorth C3′-endo puker. The average values are 11.40◦ and 130.03◦ respe-tively (see Figure B.3 and Table B.2). Besides, after the �rst ∼ 454 ps arankshaft motion is observed for α and γA phosphodiester dihedral angles,they undergo a onformational transition from gauhe+ to trans and fromtrans to gauhe+ respetively (see Figure B.5). Whereas, γC is mainly atgauhe+ onformation with some infrequent and short-lived transitions totrans onformation. The rest of torsional dihedral angles stay stable at theironformations. Finally, imidazolium side hain of residue His119 retains anative A-type onformation as in the [native℄Trans model, with a mean χ1value of 164.9◦ and χ2 value of -101.65◦ (see Figure B.2).Hydrogen bond interationsHydrogen bond formation between the ligand and the protein residues in theative site is desribed in Table 5.3, in whih the average distanes betweenatoms partiipating in protein-ligand hydrogen bonds, with the hydrogen-bond oupanies, average time and number of events are listed. The timeevolution of seleted distanes between protein and ligand atoms is plottedin Supporting Information Figure B.7. As ommented before, in [native℄Transthe oxyphosphorane group makes strong hydrogen bond interations withthe two atalyti histidines, His12 and His119, Gln11, Phe120 and a watermoleule, and somewhat weaker interations with Lys41 and some watermoleules.243 However, in [S:O2P℄Trans , the interation with residue Gln11is muh weaker, Occ 0.19 vS 0.94 (see Table 5.3).The equatorial non-bridge O1P oxygen makes strong hydrogen bond in-terations with some water moleules, and somewhat weaker interationswith the amino group of Lys41 (< R > = 2.880 Å Occ = 0.64) and residueGln11 (< R > = 2.863 Å and Occ = 0.19), see Table 5.3 and Figure B.7).The other non-bridging equatorial atom, S2P sulfur, makes strong hydrogenbond interations with the main hain of residue Phe120, imidazolium side



98 5.3 Resultshain of residue His12 and some water moleules, and weak interations withthe side hain of residue Gln11 and imidazolium side hain of residue His119(see Table 5.3 and Figure B.7). The average distanes and hydrogen bondoupanies are 2.529 Å and 0.99 for Phe120, 2.430 Å and 0.97 for His12,3.044 Å and 0.24 for His119 and 3.986 Å and 0.01 for Gln11. This last inter-ation is not seen in [native℄Trans or [S:O1P℄Trans . In this model, [S:O2P℄Trans ,His12 interats nearly throughout the simulation diretly with S2P , the atomat 2P position, as in [native℄Trans and [S:O1P℄Trans . Imidazolium side hainof residue His12 also interats with O2′ axial oxygen (< R > = 2.667 Å Occ= 0.20). In ontrast to [native℄Trans model,243 but similar to [S:O1P℄Trans thiosubstitution (see above), O2′ has a hydrogen bond interation with only onewater moleule from ∼ 2857 ps to ∼ 5356 ps (see Figure B.7).The imidazolium side hain of residue His119 forms a strong hydrogenbond interation throughout the simulation with O5′ axial oxygen and avery weak interation with O3′ equatorial oxygen, similar to [native℄Trans and[S:O1P℄Trans omplexes (see Tables 5.2, 5.3 and Figures B.6, B.7). The hy-drogen bond oupanies and average distanes are 0.97 and 1.979 Å for O5′axial oxygen, and 0.01 and 2.818 Å for O3′ equatorial oxygen. On the otherhand, the amino group of the ationi Lys41 forms quite strong hydrogenbond interations with O1P equatorial oxygen (< R > = 2.880 Å and Occ= 0.64) and weaker interations with O2′ axial oxygen (< R > = 3.251 Åand Occ = 0.36).Solvation of the substrateNext, we desribe in detail ligand solvent interations through the analysisof spei� hydrogen bond interations (see Table 5.3), and the analysis ofRDFs of solvent moleules around seleted ligand atoms (see Figure 5.1).Eah hydrogen-bonding atom of the ligand form hydrogen bonds with sev-eral water moleules throughout the prodution simulation. Nevertheless, itis remarkable that O2′ axial oxygen only interats with one water moleule.Furthermore, that interation only happens between ∼ 2587 ps and ∼ 5356ps. The largest hydrogen bond group oupany (1.35) orresponds to the in-terations with O1P equatorial oxygen, similar to [native℄Trans transition statemimi model,243 while the largest hydrogen bond lifetime-average (77.93 ps)orresponds to O2′ axial oxygen, as in [S:O1P℄Trans . S2P equatorial atommakes hydrogen bond interations with the solvent nearly during all theprodution simulation, while O3′ equatorial oxygen and O5′ axial oxygenhave hydrogen bond interations with group oupanies of 0.44 and 0.24respetively.Comparison of the RDFs for [S:O2P℄Trans and [native℄Trans reveal importanthanges upon thio substitution (Figure 5.1). There is a very signi�antredution of the �rst peak of gS2P −OW
in [S:O2P℄Trans with respet to the

gO2P −OW
in [native℄Trans , a value of 2.07 at 3.3 Å vS a peak of 4.31 at 2.7
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Table 5.3: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in the
simulation of the [S:O2P]Trans model. The criteria for the existence of hydrogen bonds are
1) a maximum H· · · A(acceptor) distance of 2.4 Å for oxygens and 3.0 Å for sulfur, 2)
a minimumD̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,
Occ, is defined as the total lifetime of each hydrogen bond by the production time. The
events are the number of times each hydrogen bond is formed. All distances are in Å.Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsGLN 11 Hǫ21 - CYT O1P 2.863(0.624) 3.690(0.448) 0.19 19.92 56LYS 41 Hζ1 - CYT O1P 2.591(0.529) 2.880(0.064) 0.36 47.02 45LYS 41 Hζ2 - CYT O1P 2.848(0.380) 0.15 34.22 26LYS 41 Hζ3 - CYT O1P 2.938(0.344) 0.13 23.75 32WATER - CYT O1P 1.35 39.09 204GLN 11 Hǫ21 - CYT S2P 3.986(0.645) 4.280(0.484) 0.01 10.00 3HSP 12 Hǫ2 - CYT S2P 2.430(0.029) 3.318(0.012) 0.97 144.12 40HSP 119 Hδ1 - CYT S2P 3.044(0.071) 3.710(0.056) 0.24 13.02 109PHE 120 HN - CYT S2P 2.529(0.025) 3.482(0.018) 0.99 189.03 31WATER - CYT S2P 0.85 49.50 101HSP 12 Hǫ2 - CYT O2′ 2.667(0.212) 3.477(0.160) 0.20 17.41 68LYS 41 Hζ1 - CYT O2′ 3.153(0.571) 3.251(0.113) 0.13 17.15 46LYS 41 Hζ2 - CYT O2′ 3.226(0.480) 0.11 23.53 27LYS 41 Hζ3 - CYT O2′ 3.523(0.640) 0.12 20.71 35WATER 2143 - CYT O2′ 16.371(230.032) 0.38 77.93 29HSP 119 Hδ1 - CYT O3′ 2.818(0.070) 3.275(0.042) 0.01 10.00 4WATER - CYT O3′ 0.44 17.16 150HSP 119 Hδ1 - ADE O5′ 1.979(0.030) 2.917(0.019) 0.97 109.52 52WATER - ADE O5′ 0.24 15.43 92
†Arithmeti average hydrogen bond distane in the prodution simulation, 5985 ps, with squarestandard deviation in parentheses.
‡Arithmeti average distane between the orresponding heavy atoms in the prodution traje-tory, with square standard deviation in parentheses.Å in [native℄Trans . In the ase of O1P , there is no big hanges in gO1P−OWwith respet to the native oxyphosphorane, although there is a slight inreasein the height of the �rst peak, 4.01 at 2.7 Å whih falls to 0.19 at 3.2 Å,indiative of a quite ordered water interation with O1P . On the otherhand, O2′ axial oxygen shows a similar pattern as in [S:O1P℄Trans , with apeak of 1.28 at 2.8 Å that drops to a value of 0.02 at 3.5 Å, suggesting aninteration with a highly ordered water moleule, an interation not presentin [native℄Trans . Finally, O3′ and O5′ resembles a poorly-solvated situationas in the ase of [S:O1P℄Trans , although there is a substantial inrease in



100 5.3 Resultsthe height of the �rst peak of the gO3′−Ow when passing from [S:O1P℄Transto [S:O2P℄Trans , reahing to a level similar to the one found in [native℄Trans .Inspetion of the gP−OW
's suggests a lower solvation of the ative site uponmonothio substitution.5.3.3 Transphosphorylation transition state mimimodel withdithio substitution [S:O1P,O2P℄TransIn this subsetion, we present the results for RNase A - 3',5'-CpA transphos-phorylation transition state/intermediate mimi model with dithio substitu-tions, [S:O1P,O2P℄Trans model, in whih both non-bridging oxyphosphoraneequatorial oxygens, O1P and O2P , are substituted by sulfur atoms, S1P andS2P (see Figure 5.1). The RMSD with respet to the initial onformationas a funtion of the simulation time is shown in Figure B.1. The RMSD�utuates stably with an average value of 0.97 ± 0.14 Å.Conformational dynamisThe time evolution of key dihedral angles that de�ne the onformation of thesubstrate and residue His119 are shown in Figure B.2 and the average valuesare list in Table B.3. The average values of glyosyl dihedral angles χC and

χA are -152.76◦ and -69.56◦, respetively, with small �utuations, denotingthat anti and high-anti onformations are very stable, and in onordanewith the values obtained in the simulations for the [native℄Trans model,243 and[S:O1P℄Trans and [S:O2P℄Trans thio-substituted omplexes. The ytidine ribosestays at North C3′ -endo onformation throughout the simulation, however,adenosine ribose is oupies mainly a South C2′-endo onformation with in-frequent transitions to a North C3′-endo puker. The average values are 9.40◦and 152.77◦ respetively (see Figure B.3 and Table B.3). Besides, after the�rst ∼ 4142 ps a rankshaft motion is observed for α and γA phosphodiesterdihedral angles, they undergo a onformational transition from gauhe+ totrans and from trans to gauhe+ respetively (see Figure B.5). Whereas,
γC oupies mainly a gauhe+ onformation with infrequent and short-livedtransitions to a trans onformation. The rest of torsional dihedral angles donot undergo any onformational hange along the prodution run. Finally,the imidazolium side hain of residue His119 retains an ative A-type on-formation, with a mean χ1 value of 166.19◦ and χ2 value of -105.13◦ (seeFigure B.2), similar values to the ones obtained in the previous simulationsof mono-thio substituted models and in [native℄Trans .Hydrogen bond interationsHydrogen bond formation between the ligand and the protein residues inthe ative site is desribed in Table 5.4, in whih the average distanes be-tween atoms partiipating in the protein-ligand hydrogen bonds, with the



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 101hydrogen-bond oupanies, average time and number of events are listed.The time evolution of seleted distanes between protein and ligand atomsis plotted in Supporting Information Figure B.8 . Similar to the simula-tion of the [native℄Trans model243 in [S:O1P,O2P℄Trans , the phosphorane groupmakes strong hydrogen bond interations with the two atalyti histidines,His12 and His119, Gln11 and Phe120, but somewhat weaker interationswith Lys41 and water moleules (see Table 5.4).
Table 5.4: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in
the simulation of the [S:O1P,O2P]Trans model. The criteria for the existence of hydrogen
bonds are 1) a maximum H· · · A(acceptor) distance of 2.4 Å for oxygens and 3.0 Å
for sulfur, 2) a minimumD̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0
ps. The occupancy,Occ, is defined as the total lifetime of each hydrogen bond by the
production time. The events are the number of times each hydrogen bond is formed.
All distances are in Å. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsGLN 11 Hǫ21 - CYT S1P 2.708(0.175) 3.602(0.085) 0.87 61.20 86LYS 41 Hζ1 - CYT S1P 3.386(0.398) 3.484(0.032) 0.10 13.16 46LYS 41 Hζ2 - CYT S1P 3.484(0.469) 0.12 14.42 52LYS 41 Hζ3 - CYT S1P 3.439(0.367) 0.06 11.94 31WATER - CYT S1P 1.30 14.17 557HSP 12 Hǫ2 - CYT S2P 2.422(0.024) 3.326(0.011) 0.99 238.78 25HSP 119 Hδ1 - CYT S2P 3.134(0.075) 3.805(0.058) 0.17 13.40 75PHE 120 HN - CYT S2P 2.553(0.031) 3.499(0.020) 0.98 197.99 30WATER - CYT S2P 0.88 47.67 112HSP 12 Hǫ2 - CYT O2′ 2.772(0.156) 3.565(0.117) 0.11 12.11 57LYS 41 Hζ1 - CYT O2′ 3.077(0.639) 3.110(0.064) 0.28 30.10 56LYS 41 Hζ2 - CYT O2′ 3.027(0.585) 0.25 24.02 63LYS 41 Hζ3 - CYT O2′ 3.232(0.460) 0.14 17.97 47HSP 119 Hδ1 - CYT O3′ 2.822(0.065) 3.294(0.043) 0.00 10.00 1WATER - CYT O3′ 0.14 12.84 65HSP 119 Hδ1 - ADE O5′ 1.982(0.025) 2.935(0.018) 0.99 299.24 20WATER - ADE O5′ 0.42 16.73 153
†Arithmeti average hydrogen bond distane in the prodution simulation, 6000 ps, withsquare standard deviation in parentheses.
‡Arithmeti average distane between the orresponding heavy atoms in the prodution tra-jetory, with square standard deviation in parentheses.The S1P equatorial sulfur atom makes strong hydrogen bond interationswith some water moleules and residue Gln11 (< R > = 2.708 Å and Occ =0.87), and somewhat weaker hydrogen bond interation with the amino group



102 5.3 Resultsof Lys41 (< R > = 3.484 Å and Occ = 0.28), see Table 5.4 and Figure B.8.The other sulfur atom, S2P , has a strong hydrogen bond interation withimidazolium side hain of residue His12 (< R > = 2.422 Å and Occ =0.99), with the main hain of Phe120 (< R > = 2.553 Å and Occ = 0.98)and with some water moleules, while the interation with imidazolium sidehain of residue His119 is muh weaker (< R > = 3.134 Å and Occ = 0.17),like in [S:O2P℄Trans model (see Table 5.4 and Figure B.8). In omparisonto [S:O1P℄Trans model, [S:O1P,O2P℄Trans model's hydrogen bond interationwith His119 is stronger, while [native℄Trans laks this interation, in addition,some water moleules interat with O2′ instead of one. Also observed at thisposition was a really weak hydrogen bond interation with imidazolium sidehain of residue His12, hydrogen bond oupany of 0.11 and an averagedistane of 2.772 Å.The imidazolium side hain of residue His119 makes a strong hydrogenbond interation with O5′ axial oxygen throughout the simulation. Theaverage distane is 1.982 Å with a hydrogen bond oupany of 0.99 andonly 20 events (see Table 5.4 and Figure B.8). On the other hand, the aminogroup of Lys41 forms quite strong hydrogen bond interation with O2′ axialoxygen (< R > = 3.110 Å and Occ = 0.67), while the interation with S1Pequatorial sulfur is less strong (< R > = 3.484 Å and Occ = 0.28), similarto [native℄Trans model.Solvation of the substrateAs in the previous subsetions, we desribe in detail ligand solvent intera-tions through the analysis of spei� hydrogen bond interations (see Ta-ble 5.4), and the use of RDFs of solvent moleules around seleted ligandatoms. Eah hydrogen-bonding atom of the ligand interats with severaldi�erent water moleules in the ourse of [S:O1P,O2P℄Trans simulation. How-ever, it is noteworthy that the O2′ axial oxygen does not interat with anywater moleule. Quite interestingly, this situation for O2′ is similar to theone found in the [native℄Trans simulation,243 and it di�ers to the previouslydesribed one for monothio substitutions. The largest hydrogen bond groupoupany orresponds to the interations with S1P (1.30), while the largesthydrogen bond lifetime-average orresponds to S2P (47.67 ps). O3′ equato-rial and O5′ axial oxygens have muh weaker hydrogen bond interations,with group oupanies of 0.14 and 0.42 respetively. Quite interestingly,the oupany for O3′ is lower than for O5′ , ontrary to the behavior of[native℄Trans and [S:O2P℄Trans .Inspetion of RDFs (Figure 5.1) reveals several interesting aspets onthe solvation of the dithio phosphorane omplex. Non-bridging equatorialatoms S1P and S2P , have the largest probability to �nd water moleules intheir surroundings. S1P has a maximum value of 2.21 at 3.4 Å while S2P 'smaximum is 2.10 at 3.3 Å. Nevertheless, these values are the lowest among



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 103the whole transphosphorylation transition states investigated, and india-tive of the profound e�et that thio substitution has on the interation withsolvent moleules. In addition, notie that these RDFs are signi�antly lessstrutured than the ones for [native℄Trans , and suggest a loss in the spei-�ity of the interation with water moleules, or in other words, these watermoleules are less ordered. There is also a signi�ant e�et on gO2′−OWupon double thio substitution. Notie that the �rst peak that appears in[S:O1P℄Trans and [S:O2P℄Trans now disappears, and we �nd a situation similarto the one found in [native℄Trans . This indiates the lak of a diret solventinteration with O2′ in both native oxyphosphorane and double thio substi-tuted phosphorane, the diret interation is only present for monosubstitutedtransphosphorylation strutures. It is also quite remarkable that for the lesssolvated O3′ equatorial atoms and O5′ axial atoms, double thio substitutionhas a ontrary e�et. Whereas for O3′ double thio substitution almost leadsto the disappearane of the �rst peak, for O5′ there is an inrease of this �rstpeak.5.3.4 Hydrolysis transition state mimi model [S:O1P℄HydThe next three subsetions are dediated to disuss the results for RNase A- 3',5'-CpA hydrolysis transition state/intermediate mimi thio-substitutedmodels. First, we show the results for the [S:O1P℄Hyd omplex, in whih theoxygen at O1P position is substituted by a sulfur atom (see Figure 5.1).The RMSD with respet to the initial onformation as a funtion of time isshown in Figure B.1. The RMSD �utuates stably with an average value of0.89 ± 0.16 Å, very similar to the [S:O1P℄Trans simulation.Conformational dynamisAs in previous subsetions, we �rst fous on the values of key dihedral an-gles that determine the onformation of the substrate and residue His119(Figure B.2 and Table B.4). The �utuation of χC angle is very small, sig-nifying that its anti onformation remains stable throughout the simulationas in the hydrolysis transition state mimi model of the native reation243([native℄Hyd omplex hereafter). The average value of χC is -159.71◦. Be-sides, the ytidine ribose oupies a North C3′-endo puker throughout thesimulation (see Figure B.3). Torsional dihedral angles do not undergo anyonformational transition (see Figure B.9), δC and ǫ stays at gauhe+ onfor-mation, ζ is at trans onformation, while γC has some infrequent short-livedtransitions from gauhe+ to trans, known as rankshaft motion. Finally, theimidazolium side hain of residue His119 retains an ative A-type onforma-tion as in the [native℄Hyd model, with a mean χ1 value of 159.03 and χ2 valueof -107.44 (see Figure B.2).



104 5.3 ResultsHydrogen bond interationsThe average distanes between atoms partiipating in protein-ligand hydro-gen bonds, with the hydrogen bond oupanies, average time and numberof items are listed in Table 5.5, while, the time evolution of seleted dis-tanes between protein and ligand atoms is plotted in Figure B.10. The[native℄Hyd omplex makes strong hydrogen bond interations with both at-alyti histidines, His12 and His119, residues Gln11, Lys41, Phe120 and a wa-ter moleule, and weaker interations with some other water moleules.243However, in [S:O1P℄Hyd model the interation with Gln11 is muh weaker,0.39 vS 0.86 (see Table 5.5).The equatorial non-bridging atom at 1P (S1P ) makes hydrogen bond in-terations with 3 di�erent residues, the amino group of Lys7 and Lys41 andwith Gln11. In omparison to [native℄Hyd , in [S:O1P℄Hyd , there is a newinteration with residue Lys7 (Occ = 0.06), however, the other hydrogenbond interations, with Lys41 (Occ = 0.36) and Gln11 (Occ = 0.39), de-rease. Equatorial O2P non-bridging oxygen makes strong hydrogen bondinterations with imidazolium side hain of residue His12 throughout the sim-ulation and with the main hain of residue Phe120, and somewhat weakerinterations with some water moleules (see Table 5.5 and Figure B.10).The hydrogen bond oupanies and the average distanes are 1.00, 1.750 Åand 0.90, 2.086 Å respetively. The imidazolium side hain of residue His12forms a very weak hydrogen bond interation with O2′ axial oxygen (< R >= 2.560 Å and Occ = 0.06). Nevertheless, also observed in this position wasa strong hydrogen bond interation with ammonium ion of residue Lys41(< R > = 3.066 Å and Occ = 0.87), similar to the [native℄Hyd simulation.The imidazolium side hain of residue His119 forms a strong hydrogenbond with O3T axial oxygen (< R > = 1.922 Å and Occ = 0.96), in additionto hydrogen bonding with O3′ equatorial oxygen (< R > = 2.318 Å and Occ= 0.51), see Table 5.5 and Figure B.10.Solvation of the substrateThe [S:O1P℄Hyd simulation exhibits a variety of interations between theligand substrate and solvent (Table 5.5 and Figure 5.2). Eah hydrogen-bonding atom of the ligand interats with several di�erent water moleulesthroughout the [S:O1P℄Hyd simulation, exept O2′ axial oxygen whih onlyinterats with two di�erent water moleules. The largest hydrogen bondgroup oupany (1.17) orresponds to S1P equatorial atom, while the largesthydrogen bond lifetime-average (42.70 ps) orresponds to the other non-bridging equatorial atom, O2P , similar to [native℄Hyd model. Axial oxygenO2′ has only a group hydrogen bond oupany of 0.08, while O3′ oupanyis 0.37 and O3T is 0.29.The analysis of RDFs reveal interesting e�ets on solvation upon thio sub-
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Table 5.5: Statistics of protein-ligand and water-ligand hydrogen-bonds observed
in the simulation of the [S:O1P]Hyd model. The criteria for the existence of hydrogen
bonds are 1) a maximum H· · · A(acceptor) distance of 2.4 Å for oxygens and 3.0 Å
for sulfur, 2) a minimumD̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0
ps. The occupancy,Occ, is defined as the total lifetime of each hydrogen bond by the
production time. The events are the number of times each hydrogen bond is formed.
All distances are in Å. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsLYS 7 Hζ1 - CYT S1P 5.237(2.001) 5.102(1.561) 0.01 12.50 6LYS 7 Hζ2 - CYT S1P 5.266(2.064) 0.02 14.26 7LYS 7 Hζ3 - CYT S1P 5.251(2.114) 0.03 13.46 13GLN 11 Hǫ21 - CYT S1P 3.479(1.003) 3.962(0.459) 0.39 30.00 78LYS 41 Hζ1 - CYT S1P 3.464(0.558) 3.609(0.150) 0.16 15.22 63LYS 41 Hζ2 - CYT S1P 3.644(0.577) 0.10 16.42 35LYS 41 Hζ3 - CYT S1P 3.542(0.490) 0.10 13.98 44WATER - CYT S1P 1.17 14.62 481HSP 12 Hǫ2 - CYT O2P 1.750(0.018) 2.739(0.012) 1.00 665.56 9PHE 120 HN - CYT O2P 2.086(0.051) 3.052(0.041) 0.90 65.61 82WATER - CYT O2P 0.73 42.70 102HSP 12 Hǫ2 - CYT O2′ 2.560(0.042) 3.211(0.031) 0.06 11.24 32LYS 41 Hζ1 - CYT O2′ 2.873(0.720) 3.066(0.146) 0.40 88.69 27LYS 41 Hζ2 - CYT O2′ 3.062(0.540) 0.24 67.63 21LYS 41 Hζ3 - CYT O2′ 3.111(0.518) 0.23 86.22 16WATER - CYT O2′ 0.08 35.40 13HSP 119 Hδ1 - CYT O3′ 2.318(0.061) 3.058(0.031) 0.51 20.50 150WATER - CYT O3′ 0.37 13.87 160HSP 119 Hδ1 - CYT O3T 1.922(0.049) 2.877(0.032) 0.96 125.21 46LYS 7 Hζ3 - CYT O3T 5.822(2.617) 5.748(2.062) 0.00 10.00 1WATER - CYT O3T 0.29 12.43 140
†Arithmeti average hydrogen bond distane in the prodution simulation, 6000 ps, withsquare standard deviation in parentheses.
‡Arithmeti average distane between the orresponding heavy atoms in the prodution tra-jetory, with square standard deviation in parentheses.stitution at 1P. Comparing the RDFs with those for the [native℄Hyd suggest ageneral derease on solvation upon sulfur substitution, speially evident fromthe analysis of gP−OW

. The �rst peak of gS1P −OW
is redued in height to 2.26and shifted to longer distanes 3.4 Å. Moreover, the shape of this RDFs alsosuggest a loss of order in �rst solvation shell around this atom with respetto the native struture. S1P thio substitution also redues the �rst peak of
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gO2P −OW

to 2.67 at 2.7 Å, but the overall shape of the RDFs is maintainedand it orresponds to a highly-ordered water interation as in [native℄Hyd .O2′ axial oxygen has the lowest probability to �nd water moleules around itbetween all the phosphorane oxygen atoms, at distanes < 3 Å. Here sulfursubstitution at O1P has a dramati e�et on the disappearane of the �rstpeak.Finally RDFs of O3′ and O3T atoms are qualitatively similar to thosefound for the native struture, although speially for O3T again there is asigni�ant redution of the �rst peak. These atoms as in transphosphory-lation strutures has a poorer solvation than the non-bridging equatorialatoms, but this solvation is higher than that found for the analogous trans-phosphorylation strutures.5.3.5 Hydrolysis transition state mimi model [S:O2P℄HydThe [S:O2P℄Hyd omplex is formed by sulfur substitution of the O2P oxygenin the hydrolysis-type oxyphosphorane (see Figure 5.1). The RMSD withrespet to the initial onformation as a funtion of the simulation time isshown in Figure B.1. The RMSD �utuates stably with an average value of1.03 ± 0.21 Å.Conformational dynamisThe time evolution of χC glyosyl dihedral angle is shown in SupportingInformation Figure B.2 and the average value is listed in Table B.4. The�utuation of χC dihedral angle is small, similar to the rest of the simula-tions, i.e., anti-onformation is again very stable and is not a�eted by thisthio substitution. The average value is -153.44◦. Besides, the ytidine riboseessentially oupies a North C3′-endo puker throughout the simulation, al-though it sometimes su�er some infrequent short-lived transitions to EastO4′-endo onformation (see Figure B.3). γC presents some rankshaft mo-tion from gauhe+ to trans, while the rest of torsional dihedral angles do notundergo any onformational transition (see Figure B.9). Finally, imidazoliumside hain of residue His119 has a transition from its ative A-type onfor-mation to the inative B-type onformation after the �rst ∼ 2154 ps. Themean values of χ1 and χ2 in the A onformation are 170.70◦ and -102.33◦respetively, and -64.77◦ and -64.84◦ in B onformation (see Figure B.2).This is the �rst time we see this kind of transition in our simulations.Hydrogen bond interationsTable 5.6 summarizes the hydrogen bond formation between the ligand andthe protein residues in the ative site in the [S:O2P℄Hyd omplex. Time evo-lution of seleted distanes between protein and ligand atoms is plottedin Figure B.11. The oxyphosphorane in [native℄Hyd makes strong hydrogen
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Figure 5.2: Radial distribution functions of water oxygens around phosphoryl
atoms, for the hydrolysis transition state mimic thio substituted models. Equatorial
phosphoryl atoms are at the top, on the left corner 1P and on the right 2P. At the
center O2′ axial oxygen is on the left and P atom on the right, while at the bottom
O3′ equatorial oxygen is on the left and O3T axial oxygen on the right.
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108 5.3 Resultsbond interations with both atalyti histidines, His12 and His119, residuesGln11, Lys41, Phe120 and a water moleule, and weaker interations withsome other water moleules.243 However, the [S:O2P℄Hyd omplex maintainsstrong hydrogen bond interations with residues His12, Lys41, Phe120 anda water moleule, but there is a weaker interation with Gln11 and His119(see Table 5.6).The equatorial non-bridging O1P atom makes a strong hydrogen bondinteration with the amino group of Lys41, group hydrogen bond oupanyof 0.89, and a weaker interation with residue Gln11, Occ = 0.46. Quiteinterestingly, the reverse trend was observed for [native℄Hyd , with oupaniesof 0.57 and 0.86, respetively.243 The average distane is 2.524 Å for Gln11and 2.825 Å between O1P and Lys41's Nζ (see Table 5.6 and Figure B.11).The other equatorial non-bridging atom, S2P , makes strong interations withimidazolium side hain of residue His12 (< R > = 2.698 Å and Occ = 0.88),the main hain of residue Phe120 (< R > = 2.745 Å and Occ = 0.87) andsome water moleules (see Table 5.6 and Figure B.11). Also observed inthis position there is a weak hydrogen bond interation with imidazoliumside hain of residue His119, Occ = 0.14 and < R > = 5.198 Å, like in[native℄Hyd . A remarkable point, is that the amino group of Lys41 does notmake any important hydrogen bond interation with O2′ axial oxygen (seeTable 5.6 and Figure B.11). The group hydrogen bond oupany is only0.01 and the average distane between the heavy atoms is 4.071 Å. However,the hydrogen bond interation between O2′ atom and imidazolium side hainof residue His12 is stronger than in the [native℄Hyd model simulation243 (Occ0.28 vS 0.13).Surprisingly, imidazolium side hain of residue His119 does not make anystrong hydrogen bond interation with the ligand atoms. We an say thatthis residue is very mobile in this model, beause it makes weak hydrogenbond interations with S2P and O3′ equatorial atoms, in addition to hydro-gen bonding with O2′ and O3T axial atoms, in ontrast to [native℄Hyd and[S:O1P℄Hyd , where it only interats with O3′ and O3T strongly. The reasonof the weak interations of [S:O2P℄Hyd is due to the onformational hangethat takes plae after the �rst ∼ 2154 ps, from ative to inative onforma-tion (see Figure B.2 and B.11 and Table 5.6). Furthermore, beause His119does not stabilize so muh the phosphodiester group, Lys41 takes a moreentral onformation, making a strong hydrogen bond interation with O1Pequatorial oxygen and a null interation with O2′ axial oxygen.Solvation of the substrateThe [S:O2P℄Hyd simulation exhibits a variety of interations between theligand substrate and solvent (Table 5.6 and Figure 5.2). Eah hydrogen-bonding atom of the ligand, interats with several di�erent water moleulesthroughout the [S:O2P℄Hyd simulation. However, it is noteworthy that the O2′
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Table 5.6: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in the
simulation of the [S:O2P]Hyd model. The criteria for the existence of hydrogen bonds are
1) a maximum H· · · A(acceptor) distance of 2.4 Å for oxygens and 3.0 Å for sulfur, 2)
a minimumD̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,
Occ, is defined as the total lifetime of each hydrogen bond by the production time. The
events are the number of times each hydrogen bond is formed. All distances are in Å.Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsGLN 11 Hǫ21 - CYT O1P 2.524(0.384) 3.354(0.270) 0.46 26.32 106HSP 12 Hǫ2 - CYT O1P 3.935(0.395) 4.829(0.365) 0.04 75.00 3LYS 41 Hζ1 - CYT O1P 2.755(0.591) 2.825(0.131) 0.32 60.00 32LYS 41 Hζ2- CYT O1P 2.676(0.532) 0.33 73.33 27LYS 41 Hζ3 - CYT O1P 2.790(0.501) 0.24 66.35 22WATER - CYT O1P 1.21 28.40 259HSP 12 Hǫ2 - CYT S2P 2.698(0.428) 3.602(0.430) 0.88 243.63 22HSP 119 Hδ1 - CYT S2P 5.198(2.419) 4.952(0.783) 0.14 32.12 26PHE 120 HN - CYT S2P 2.745(0.262) 3.679(0.209) 0.87 105.08 50WATER - CYT S2P 0.89 43.55 124HSP 12 Hǫ2 - CYT O2′ 2.621(0.340) 3.395(0.318) 0.28 16.61 104LYS 41 Hζ1 - CYT O2′ 4.166(0.827) 4.071(0.337) 0.00 10.00 2LYS 41 Hζ2 - CYT O2′ 3.972(0.685) 0.00 10.00 2LYS 41 Hζ3 - CYT O2′ 4.089(0.768) 0.01 13.33 3HSP 119 Hδ1 - CYT O2′ 7.263(4.920) 6.986(2.780) 0.02 13.90 9WATER (4491) - CYT O2′ 2.974(0.180) 0.93 82.57 68HSP 119 Hδ1 - CYT O3′ 6.052(4.968) 5.793(3.175) 0.01 10.00 4HSP 119 Hǫ2 - CYT O3′ 6.232(1.627) 5.865(1.627) 0.00 10.00 1WATER - CYT O3′ 0.65 16.38 242LYS 7 Hζ3 - CYT O3T 5.381(2.099) 5.386(1.441) 0.00 20.00 1GLN 11 Hǫ21 - CYT O3T 4.111(0.382) 4.930(0.333) 0.02 16.25 8HSP 119 Hδ1 - CYT O3T 5.244(3.461) 5.020(1.492) 0.13 24.84 31WATER - CYT O3T 1.00 14.88 407
†Arithmeti average hydrogen bond distane in the prodution simulation, 6000 ps, with squarestandard deviation in parentheses.
‡Arithmeti average distane between the orresponding heavy atoms in the prodution tra-jetory, with square standard deviation in parentheses.axial oxygen only interats with a single water moleule , as in [native℄Hyd ,during all the simulation, whih has a hydrogen bond oupany of 0.93, andan average distane of 2.974 Å. The largest hydrogen bond group oupanyorresponds to hydrogen bond interation with O1P equatorial oxygen (1.21),although O3T oupany is very high too (1.00). The largest hydrogen bond



110 5.3 Resultslifetime-average (82.57 ps) orresponds to O2′ axial oxygen. S2P equatorialatom has a group hydrogen bond oupany of 0.89.Regarding RDF analysis (Figure 5.2), O1P equatorial oxygen has thelargest probability to �nd water moleules around it (with a peak of 2.98),but there is a signi�ant derease of the height of the �rst peak with respetto the one found in [native℄Hyd . Notie as well that the gO1P −OW
is lessstrutured than in [native℄Hyd . As expeted, there is a very high derease insolvation at the 2P position with a peak of 1.97 (almost half value than in[native℄Hyd ) and a shift to longer distanes. On the other hand, the RDFs forO2′ , O3′ and O3T are qualitatively similar to the ones found in [native℄Hyd, with an enhaned solvation at short distanes for O2′ and O3′ , peaks of2.34 and 1.33, respetively. Notie that, as inspetion of gP−OW

reveals,thio substitution at 2P position leads to an overall lower solvation of thephosphorane moiety (lower peaks in the RDFs) with respet to [native℄Hyd ,but the e�et is signi�antly less pronouned than in [S:O1P℄Hyd .5.3.6 Hydrolysis transition state mimi model with dithiosubstitution [S:O1P,O2P℄HydIn this setion, we present the results for RNase A - 3',5'-CpA hydrolysistransition state/intermediate mimi model with both non-bridging equato-rial oxygens substituted by sulfur, denoted as the [S:O1P,O2P℄Hyd omplex(see Figure 5.1). The RMSD with respet to the initial onformation as afuntion of the simulation time is shown in Figure B.1. The RMSD �utuatesstably with an average value of 0.98 ± 0.14 Å, very similar to [S:O1P,O2P℄Transsimulation.Conformational dynamisThe time evolution of key dihedral angles that de�ne the onformation of thesubstrate and His119 residue are shown in Figure B.2 and average values arelist in Table B.4. Again, it is found that the �utuation of glyosyl dihedralangle χC is very small, being the average value -156.43◦ and denoying a verystable χC anti onformation. These values are similar to the ones obtained inthe monothio substituted simulations (see above). Cytidine ribose oupiesa North C3′-endo onformation throughout the simulation, with an averagevalue of 8.61◦ (see Figure B.3 and Table B.4). Besides, rotational dihedralangles do not undergo any onformational hange. γC has infrequent andshort-lived transitions from gauhe+ to trans onformation, ǫ and δC staysat gauhe+ during all the simulation, and ζ stays at trans onformation (seeFigure B.9). Finally, imidazolium side hain of residue His119 retains anA-type onformation throughout the simulation, with a mean χ1 value of170.04◦ and χ2 value of -105.35◦ (see Figure B.2).



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 111Hydrogen bond interationsHydrogen bond formation between the ligand and the protein residues inthe ative site is desribed in Table 5.7, in whih the average distanes be-tween atoms partiipating in the protein-ligand hydrogen bonds, with thehydrogen-bond oupanies, lifetime-average and number of events are listin. The time evolution of seleted distanes is plotted in Supporting Infor-mation Figure B.12. As in [native℄Hyd , dithio substituted [S:O1P,O2P℄Hydomplex makes strong hydrogen bond interations with both atalyti his-tidines, His12 and His119, Gln11, and Phe120, but the interation with Lys41and some water moleules are weakened (see Table 5.7).Similar to [S:O1P℄Hyd simulations, the equatorial non-bridging atom at1P position makes hydrogen bond interations with 3 di�erent residues, theamino group of Lys7 and Lys41, and with Gln11. In this model, [S:O1P,O2P℄Hyd, S1P 's group hydrogen bond oupanies are 0.06 for the amino group ofLys7, as in [S:O1P℄Hyd , and 0.29 for Lys41, while for Gln11 the oupanyis 0.82. Thus, S1P makes a strong hydrogen bond interation with residueGln11, similar to [native℄Hyd , with an average distane of 2.730 Å, while theaverage distane with Lys41 and Lys7 is muh higher, 3.544 Å, and 5.479 Å,respetively (see Table 5.7 and Figure B.12). The other sulfur atom, S2P ,makes hydrogen bond interations with 3 di�erent residues as the atom at2P position in [native℄Hyd and [S:O2P℄Hyd models. S2P makes strong hydrogenbond interations with imidazolium side hain of residue His12, Occ of 1.00and < R > of 2.381 Å, and the main hain of residue Phe120, Occ of 0.86and < R > of 2.704 Å. Also observed in this position there was a reallyweak interation with imidazolium side hain of His119, Occ is only 0.03and < R > = 3.547 Å (see Figure B.12). In addition, His12 makes a weakhydrogen bond interation with O2′ axial oxygen (Occ = 0.10 and < R >= 2.758 Å), whereas O2′ has a quite strong hydrogen bond interation withthe amino group of Lys41 (Occ = 0.58 and < R > = 3.213 Å).The imidazolium side hain of residue His119 makes a strong hydrogenbond interation with O3T axial oxygen and weak hydrogen bond interationswith O3′ and S2P equatorial atoms. The hydrogen bond oupanies are 0.74,0.13 and 0.03 respetively (see Table 5.7 and Figure B.12).Solvation of the substrateA detail desription of the ligand solvent interations through the analy-sis of spei� hydrogen bond interations, Table 5.7, and the use of RDFsof solvent moleules around seleted ligand atoms, Figure 5.2 is presented.Eah hydrogen-bonding atom of the ligand, interats with several di�erentwater moleules throughout the prodution simulation, exept for the O2′axial oxygen, whih does not interat with any water moleule. The largesthydrogen bond group oupany orresponds to the interations with S1P



112 5.3 Results
Table 5.7: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in
the simulation of the [S:O1P,O2P]Hyd model. The criteria for the existence of hydrogen
bonds are 1) a maximum H· · · A(acceptor) distance of 2.4 Å for oxygens and 3.0 Å
for sulfur, 2) a minimumD̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0
ps. The occupancy,Occ, is defined as the total lifetime of each hydrogen bond by the
production time. The events are the number of times each hydrogen bond is formed.
All distances are in Å. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsLYS 7 Hζ1 - CYT S1P 5.668(2.170) 5.479(1.803) 0.01 15.00 3LYS 7 Hζ2 - CYT S1P 5.683(2.385) 0.03 21.25 8LYS 7 Hζ3 - CYT S1P 5.757(2.515) 0.02 16.11 9GLN 11 Hǫ21 - CYT S1P 2.730(0.266) 3.585(0.095) 0.82 96.85 51LYS 41 Hζ1 - CYT S1P 3.491(0.376) 3.544(0.043) 0.10 15.25 38LYS 41 Hζ2 - CYT S1P 3.451(0.379) 0.10 13.92 42LYS 41 Hζ3 - CYT S1P 3.436(0.377) 0.09 13.03 43WATER - CYT S1P 1.04 13.36 465HSP 12 Hǫ2 - CYT S2P 2.381(0.022) 3.305(0.010) 1.00 497.92 12HSP 119 Hδ1 - CYT S2P 3.547(0.188) 4.182(0.123) 0.03 11.06 14PHE 120 HN - CYT S2P 2.704(0.065) 3.630(0.043) 0.86 59.94 86WATER - CYT S2P 0.49 17.32 170HSP 12 Hǫ2 - CYT O2′ 2.758(0.153) 3.528(0.116) 0.10 13.71 43LYS 41 Hζ1 - CYT O2′ 3.273(0.574) 3.213(0.082) 0.16 20.00 48LYS 41 Hζ2 - CYT O2′ 3.190(0.594) 0.20 19.68 61LYS 41 Hζ3 - CYT O2′ 3.182(0.604) 0.22 21.02 63HSP 119 Hδ1 - CYT O3′ 2.694(0.309) 3.151(0.073) 0.13 15.99 50WATER - CYT O3′ 0.10 12.24 49LYS 7 Hζ1 - CYT O3T 5.799(3.938) 5.775(3.684) 0.01 20.00 3LYS 7 Hζ2 - CYT O3T 5.936(4.701) 0.02 14.38 8LYS 7 Hζ3 - CYT O3T 6.017(4.772) 0.00 12.50 2HSP 119 Hδ1 - CYT O3T 2.159(0.159) 3.039(0.080) 0.74 47.17 94WATER - CYT O3T 0.29 11.99 143
†Arithmeti average hydrogen bond distane in the prodution simulation, 6000 ps, withsquare standard deviation in parentheses.
‡Arithmeti average distane between the orresponding heavy atoms in the prodution tra-jetory, with square standard deviation in parentheses.(1.04), while the largest hydrogen bond lifetime-average orresponds to S2P(17.32 ps), but in general this model's ative site is the less solvated one om-pared to the monothio substituted and native strutures. This is speiallyevident from the analysis of the orresponding RDFs.



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 113The RDFs show important di�erenes with respet to the ones found in[native℄Hyd . The derease of the heights of the peaks for S1P and S2P is quitedramati ompared to the peaks found for O1P and O2P in [native℄Hyd , andindiates a redued solvation of the ative site. Moreover, the rest of oxygenatoms also show an important derease in their solvation. Notie the dis-appearane of the �rst peak in gO2′−OW
and gO3′−OW

, indiating the loss ofspei� water interations with these atoms. Notie that gO2′−OW
has its �rstmaximum, 1.05, at 5.7 Å. Comparing the various RDFs in [S:O1P,O2P℄Hyd ,S1P atom shows the largest probability to �nd water moleules around it.Its maximum value is 1.50 at 3.4 Å. The next bigger probability orrespondsto O3T axial oxygen, with a maximum of 1.21 at 3.2 Å. S2P equatorial atomhas a maximum of 0.89 at 3.4 Å. Finally, analysis of gP−OW

evidenes theloss of solvent interations in the ative site as ompared with [native℄Hydand the monothio [S:O1P℄Hyd and [S:O2P℄Hyd omplexes.5.4 DisussionThe present work presents a series of moleular dynamis simulations ofRNase A - 3',5'-CpA transphosphorylation's and hydrolysis' transition state/in-termediate mimi thio substituted models (see Figure 5.1). In eah ase,transphosphorylation and hydrolysis, three di�erent thio substituted mod-els have been studied, two mono-thio substitutions at the oxyphosphorane'snon-bridging oxygens positions (O1P and O2P ), and a dithio substitution atboth positions. These simulations employ a set of reently developed fore�eld parameters for oxyphosphorane transition states or intermediates whihare onsistent with the CHARMM27 all-atom empirial fore �eld for nu-lei aids .218 The parameters were developed based on density-funtionalalulations, with partial atomi harges derived from eletrostati potential�tting and Lennard-Jones parameters reproduing interation energies withwater moleules. Bonded energy terms (bond, angle and torsion parame-ters) were also derived from the density-funtional alulations and renor-malized to maintain ompatibility with the existing CHARMM27 parametersfor standard residues. Thus, the parameters used in this work reprodue themain geometrial and eletroni harateristis of important phosphoraneintermediates based on density-funtional theory, but within a moleularmehanial approximation. This has allowed us to provide key struturalinformation on how these reative intermediates are struturally reognizedin the ative site of RNase A, using lassial MD simulations with reasonabletime sales. Due to the use of a lassial fore �eld, there is no possibilityof providing with a reation pro�le as a funtion of ovalent bond formationand leavage, and one is limited to the analysis of strutural information.Still important insights on the reation mehanism an be inferred from thestrutural data presented here. In the present setion, we make a disussion



114 5.4 Disussionon the relevane of our strutural �ndings for the lassial atalyti reationmehanism (see Setion 2.3.2).This setion is divided into two parts, 1) disussion of the results obtainedfor the di�erent studied thio models of the transphosphorylation's transitionstate mimi; and 2) disussion of thio substitutions on hydrolysis' transitionstate mimi model.5.4.1 Thio substitutions at transphosphorylation's transitionstate mimi modelsIn this subsetion we analyze and ompare strutural information relevantfrom our transphosphorylation's transition state mimi thio substituted mod-els' dynamis (see Figure 5.1), with respet to the three most importantresidues of the lassial reation mehanism73,76 (His12, His119, Lys41) andthe role of solvent moleules in the stabilization of phosphoranes.Similar to the results obtained for the native oxyphosphorane's model,243[native℄Trans , ytidine ribose stays at North C3′-endo puker, whih is onsis-tent with a anonial A-form RNA puker, while the adenosine ribose sugarpuker shows more variability, and visits both the South C2′-endo puker(essentially) and North C3′-endo puker. Moreover, the orientation of thebases about the glyosidi bonds of the substrates �utuate stably aroundan anti onformation (Tables B.1, B.2 and B.3). Often observed α and
γA rankshaft motion in BI↔BII transitions 234 is also presented in thesesimulations. Finally, it is remarkable that the side hain of residue His119remains in its ative A onformation that promotes atalysis50,62 in eahsimulation. In this sense, His119 and adenine rings form ontinuous π − πstaking interations, that ontribute to the stabilization of His119 A orien-tation and the adenine ring anti orientation. Therefore, overall we an saythat thio substitution in non-bridging equatorial positions at the transphos-phorylation's transition state, has a small e�et on the onformation of theligand.Regarding Lys41, its side hain hydrogen bonds with O2′ axial oxygenand the atom at 1P position, as in [native℄Trans simulation243 (Table 4.2).However, we observe that the strength of these interations is very sen-sible to thio substitutions (see Tables 5.2, 5.3 and 5.4). The interationbetween Lys41 and the O2′ atom is of interest, as Lys41 is known to havea redued pKa (8.6-9.1),236 and has been observed rystallographially toundergo strutural hange in the pH range 8.0-8.8,237 and has even beensuggested to at as general base/aid atalyst instead of His12.60,61,87 Itis possible that Lys41 might have a depressed pKa due to interation withnearby hydrophobi groups, as has been observed for a lysine residue in eno-lase.238 However, to reonile this question would require the alulationof the pKa value of Lys41 (and possibly other residues) using a ombinedquantum mehanial/moleular mehanial (QM/MM) simulation and free



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 115energy perturbation approah. This is beyond the sope of the urrent workthat fouses on the struture and dynamis of thio substitutions at di�er-ent stages along the reation oordinate. It is of importane to note thatthio substitutions weaken the interation with O2′ . However, there is aninteresting resue e�et of this interation upon dithio substitution (Occ =0.8 in [native℄Trans , Occ = 0.41 [S:O1P℄Trans , Occ = 0.36 [S:O2P℄Trans , Occ= 0.61 [S:O1P,O2P℄Trans ). This lower interation is balaned in [S:O2P℄Transwith a larger interation of Lys41 with the equatorial O1P , 0.64 oupanyversus 0.3 in [native℄Trans struture. The end result is that while for thenative struture there is a preferene for the interation of Lys41 with O2′ ,thio substitutions an a�et these interations and even reverse the trend in[S:O2P℄Trans (Tables 4.2, 5.2, 5.3 and 5.4).An interesting resue e�et is also observed for Gln11 upon dithio substi-tution. Monothio ompounds leads to a weakening of this interation, whiledouble sulfur substitution shows a muh higher oupany, more similar tothe strong hydrogen bond interation found for the [native℄Trans model (Occ= 0.94 in [native℄Trans , Occ = 0.47 [S:O1P℄Trans , Occ = 0.19 [S:O2P℄Trans ,
Occ = 0.87 [S:O1P,O2P℄Trans ).On the other hand, His12 forms strong hydrogen bond interations withthe phosphorane's equatorial non-bridging atom at 2P position (Occ valuesbetween 0.97 and 0.99 for all ases). Thus, the simulations results suggestthat interation with His12 is key to stabilize the exess of negative hargeat the 2P non-bridging position. In addition, the atom at 2P equatorialposition makes another two strong hydrogen bond interations that providestabilization of its negative harge: one hydrogen bond interation with themain hain of residue Phe120, and the other one with a water moleule.Finally, and quite interestingly, a weak hydrogen bond interation is observedfor eah simulation, between the atom at 2P equatorial position and residueHis119, whih was not present in [native℄Trans simulation. On the other hand,the interation between His12 and O2′ axial oxygen is not strong in either ofthe models. These last oupanies are not what one would expet if His12were to play the role of general base atalyst as in the lassial mehanism.73Nonetheless, it is interesting to remark that in those models where O2′ showsweak interation with both Lys41 and His12 ([S:O1P℄Trans and [S:O2P℄Trans), there are interations of O2′ with the solvent, that were not present in[native℄Trans model.The interation between imidazolium side hain of His119 and axial oxy-gen O5′ presents strong hydrogen bond interations for eah simulation (Occ= 1.00 in [native℄Trans , Occ = 1.00 [S:O1P℄Trans , Occ = 0.97 [S:O2P℄Trans , Occ= 0.99 [S:O1P,O2P℄Trans ). Therefore, it seems that thio e�ets has a low in-�uene in the interation with the leaving group of the transphosphorylationreation.On the other hand, the solvation of the ligand is very sensible to thiosubstitution and leads to a very meaningful redution of the solvation of the



116 5.4 Disussionative site. This is very apparent in the shape of gP−OW
, Figure 5.1, witha very ritial redution of its �rst peak with the number of sulfur atomsontained in the phosphorane. As expeted, thio substitution at a given posi-tion leads to lower and less strutured peaks at the thio-substituted positions,revealing a loss of solvent interations with the thio-substituted atom andstruture of the �rst solvation layer. However, thio substitutions an alsoa�et the solvation of the atoms of the phosphorane that are not diretlysubstituted, and in ways that are not easily predited. For instane, in thease of O2′ spei� interations with solvent appear in mono-thio substitutedompounds that disappear again upon double thio substitution (see the �rstpeak of the orresponding gO2′−OW

Figure 5.1 distribution funtions). Fi-nally and quite surprisingly, an inrease in the solvent interations with O5′is revealed in the dithio model.5.4.2 Thio substitutions at hydrolysis' transition state mimimodelsIn this subsetion we disuss the strutural information relevant from ourhydrolysis' transition state mimi thio substituted models' dynamis (seeFigure 5.1).Similar to the results obtained for the native oxyphosphorane's model,243[native℄Hyd , ytidine ribose stays at North C3′-endo puker, whih is onsis-tent with a anonial A-form RNA puker. Moreover, the orientation of thebase about the glyosidi bond of the substrates �utuates stably around ananti onformation (Tables B.4). Finally, the onformation of His119 seems tobe a bit more sensible to the spei� thio substitutions in this models thanin the transphosphorylation's thio substituted models. In both [S:O1P℄Hydand [S:O1P,O2P℄Hyd models residue His119 remains in its ative A onforma-tion that promotes atalysis,50,62 similar to the [native℄Hyd model, whereasin [S:O2P℄Hyd model, there is a onformational hange to the inative B-typeonformation, after the �rst 2154 ps. When His119 is in the inative onfor-mation, it does not interat with the ative site, therefore, this hange ouldbe signi�ant in the atalyti stabilization of the orresponding oxyphospho-ranes by RNase A. Nevertheless, overall we an say that thio substitutionin non-bridging equatorial positions at the hydrolysis transition states, hasa small e�et on the onformation of the substrate.Regarding Lys41, its side hain hydrogen bonds with O2′ axial oxygenand the atom at 1P position, as in [native℄Hyd and all the transphospho-rylation's transition state mimi simulations.243 However, we observe thatthe strength of these interations is very sensible to thio substitutions (Ta-bles 5.5, 5.6, 5.7 4.3 5.2, 5.3 5.4 and 4.2). As has been mention above, theinteration between Lys41 and the O2′ atom is of interest. Lys41 is known tohave a redued pKa (8.6-9.1),236 and has been observed rystallographiallyto undergo strutural hange in the pH range 8.0-8.8,237 and has even been



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 117suggested to at as general base/aid atalyst instead of His12.60,61,87 Itis possible that Lys41 might have a depressed pKa due to interation withnearby hydrophobi groups, as has been observed for a lysine residue in eno-lase.238 However, to reonile this question would require the alulationof the pKa value of Lys41 (and possibly other residues) using a ombinedQM/MM simulation and free energy perturbation approah. This is beyondthe sope of the urrent work that fouses on the struture and dynamisof thio substitutions at di�erent stages along the reation oordinate. Itis of importane to note that thio substitutions at 1P position, [S:O1P℄Hydand [S:O1P,O2P℄Hyd omplexes, strengthens the interation of Lys41 with O2′axial oxygen (Occ = 0.46 [native℄Hyd , Occ = 0.87 [S:O1P℄Hyd , Occ = 0.58[S:O1P,O2P℄Hyd ) and onomitantly, weakens the interation with S1P (Occ=0.57 [native℄Hyd with O1P , Occ = 0.36 [S:O1P℄Hyd , Occ = 0.29 [S:O1P,O2P℄Hyd). Nevertheless, thio substitution at 2P position has the reverse e�et. Itweakens extremely the hydrogen bond interation with O2′ in [S:O2P℄Hyd ,and strengthens the interation with the equatorial O1P , Occ = 0.01 and Occ= 0.89, respetively. The end result is that while for the native struturethere is a preferene for the interation of Lys41 with O1P , thio substitu-tions an a�et these interations and even reverse the trend in [S:O1P℄Hydand [S:O2P℄Hyd (Tables 4.3, 5.5, 5.6 and 5.7). Besides, an interesting res-ue e�et in this position is observed for Gln11 upon dithio substitution.Monothio ompounds leads to a weakening of this hydrogen bond intera-tion (Occ = 0.39 [S:O1P℄Hyd , Occ = 0.46 [S:O2P℄Hyd ), while double sulfursubstitution shows a muh higher oupany, 0.82, more similar to the stronghydrogen bond interation found for the [native℄Hyd , Occ = 0.86.On the other hand, the interation of residue His12 with the oxyphos-phorane is less sensible to thio e�ets. His12 forms strong hydrogen bondinterations with the phosphorane's equatorial non-bridging atom at 2P po-sition (Occ = 1.00 for [S:O1P℄Hyd , [S:O1P,O2P℄Hyd and [native℄Hyd , Occ =0.88 [S:O2P℄Hyd ). Thus, the simulations results suggest that interation withHis12 is key to stabilize the exess of negative harge at the 2P non-bridgingposition, similar to the transphosphorylation's transition state models. Inaddition, atom at 2P equatorial position makes another two strong hydro-gen bond interations that provide stabilization of its negative harge: onehydrogen bond interation with the main hain of residue Phe120, and aseond one with solvent. Also observed in this position, there is a very weakhydrogen bond interation with the imidazolium side hain of residue His119,whih disappears when the sulfur atom is only at 1P position, [S:O1P℄Hyd .On the other hand, the lower oupany found for His12 and 2P positioninteration in [S:O2P℄Hyd is balaned with a higher hydrogen bond intera-tion with O2′ , Occ = 0.28, the highest among the hydrolysis-type models(Tables 5.5, 5.6 5.7 and 4.3). These last oupanies are not what onewould expet if His12 were to play the role of general aid atalyst as in thelassial mehanism.73



118 5.5 ConlusionsFinally, it should be also highlighted that when His119 is in its ativeA-type onformation, it makes strong hydrogen bond interations with O3T ,irrespetive of the thio substitution. However, when His119 passes to the in-ative B-type onformation in [S:O2P℄Hyd , these hydrogen bond interationsare lost (see Figure B.11).On the other hand, there are important di�erenes in the solvation ofthe ative site upon thio substitution (see Figure 5.2). In general there is aredution in the solvation of the ative site as sulfur atoms are introdued.This is very apparent in the shape of gP−OW
with a ritial redution ofits �rst peak upon thio substitution. Quite interestingly, among monothioomplexes [S:O2P℄Hyd shows a larger solvation than [S:O1P℄Hyd , partiallymotivated by the transition of His119 from A to B onformation, whih allowsthe entrane of more solvent moleules in the ative site. For instane, both

gO3T −W and gO3′−W denote a higher solvation of these atoms in [S:O2P℄Hydthan even in [native℄Hyd . As expeted, thio substitution at a given positionleads to lower and less strutured peaks at the thio-substituted positions,revealing a loss of solvent interations with the thio-substituted atom andstruture of the �rst solvation layer. However, thio substitutions an alsoa�et the solvation of the atoms of the phosphorane that are not diretlysubstituted, and in ways that are not easily predited. For instane, in thease of O2′ spei� interations with solvent are enhaned for [S:O2P℄Hyd ,highly redued for [S:O1P℄Hyd and vanished for [S:O1P,O2P℄Hyd , Figure 5.2.5.5 ConlusionsIn the present paper we report results of MD simulations of RNase A - 3',5'-CpA transphosphorylation's and hydrolysis' transition state or high-energyintermediate mimi thio substituted models, using reently developed fore�eld parameters for phosphoryl transfer intermediates.218 The aim of thesestudies is to determine how the strutural relaxation, and di�erential sol-vation that ours at disreet stages of the transesteri�ation and leavagereation, are a�eted by a perturbation of the system in the form of thio sub-stitution. Simulations were performed with expliit solvation, with rigorouseletrostatis, and for several nanoseonds, whih allow to make a detailedanalysis of the main hanges in hydrogen bond patterns and interationwith the solvent among the three pentaovalent phosphorane strutures thatrepresent the transition states or high-energy intermediates in the transphos-phorylation and hydrolysis steps of the reation.Based on our simulations we an onlude that there are no major di�er-enes between the bakbone struture of the studied six strutures. Besides,the relative orientation of the bases, denoted by their glyosyl dihedral angleonformations, is very stable and it is not a�eted by the thio substitutionsat non-bridging equatorial positions. In addition, it is quite remarkable that



Thio effets on Bovine Panreati Ribonulease A - CpATransition State-like Complexes 119the ative A onformation of His119 is maintained for the �ve of the sixstrutures studied and along the whole prodution run. [S:O2P℄Hyd modelpresents a transition from the ative A onformation to the inative B-typeonformation after the �rst 2154 ps.Analysis of the hydrogen bond oupanies between the substrates andRNase A shows that the residues diretly interating with the substratesare His12, His119, Lys41, Gln11, Phe120 and a variety of water moleules.However, the hydrogen bond pattern is sometimes highly a�eted by thethio substitutions, whih shed light on the reation mehanism and role ofspei� residues in transition state stabilization.Our previous simulations of [native℄Trans and [native℄Hyd models243 showedthat the formation of pentaovalent phosphorane anhors His12 to interatwith the equatorial O2P oxygen. Thio e�ets onserve the strength of thisinteration in both transphosphorylation and hydrolysis steps, underliningthe robustness of this type of stabilization in RNase A. On the other hand,the interations of residues Lys41 and His12 with O2′ axial oxygen is highlyin�uened by the type of thio e�et inluded, and therefore, seems morelabile. This ould have mehanisti onsequenes. In the transphosphory-lation transition state, all the thio ompounds show redued interations ofLys41 and His12 with O2′ . However, the hydrolysis ase shows a more om-pliate piture, in some ases, as in [S:O1P℄Hyd , the interation of O2′ withLys41 is strengthened and the interation with His12 is weakened. However,thio substitution at 2P position, [S:O2P℄Hyd , leads to the reverse e�et andindues the disappearane of the interation with Lys41. These di�erenessuggest that thio at these positions ould alter the ability of Lys41/His12 tostabilize this position or even interhanged their roles to the ones proposedin the lassial mehanism. This is in qualitative agreement with onlusionsof other theoretial alulations29,60,61,87 in whih Lys41 has been laimedto possibly at as the aid atalyst in the hydrolysis reation.On the other hand, thio e�ets ould be relevant in the propensity ofHis119 to be positioned as a good base atalyst in the hydrolysis reation.The interation of His119 with the attaking O3T nuleophile presents a highsensibility to the thio substitution in the hydrolysis-type transition states.whereas this interation is quite well onserved in [S:O1P℄Hyd , Occ = 0.96,in [S:O1P,O2P℄Trans is redued to Occ = 0.74, and in [S:O2P℄Trans is furtherredued to Occ = 0.13 due to a onformational hange of His119 from theative to the inative onformation.Analysis of substrate interation with water moleules has been aom-plished by the alulation of hydrogen bond oupanies between the sub-strate oxygen and sulfur atoms and spei� water moleules and by theanalysis of the radial distribution funtions around key atoms of the phos-phorane moieties. Simulations results point to a poorer solvation and toa less strutured �rst solvation layer of the thio substituted models. Thisould lead to a lower solvent stabilization of these strutures, that balane



120 5.5 Conlusionsthe higher stabilization of oxyphosphoranes upon sulfur substitution. Thehanges in the shape of gP−OW
are a lear indiative of this behavior. Itis remarkable that the enapsulated water moleule hydrogen bonded di-retly to O2P equatorial oxygen shown in [native℄Trans and [native℄Hyd simu-lations,243 is maintained upon thio substitution at 1P position, on�rmingthe important role of this water moleule in the stabilization of the negativeharge aumulated at this equatorial phosphorane oxygen in both trans-phosphorylation and hydrolysis transitions states.239 It is also interesting toremark that thio e�ets an also a�et qualitatively the solvation of atomsthat are not diretly substituted, leading in some ases to a redued solva-tion, as for the O3′ atom in the transphosphorylation strutures, and O2′ in[S:O1P℄Hyd and [S:O1P,O2P℄Hyd , or to an enhaned solvation in other ases,O2′ in [S:O1P℄Trans and [S:O2P℄Trans , and O2′ , O3′ and O3T for the [S:O2P℄Hydomplex. All these e�ets will ertainly stabilize/destabilize these phospho-rane strutures. Whether all these e�ets an balane eah other and leadto similar overall energeti barriers is an interesting question that an onlybe eluidated by QM/MM type of alulations. These will be the subjet offurther work in this area.



Further WorkIn this part of the Thesis, we have haraterized by Classial MoleularDynami Simulations, the struture of the reatant and intermediates ofthe hydrolysis reation of RNase A - 3',5'-CpA omplex, and how hemialhanges at the oxyphosphorane itself a�ets their reognition by RNase A.The data olleted here, ould be taken as the base for future analysis of MDsimulations of this type of oxyphosphorane intermediates. An extension ofthe present work of onsiderable interest ould therefore be the analysis ofoxyphosphorane intermediate analogues bound to RNase A mutants, that areknown to a�et the enzyme turnover rate, namely, H119N, H119A, H119D,H12A, H12E, H12D, K41R or K41A 58,240�242 whih derease kcat betweentwo and four orders of magnitude.On the other hand, an analysis based on Moleular Mehanis-PoissonBoltzmann Surfae Area, MM-PBSA245 ould be of great interest to analyzethe binding free energy of the protein and the substrate. A free energydeomposition ould be done to analyze the interation of eah residue withthe substrate along the reation mehanism, to estimate the magnitude andnature of the interation at eah step.
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Part IIIReation Mehanism Analysisby QM/MM methods





IntrodutionAs has been mention previously (see Setion 2.3) Bovine panreati ribonu-lease A is an ideal system for a theoretial study of the strutural anddynami basis of enzyme atalysis. This endoribonulease atalyzes thebreakdown of 3',5'-phosphodiester linkage of single stranded RNA. The widerange of biohemial, physial, and rystallographi data available for thisenzyme24,28,35,57,72 have led to proposals for the atalysis of the hydrolysis ofRNA by a two-step mehanism,76 in whih a yli phosphate intermediateis formed and subsequently hydrolyzed (see Sheme 2.2). Both steps arethought to involve in-line displaement at the phosphorus, to pass throughtrigonal bipyramid (TBP) transition states and to be atalyzed by the on-erted ation of a general aid and a general base. In spite of the au-mulated experimental information, a full understanding of the mehanismand a detailed analysis of the rate enhanement produed by ribonuleasehas not been ahieved, and nowadays, there are di�erent mehanisms pro-posed29,60,61,73,79,80,87,209 for RNA hydrolysis atalyzed by bovine panre-ati RNase A. Moreover, there remains onsiderable debate onerning thenature of the strutures of the transitions states along the reation path andtheir protonation states.28,82It is di�ult to obtain diret strutural information about a transitionstate or intermediate from experiment. In the ase of phosphoryl transferreations, for example, vanadate transition state mimis have been om-monly used and haraterized with X-ray rystallography.211�213 However,the results obtain solely based on analysis of a omplex with a pentavalentorgano-vanadate have to be taken with some skeptiism, beause vanadatetransition state mimis might be only marginally relevant,214 and the rela-tive stability of their di�erent protonation states ould be di�erent to theones of an oxyphosphorane. Theoretial alulations are potentially powerfultools that, together with experiment, an provide deep insight into the de-tails of atalyti mehanisms. In order to reliably model the bond formationand leavage that ours in hemial reations, a quantum eletroni stru-ture method is required. Among the most attrative methods for systemsof intermediate size are modern density-funtional methods.246 For verylarge systems, however, these methods an be onsiderably omputationallyintensive, espeially when ombined with a high degree of onformational



126sampling that is required to determine onverged reation free energy pro-�les. A strategy in suh alulations is to de�ne a subset of atoms (the ativesite, e.g. substrates and o-fator) that an be treated quantum mehanially(QM) while the remainder of the system (e.g. protein and solvent) is treatedwith moleular mehanis (MM) models, and in this way develop a ombinedQM/MM177�179 potential that is appropriate for the reation of interest (seeSetion 3.4). In the �eld of biologial phosphoryl transfer reations, reentadvanes have been obtained from the aurate parameterization of a semi-empirial hamiltonian (AM1/d-PhoT)97 whih ombined the possibility ofe�ient QM/MM alulations with the required degree of hemial aurayto simulate reation barriers and relative energies between isomers. In orderto obtain a meaningful free energy pro�le that provides insight into meha-nism, it is neessary to haraterize the hanges in enzyme onformationand ontats that our along the reation oordinate (variations in spei�onformational variables), and espeially at the transition state.Separation into quantum and lassial regionsPreviously haraterized transphosphorylation's oxyphosphorane model,[Trans℄oph, and hydrolysis' oxyphosphorane model, [Hyd℄oph , are partitionedinto an inner region that is treated quantum-mehanially by a new semiem-pirial Hamiltonian AM1/d-PhoT97 (QM region), and an outer region, whihis desribed by the all-atom CHARMM27 nulei aid fore �eld144�146 withextension to oxyphosphorane models218 and TIP3P water model225 (MMregion).The separation into quantum and lassial regions is not straightforwardin enzyme reations, beause the QM region is frequently bonded to MMregion, as in this ase, and is not lear how to de�ne uniquely the boundaryonditions for the eletroni struture alulations of the QM region, norhow to inorporate the eletrostati and van der Waals e�ets of the lassi-al region into the quantum region energy expression. We have hosen theGeneralized Hybrid Orbitals (GHO)185,190�194 method to onnet the tworegions (see Setion 3.4.1).The QM region inludes 10 atoms from eah of the imidazolium rings ofresidues His12 and His119, where the boundary atom is plaed at Cβ atom;8 atoms from the side hain of residue Lys41, where the GHO atom is at Cδatom; and 16 atoms from the transphosphorylation's oxyphosphorane modelof CpA, [Trans℄oph , where the boundary atoms are situated at ytidineribose ring C4′ and C1′ and adenosine ribose ring C4′ , or 13 atoms from thehydrolysis' oxyphosphorane model of CpA, [Hyd℄oph , where the GHO atomsare plaed at ytidine ribose ring C4′ and C1′ (see Figure 6.1). That makesup a total of 44 QM atoms for [Trans℄oph and 41 QM atoms for [Hyd℄oph .



Chapter 6Dianioni versus MonoanioniOxyphosphorane Intermediatesin the Hydrolysis of RNACatalyzed by RNase A6.1 IntrodutionBovine panreati ribonulease A has been studied for over 60 years. It isan ideal system for a theoretial study of the strutural and dynami basisof enzyme atalysis. This endoribonulease atalyzes the breakdown of 3',5'-phosphodiester linkage of single stranded RNA. A partiularly wide rangeof biohemial, physial, and rystallographi data are available for this en-zyme.24,35,72 These have led to proposals for the atalysis of the hydrolysisof RNA by a two-step mehanism,76 in whih a yli phosphate intermediateis formed and subsequently hydrolyzed. Both steps are thought to involvein-line displaement at the phosphorus, to pass through trigonal bipyramid(TBP) transition states and to be atalyzed by the onerted ation of ageneral aid and a general base. In spite of the aumulated experimentalinformation, a full understanding of the mehanism and a detailed analysis ofthe rate enhanement produed by ribonulease has not been ahieved, andnowadays, there are di�erent mehanisms proposed29,60,73,79,80 for RNA hy-drolysis atalyzed by bovine panreati RNase A. Moreover, there remainsonsiderable debate onerning the nature of the strutures of the transi-tions states along the reation path and their protonation states.28,82 Oneaspet of onsiderable importane is the possible presene of stable inter-mediates in phosphoryl transfer reations. This topi has been debated formany years28,82,88,247 and it is intriate with the protonation state of thephosphorane intermediate. It was proposed that without proton transfer, nostable intermediate ould be formed.28,80,82,85,88�90,93 However, reently a



128 6.1 Introdutionstable unprotonated (dianioni) intermediate has been found.61 Estimationof the pKa of model phoshoranes in solution248 lead to values of pK1
a and

pK2
a of 7.94 and 14.27. That means that in order to be able to have a di-anioni oxyphosphorane intermediate at physiologial pH, there should bea signi�ant stabilization of dianioni strutures in the ative site of RNaseA. The nature of the protonation state of the oxyphosphorane intermediatesand how this protonation state a�ets the internal struture of the oxyphos-phorane and the interation with the ative site of the protein is thus afundamental problem and its understanding is highly relevant to analyze thevarious alternative mehanisms proposed.As has been mentioned previously, it is di�ult to obtain diret struturalinformation about a transition state or intermediate from experiment. How-ever, theoretial alulations are potentially powerful tools that, togetherwith experiment, an provide deep insight into the details of atalyti meh-anisms.

Figure 6.1: a) Representation of the 44 atoms which make up the [Trans]oph model
QM region. b) Representation of the 41 atoms which make up the [Hyd]oph model
QM region. The GHO boundary atoms are depicted in green.
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(b) [Hyd℄ophIn this work we investigate the struture and energeti pro�le of the di-anioni vs monoanioni transphosphorylation's and hydrolysis' high-energyphosphate reation intermediates that RNase A has to stabilize in order toatalyze this reation, by QM/MM approah. Oxyphosphorane strutureshave been used to model these intermediates. We denote them as [Hyd℄oph ,the oxyphosphorane model whih mimis the hydrolysis' intermediate, and[Trans℄oph , the oxyphosphorane model whih resembles the transphospho-rylation's intermediate. The most plausible path towards the formation ofa monoanioni oxyphosphorane is through a proton transfer between thepositively harged His12 and one of the non-bridging phosphoryl oxygens,



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 129O2P , of the pentaovalent oxyphosphorane intermediate.60 In addition, wedisuss the e�et that the protonation state of the oxyphosphorane has onimportant strutural parameters of the oxyphosphorane itself, and how theprotonation state a�ets the interations of the intermediate with the ativesite residues and solvent moleules.The hapter is organized as follows. The Computational Details se-tion desribes the QM/MM approah and the simulation set up. The Re-sults setion presents umbrella sampling results for the hydrolysis' oxyphos-phorane model, whih resembles the hydrolysis' intermediate (denoted as[Hyd℄oph) and transphosphorylation's oxyphosphorane model, whih resem-bles the transphosphorylation's intermediate (denoted as [Trans℄oph). TheDisussion setion ompares the obtain results. Finally, the Conlusion se-tion summarizes the main points of the paper and outlines future researhdiretions.6.2 Computational detailsThe starting strutures for QM/MM alulations are taken from our previouswork on �Moleular Dynamis Simulation of RNase A - CpA transition state-like omplexes� 243 (see Setion 4). The reation pathway is studied usingQM/MM moleular dynamis. The entire system is partitioned as desribedin the introdution of Part III. The reative region of [Trans℄oph has 44atoms and the MM region onsists on 6958 atoms, while the [Hyd℄oph modelhas 41 atoms in the QM region and 6995 in the MM region.The QM/MM simulations are arried out using Stohasti BoundaryConditions172�175 (see Setion 3.3.6). For an aurate desription of theeletrostati fores on the QM subsystem arising from the environment, noeletroni uto� have been used. The protool inludes an initial equili-bration of the on�guration produed by MD simulations,243 followed by ashort run where only the MM part is free to move, while the QM part iskept frozen. Water moleules are initially relaxed for 300 steps of SD energyminimization158,160 keeping all solute atoms and ion positions restrained totheir initial oordinates. The restraints over the ions are then released, andthe solvent (water and ions) is relaxed with 300 steps of SD energy mini-mization. Then the restraints over the solute exept for the QM region arereleased and another relaxation of 300 steps of SD energy minimization isdone. One the MM region is minimized, another set of minimizations isdone with a RESD183 restrained on the ombination of the axial distanesof the oxyphosphoranes to maintain their struture. First a 500 steps of SDminimization is done, followed by two more minimizations of 500 steps usingthe adopted-basis set Newton-Raphson (ABNR) method.126,127,161 Fromthis point, restrained MD with the QM part �x, is performed starting at 0K and heating to 298 K over 18 ps, and arried out to 133 ps. Finally, the



130 6.2 Computational detailswhole system is allowed to move for 40 ps.From this starting struture, the potential of mean fore (PMF)195 isdetermined using the weight histogram analysis method (WHAM)205,207,208to ombine the data obtain in the simulations exeuted applying umbrellasampling tehnique162,199,249 along the reation oordinate, RC, whih isde�ned geometrially as the di�erene between the breaking bond, rbreak =
r(Nǫ2 −Hǫ2)

His12, and the forming bond, rform = r(HǫHis12
2 −O2P ) (seeSheme 6.1 and Setion 3.5).
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Scheme 6.1: Schematic representation of the reaction coordinate,
RC = r(Nǫ2−Hǫ2)His12 − r(HǫHis12

2 −O2P ). R= H in [Hyd]oph and R= Ade
in [Trans]oph .To span the entire range of the reation oordinate from the dianioni oxyphos-phorane to the monoanioni oxyphosphorane a total of 61 separate simula-tions (windows) are exeuted in the [Trans℄oph model and 56 in the [Hyd℄ophmodel. Eah simulation is performed with a harmoni restraining potentialentered at the loation of that partiular window (RC0

i ) and a fore on-stant of 150 kal·mol·Å−2. For eah window a set of three minimizations aredone with Nulear Overhauser e�ets, NOE, distane onstraint method onthe P�O5′/3T and P�O2′ axial bonds and RESD183 restrained on the ombi-nation of those axial distanes. First, a 500 steps SD minimization is done,whih is followed by two other 500 steps ABNR minimizations. After theminimizations, eah window is heated from 110 K to 298 K over 25 ps, andarried out to 40 ps. Finally, the probability density of on�gurations along
RC is olleted for an additional 15 ps and is sorted into bins of 0.2 Å width.



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 131Newton's equation is integrated using leapfrog Langevin167 algorithm withina time step of 0.5 fs (Setion 3.3.5).6.3 ResultsThis setion presents results for the studied two di�erent oxyphosphoranestruture simulations (see Sheme 4.1). One of them, [Trans℄oph , resem-bles the struture of transphosphorylation's intermediate state of RNaseA - CpA omplex, and the seond one, [Hyd℄oph , resembles the stru-ture of the hydrolysis' intermediate. The results are presented into dif-ferent subsetions for eah struture. First, the PMF195 of the reationoordinate, RC = r(Nǫ2 − Hǫ2)
His12 − r(HǫHis12

2 − O2P ), from a di-anioni oxyphosphorane to a monoanioni oxyphosphorane is studied, seeSheme 6.1. Seondly, the ligand onformation is shown. The glyosyldihedral angles χC(O4′−C1′−N1−C2) and χA(O4′−C1−N9−C4) desribe, respe-tively, the orientation of the ytidine and adenine rings with respet to thesugar,230,231 whereas, the pseudorotation phase angle232 desribes the sug-ars ring onformation, and the bakbone torsion angles (α, β, γ, δ, ǫ and ζ)haraterize the onformation of the phosphate group (see Sheme 4.1). Fi-nally, we disuss the geometry of the ative-site, fousing our attention onthe onformation of residue His119, the struture of the oxyphosphorane,and the interation between the ligand and the most important residues ofthe ative site (His12, His119, and Lys41). The side hain of residue His119an adopt two onformations denoted as A (χ1(N−Cα−Cβ−Cγ) ∼ 160◦) and B(χ1 ∼ −80◦),62 whih are related by a 142◦ rotation about Cα−Cβ bond and38◦ rotation about the Cβ − Cγ bond. Conformation A is onsidered as theative onformation, whih promotes atalysis, whereas onformation B isonsidered as the inative onformation.50 In the rystallographi strutureof the omplex50 and in previous MD simulations,219,222,224,243 onformationA is observed.6.3.1 Hydrolysis' Oxyphosphorane model, [Hyd℄ophIn this subsetion we show the results obtain for the [Hyd℄oph model, thestruture of RNase A - 3',5'-CpA hydrolysis' oxyphosphorane intermediate(see Sheme 4.1). The QM region onsists on 41 atoms. 5 of them areGHO185,190�194 boundary atoms situated at Cβ of residues His12 and His119,Cδ of residue Lys41 and ytidine ribose ring C4′ and C1′ (Figure 6.1). A totalof 56 separate simulations (windows) were exeuted to span the entire rangeof the reation oordinate, RC = r(Nǫ2 −Hǫ2)
His12 − r(HǫHis12

2 −O2P )from the dianioni oxyphosphorane to the monoanioni oxyphosphorane,[-0.725,0.650℄ Å (see Sheme 6.1).



132 6.3 ResultsPotential of Mean Fore (PMF)The PMF195 shows two minima, dianioni [Hyd℄oph and monoanioni [Hyd℄oph, separated by a transition state maximum (see Figure 6.2). The �rst min-imum has a RC value of -0.675 Å and a PMF value of 3.2 kal/mol, thebreaking bond is rbreak = 1.065(0.023) Å while the forming bond is rform= 1.734(0.032) Å. The transition state is reah at RC = 0.0 Å, where thelength of both rbreak and rform is 1.29(0.03) Å, while the PMF value is6.5 kal/mol. After this point, the system evolves downhill towards themonoanioni [Hyd℄oph . At RC = 0.650 Å, we �nd the seond minimum ofthe PMF, whih is taken as the referene, rbreak = 1.750(0.037) Å and rform= 1.059(0.027) Å.In addition, one-step mehanism is observed to evolve from a dianionioxyphosphorane to a monoanioni one, with a ∆PMF = 3.3 kal/mol (seeFigure 6.2). The monoanioni [Hyd℄oph is energetially 3.2 kal/mol morestable than the dianioni one.
Figure 6.2: PMF of [Hyd]oph model is depicted in black while [Trans]oph model
is shown in red.
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Ligand onformation and geometry of the ative-siteThe time evolution at eah simulation window of key dihedral angles thatde�ne the onformation of the substrate and the His119 residue are shown



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 133in Appendix Figure C.1 and the average values are listed in Table C.1. The�utuations of χC dihedral angle and phosphodiester torsional angles arevery small (see Figures C.1 and C.2), signifying that the anti onformationof χC is very stable. Besides, the ytidine ribose stays essentially at NorthC3′-endo onformation throughout the simulation (see Figure C.1), whih isthe RNA's typial puker onformation.233 Finally, imidazolium side hainof residue His119 is retained in A onformation in all the windows. Themean χ1 and χ2 values are 179.5◦ and -113.15◦ (see Figure C.1).On the other hand, the �utuation of the oxyphosphoranes' bonds, P�OX , are small. The oxyphosphorane struture is formed in all the studiedsimulations exept in the window entered at -0.05 Å. In that window, P-O3′bond is broken, O3′ phosphoryl oxygen is protonated by H3T and the dis-tane between the phosphorus and the oxygen atom is > 3.0 Å. Therefore,we have a 2'-terminal phosphate. The average and standard deviation val-ues of the oxyphosphorane P-OX distanes without taking into aount theprevious ited window are 1.915(0.050) Å for P-O2′ , 1.719(0.039) Å for P-O3T , 1.568(0.036) Å for P-O2P , 1.515(0.022) Å for P-O1P and 1.708(0.044)Å for P-O3′ . The equatorial bonds and the P-O3T bond are shorter thanthe ompare 2 uridine-vanadate rystallographi strutures212,213 (see Ta-ble 6.1). Besides, the �utuation of dihedral angle O3′-O2P -O1P -P is verysmall when the phosphorane struture is formed, its mean value is -3.72◦.Now we are going to fous our attention in the two windows where PMFhas minimum values. First, the window entered at -0.675 Å, whih orre-sponds to a dianioni [Hyd℄oph , and seondly, the window entered at 0.650Å, whih is a monoanioni-type [Hyd℄oph .Dianioni Struture: window entered at RC = -0.675 ÅWe start analyzing the window entered at RC = -0.675 Å. The oxyphos-phorane struture average values are listed in Table 6.1. The reation o-ordinate mean values are 1.065(0.023) Å for rbreak, and 1.734(0.032) Å for
rform. Therefore, in this simulation we are studying a dianioni oxyphospho-rane, that has a pentaovalent phosphorus atom with a distorted trigonal-bipyramid geometry.The average and standard deviation values of the oxyphosphorane P-OXdistanes are 1.962(0.045) Å for P-O2′ , 1.757(0.038) Å for P-O3T , 1.536(0.021)Å for P-O2P , 1.512(0.020) Å for P-O1P and 1.703(0.039) Å for P-O3′ . Theequatorial bonds and the P-O3T axial bond are shorter than the distanes inthe two uridine-vanadate rystallographi strutures212,213 (see Table 6.1).The longest P-O distane orresponds to P-O2′ , and there is only small dif-ferenes in the P-O bond length between non-bridging phosphoryl oxygens.Various angles haraterizing the trigonal-bipyramid struture, an also befound in Table 6.1. In partiular, the angle O3T -P-O2′ is often taken to har-aterize the distortion of the phosphorane with respet to the ideal linearity



134 6.3 Results
Table 6.1: Comparison of two uridine-vanadate crystallographic structures (mimic
of the hydrolysis transition state) and our simulations’ oxyphosphorane structures,
[Trans]TS and [Hyd]TS . All distances are in Å and angles in degrees. Standard
deviation is in parentheses.Atom pair 6RSA212 1RUV213 [Hyd℄TS [Trans℄TSz=-0.675 z=0.65 z=-0.725 z=0.725P/V - O3T/O5′ 1.91 1.91 1.76(0.04) 1.69(0.03) 1.94(0.04) 1.82(0.04)P/V - O2′ 1.88 2.00 1.96(0.04) 1.88(0.03) 1.83(0.04) 1.73(0.03)P/V - O3′ 1.91 2.00 1.70(0.04) 1.70(0.03) 1.71(0.04) 1.72(0.04)P/V - O2P 1.75 1.78 1.54(0.02) 1.61(0.02) 1.53(0.03) 1.62(0.02)P/V - O1P 1.75 1.34 1.51(0.02) 1.51(0.02) 1.52(0.02) 1.51(0.02)O3T/O5′ - P/V - O2′ 165.6 149.5 166.7(4.0) 168.3(4.1) 165.6(3.3) 162.9(4.1)O3T/O5′ - P/V - O3′ 77.8 73.1 85.1(3.0) 85.6(2.6) 77.8(2.6) 78.9(2.5)O3T/O5′ - P/V - O2P 91.7 96.0 95.1(3.2) 91.1(3.3) 92.1(3.1) 87.3(3.4)O3T/O5′ - P/V - O1P 83.7 100.6 94.8(3.4) 98.5(3.6) 91.6(2.9) 97.0(3.4)O2′ - P/V - O3′ 91.0 76.9 83.2(2.6) 85.7(2.3) 88.4(2.1) 88.0(2.2)O2′ - P/V - O2P 101.5 104.9 93.5(3.4) 87.6(2.6) 94.2(3.1) 90.9(3.2)O2′ - P/V - O1P 97.5 96.0 87.8(2.9) 91.1(3.2) 94.7(2.8) 98.0(3.5)O2P - P/V - O1P 107.5 103.1 124.3(4.4) 125.2(5.3) 125.6(4.1) 121.3(4.3)O2P - P/V - O3′ 117.9 123.2 114.7(4.0) 115.9(5.3) 119.7(4.8) 119.6(5.5)O1P - P/V - O3′ 131.3 133.6 120.6(5.2) 118.3(5.3) 113.9(4.3) 118.4(5.0)O3′ - O2P - O1P - P/V 10.9 2.2 -4.0 -4.3 5.8 4.8between axial P-O bonds. An average value of 166.7◦ is observed from oursimulations, similar to the one observed in 6RSA212 and signi�antly morelinear than the value of 149.5 of the 1RUV vanadate struture.213Hydrogen bond formation between the ligand and the protein residues inthe ative site for this window is desribed in Table 6.2, in whih the aver-age distanes between atoms partiipating in protein-ligand hydrogen bonds,with the hydrogen bond oupanies, average time and number of events arelisted. The time evolution of seleted distanes between the protein andligand atoms is plotted in Appendix Figure C.3.O1P equatorial oxygen is hydrogen bonded by the amino side hain ofresidue Lys41, with a heavy-atom average distane of 2.761 Å and a groupoupany of 1.0 (see Table 6.2 and Figure C.3). Besides, residue Gln11 isvery lose to O1P and in some other dianioni windows is hydrogen bondingO1P , whih is also hydrogen bonded at least by one water moleule in somewindows, but not in this one. On the other hand, equatorial O2P oxygenmakes one strong hydrogen bond interation with imidazolium side hain ofHis12, and two quite strong hydrogen bond interations with the main hainof Phe120 and a water moleule. The average distanes are < R > = 1.734



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 135Å, < R > = 2.308 Å and < R > = 2.246 Å, respetively, with a hydrogenbond oupany of Occ = 1.00 for His12 and Occ = 0.6 for Phe120 andthe water moleule. It worth mentioning, that in other dianioni windowsresidue His119 makes a fourth hydrogen bond interation with this equatorialoxygen. Interestingly, His12 interats with O2′ axial oxygen with Hǫ1 insteadof with Hǫ2 as was seen in previous MD simulations.80,219�221,243 The averagedistane is < R > = 1.922 Å with a hydrogen bond oupany of Occ = 1.0,while residue Lys41 makes a not strong hydrogen bond interation with it,
< R > = 2.278 Å and Occ = 0.4 (Figure C.3).

Table 6.2: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in
window centered at -0.675 Å of [Hyd]oph model. The criteria for the existence of
hydrogen bonds are 1) a maximum H· · · A(acceptor) distance of 2.4 Å, 2) a minimum
D̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,Occ, is
defined as the total lifetime of each hydrogen bond by the production time. The events
are the number of times each hydrogen bond is formed. All distances are in Å. HSP
stands for a doubly protonated His. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsLYS 41 Hζ2 - CYT O1P 2.045(0.258) 2.761(0.102) 0.60 9.00 1LYS 41 Hζ3 - CYT O1P 2.739(0.394) 2.761(0.102) 0.40 6.00 1HSP 12 Hǫ2 - CYT O2P 1.734(0.032) 2.756(0.049) 1.00 15.00 1PHE 120 HN - CYT O2P 2.308(0.219) 3.220(0.177) 0.60 9.00 1WATER 397 - CYT O2P 2.246(0.330) 3.095(0.234) 0.60 9.00 1HSP 12 Hǫ1 - CYT O2′ 1.922(0.143) 2.778(0.099) 1.00 15.00 1LYS 41 Hζ2 - CYT O2′ 2.278(0.395) 3.209(0.300) 0.40 6.00 1HSP 119 Hǫ1 - CYT O3′ 2.377(0.252) 2.794(0.175) 0.80 12.00 1HSP 119 Hδ1 - CYT O3T 2.031(0.216) 2.828(0.134) 1.00 15.00 1WATER 1432 - CYT O3T 1.612(0.135) 2.521(0.120) 1.00 15.00 1WATER 3991 - CYT O3T 2.592(0.531) 3.167(0.362) 0.40 6.00 1WATER 4218 - CYT H3T 2.161(0.454) 2.925(0.315) 0.40 6.00 1

† Arithmeti average hydrogen bond distane for 15.0 ps, with standard deviation in paren-theses.
‡ Arithmeti average distane between the orresponding heavy atoms in 15.0 ps, with stan-dard deviation in parentheses.Equatorial oxygen O3′ makes a strong hydrogen bond interation withthe imidazolium side hain of His119, average distane < R > = 2.377 Å and
Occ = 0.80. The imidazolium side hain of His119 is also making a stronghydrogen bond interation with O3T axial oxygen, < R > = 2.031 Å and
Occ = 1.0, whih is hydrogen bonded as well by two water moleules.



136 6.3 ResultsFinally, H3T makes a not strong hydrogen bond interation with a watermoleule (< R > = 2.161 Å, Occ = 0.40). More water moleules are at ahydrogen bond distane from this atom, however, the interations they makeare < 5.0 ps (see Figure C.3).In Figure 6.3, the RDFs between solvent's oxygen atoms and seletedatoms of the oxyphosphorane speies an be found. The analysis of RDFsan give interesting insight into the solvation harateristis of the oxyphos-phorane moiety. Brie�y, O3T axial oxygen and O1P equatorial oxygen presenta fully-exposed solvent interation, high peak followed by a derease towardsbulk values. The gO3T−OW
has a maximum value of 2.9 at 2.5 Å and gO1P−OWis 2.1 at 2.9 Å. On the other hand, O2P equatorial oxygen presents a wellde�ned �rst peak and dereases almost to 0.0 at a distane of 4.3 Å. Withrespet to the rest of the oxyphosphorane's oxygen atoms (equatorial O3′and axial O2′), the RDFs present signatures of a poorly solvated situationthat indiate less ordered solvent and more rapid exhange relative to theRDFs for the axial O3T .Monoanioni Struture: window entered at RC = 0.650 ÅNext we analyze the window entered at the reation oordinate RC = 0.650Å. The oxyphosphorane struture average values are list in Table 6.1. The re-ation oordinate mean values are 1.723(0.037) Å for rbreak, and 1.059(0.027)Å for rform. Therefore, in this simulation we are studying a monoanionioxyphosphorane, that has a pentaovalent phosphorus atom with a distortedtrigonal-bipyramid geometry.The average and standard deviation values of the oxyphosphorane's P-OX distanes for this window are 1.876(0.034) Å for P-O2′ , 1.685(0.028) Å forP-O3T , 1.608(0.023) Å for P-O2P , 1.510(0.017) Å for P-O1P and 1.701(0.035)Å for P-O3′ . Compared to the two uridine-vanadate rystallographi stru-tures,212,213 all bonds are shorter (see Table 6.1). With respet to the previ-ous dianioni struture, there is a signi�ant shortening in the two axial P-Obond lengths, 0.07 Å, for P-O3T and 0.08 Å, for P-O2′ , and a lengtheningof the P-O2P bond by 0.06 Å. Therefore, now the two non-bridging phos-phoryl oxygens show a di�erene in bond length of 0.1 Å. Notie that thisanisotropy in phosphoryl oxygen bond lengths have been used to identify amonoanioni uridine vanadate in the past.60 The longest P-O distane stillorresponds to P-O2′ in the monoanioni phosphorane. Quite interestingly,the angles de�ning the trigonal-bipyramid struture of the oxyphosphoraneshow little hange from the dianioni to the monoanioni struture. This isspeially interesting for the O3T -P-O2′ angle, whih goes from 166.7◦ in thedianioni struture to 168.3◦ in the monoanioni oxyphosphorane.In Table 6.3, we an �nd seleted data for the hydrogen bond formationbetween the oxyphosphorane and the protein residues, namely, average dis-tanes between atoms partiipating in protein-ligand hydrogen bonds, with



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 137
Figure 6.3: Distribution of water around oxyphosphorane’s oxygens is shown for
two windows of [Hyd]oph model, RC = -0.675 Å in black, and RC = 0.65 Å in
red. H3T is at top left corner, at top right corner O3T is depicted, O1P and O2P
non-bridging phosphoryl atoms are in the middle left and right, respectively, and
finally O3′ and O2′ are at the bottom left and right corner.
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138 6.3 Resultsthe hydrogen bond oupanies, average time and number of events.
Table 6.3: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in
window centered at 0.65 Å of [Hyd]oph model. The criteria for the existence of hydrogen
bonds are 1) a maximum H· · · A(acceptor) distance of 2.4 Å, 2) a minimum̂DHA of
120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,Occ, is defined as the
total lifetime of each hydrogen bond by the production time. The events are the number
of times each hydrogen bond is formed. All distances are in Å. HSP stands for a doubly
protonated His. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsLYS 41 Hζ3 - CYT O1P 2.307(0.363) 2.929(0.193) 0.40 6.00 1LYS 41 Hǫ2 - CYT O1P 2.448(0.269) 3.053(0.226) 0.60 9.00 1WATER 3229 - CYT O1P 3.191(1.339) 3.612(1.052) 0.60 9.00 1WATER 5311 - CYT O1P 2.268(0.365) 3.086(0.238) 1.00 15.00 1LYS 41 Hζ3 - CYT O2′ 2.003(0.224) 2.952(0.116) 1.00 15.00 1HSP 12 Hǫ(a)

2 - CYT O2′ 2.403(0.158) 3.416(0.173) 0.40 6.00 1WATER 1344 - CYT O3′ 2.086(0.546) 2.787(0.264) 1.00 15.00 1WATER 5573 - CYT O3T 2.395(0.780) 2.626(0.194) 0.40 6.00 1WATER 1432 - CYT O3T 3.690(1.388) 4.626(1.067) 0.40 6.00 1WATER 5573 - CYT H3T 2.511(0.478) 2.626(0.194) 0.40 6.00 1WATER 4970 - CYT H3T 2.498(0.917) 3.206(0.674) 0.40 6.00 1HSP 12 Hǫ(a)
2 - HSP 12 Nǫ2 1.750(0.037) 2.750(0.056) 1.00 15.00 1

† Arithmeti average hydrogen bond distane for 15.0 ps, with standard deviation in paren-theses.
‡ Arithmeti average distane between the orresponding heavy atoms in 15.0 ps, with standarddeviation in parentheses.Lys41 makes two quite strong hydrogen bond interations with O1P equa-torial oxygen, with Hǫ2 and with Hζ3 (< R > = 2.448 Å, Occ = 0.60 for Hǫ2and < R > = 2.307 Å, Occ = 0.40 for Hζ3). Two water moleules make alsoa hydrogen bond interation with this equatorial oxygen. Besides, residueGln11 is very lose to O1P equatorial oxygen and in some other windows ismaking a hydrogen bond interation (see Figure C.4). In addition, Lys41 ismaking a strong hydrogen bond interation with O2′ axial oxygen (< R > =2.003 Å, Occ = 1.00), whih is also hydrogen bonded by His12's Hǫ2, < R >= 2.403 Å and Occ = 0.4 (remember that Hǫ2 is bonded to equatorial O2Pin this window). This Lys41-O2′ interation is stronger than in the dianionistruture. On the other hand, the hydrogen bond between His12 and O2Pequatorial oxygen is maintained in the monoanioni simulation, althoughnow His12 is neutral and O2P is the donor atom instead of the aeptor. Hǫ2



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 139is hydrogen bonding His12 during all the simulation, with an oupany of1.0 and average distane of 1.750 Å. Furthermore, there is a signi�ant loss ofinterations with the protein for for O3′ and O3T , and now these atoms onlyform hydrogen bond interations with water moleules (see Table 6.3). Inaddition, O3T presents a water bridge with imidazolium side hain of His119.Although in some other windows, His119 interats diretly with O3T .The analysis of the RDFs of Figure 6.3 an shed light on the hangesin solvation struture of the oxyphosphorane upon protonation. The RDFsshow similar harateristis as the ones ommented above for the dianioniase, exept for O2P and O3′ . In the ase of O2P equatorial non-bridgingoxygen, there is a signi�ant redution of the �rst peak in the RDFs. Thissuggests a loss of diret O2P -solvent interations upon O2P protonation. Thereverse is true for O3′ equatorial oxygen, and now there is an inrease in thesolvation of this atom upon formation of the monoanioni phosphorane.6.3.2 Transphosphorylation's Oxyphosphorane model, [Trans℄ophIn this subsetion we show the results obtain for the [Trans℄oph model,whih resembles the struture of RNase A - 3',5'-CpA transphosphorylation'soxyphosphorane intermediate (see Sheme 4.1). The QM region onsists on44 atoms. Six of them GHO185,190�194 boundary atoms situated at Cβ ofresidues His12 and His119, Cδ of residue Lys41, ytidine ribose ring C4′ andC1′ , and adenosine ribose ring C4′ (see Figure 6.1). A total of 61 separatesimulations (windows) were exeuted to span the entire range of the reationoordinate, RC = r(Nǫ2 −Hǫ2)
His12 − r(HǫHis12

2 −O2P ), from the dian-ioni oxyphosphorane to the monoanioni oxyphosphorane, [-0.775,0.725℄ Å(see Sheme 6.1).Potential of Mean Fore (PMF)The potential of mean fore (PMF) shows two minima, dianioni [Trans℄ophand monoanioni [Trans℄oph , separated by a transition state maximum (seeFigure 6.2). The �rst minimum has a RC value of -0.725 Å and a PMFvalue of 4.1 kal/mol, the breaking bond is rbreak = 1.064(0.036) Å whilethe forming bond is rform = 1.787(0.036) Å. The transition state is reahat RC = -0.025 Å, where the length of rbreak is 1.271(0.031) Å and rformis 1.305(0.030) Å, while the PMF value is 7.8 kal/mol. After this point,the system evolves downhill towards the monoanioni [Trans℄oph . At RC= 0.725 Å, we �nd the seond minimum of the PMF, whih is taken as thereferene, rbreak = 1.787(0.033) Å and rform = 1.046(0.025) Å.In addition, one-step mehanism is observed to evolve from a dianionioxyphosphorane to a monoanioni one, with a ∆PMF = 3.7 kal/mol (seeFigure 6.2). The monoanioni [Hyd℄oph is energetially 4.1 kal/mol morestable than the dianioni one.



140 6.3 ResultsLigand onformation and geometry of the ative-siteThe time evolution at eah simulation window of key dihedral angles thatde�ne the onformation of the substrate and the His119 residue are shownin Supporting Information Figure C.1 and the average values are listed inTable C.1. The �utuations of χC and χA dihedral angles are very small,signifying that their anti onformations are very stable. The adenine ri-bose stays essentially at South C2′-endo puker, while ytidine ribose staysessentially at North C3′-endo onformation throughout the simulation (seeFigure C.1). γC torsional angle presents some onformational transitionsfrom gauhe+ to trans (Figure C.2) known as rankshaft motion, whih isoften observed in BI↔BII transitions.234 Finally, imidazolium side hain ofresidue His119 is retained in A onformation in all the windows. The mean
χ1 and χ2 values are 174.1◦ and -114.5◦ (see Figure C.1).On the other hand, the �utuation of the oxyphosphoranes' bonds, P�OX , are small. The oxyphosphorane struture is formed in all the studiedsimulations. The average and standard deviation values of the oxyphos-phorane P-OX distanes are 1.782(0.048) Å for P-O2′ , 1.883(0.056) Å forP-O5′ , 1.571(0.040) Å for P-O2P , 1.513(0.022) Å for P-O1P and 1.709(0.038)Å for P-O3′ . Compared to the two uridine-vanadate rystallographi stru-tures,212,213 all bonds are shorter (see Table A.2). Besides, the �utuationof dihedral angle O3′-O2P -O1P -P is very small, its mean value is 5.3◦.Now we are going to fous our attention in the two windows where PMFhas minimum values. First, the window entered at -0.725 Å, whih orre-sponds to a dianioni [Trans℄oph , and seondly, the window entered at 0.725Å, whih is a monoanioni-type [Trans℄oph .Dianioni Struture: window entered at RC = -0.725 ÅWe start analyzing the window entered at RC = -0.725 Å. The oxyphos-phorane struture average values are listed in Table 6.1. The reation o-ordinate mean values are 1.064(0.025) Å for rbreak, and 1.787(0.036) Å for
rform. Therefore, in this simulation we are studying a dianioni oxyphospho-rane, that has a pentaovalent phosphorus atom with a distorted trigonal-bipyramid geometry.The average and standard deviation values of the oxyphosphorane P-OXdistanes are 1.827(0.040) Å for P-O2′ , 1.938(0.045) Å for P-O5′ , 1.526(0.026)Å for P-O2P , 1.519(0.025) Å for P-O1P and 1.706(0.038) Å for P-O3′ . Com-pared to the two uridine-vanadate rystallographi strutures,212,213 all bondsare shorter (see Table 6.1). The longest P-O distane orresponds to P-O5′ ,and there is only small di�erenes in the P-O bond length between non-bridging phosphoryl oxygens. Various angles haraterizing the trigonal-bipyramid struture, an also be found in Table 6.1. In partiular, the angleO5′-P-O2′ is often taken to haraterize the distortion of the phosphorane



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 141with respet to the ideal linearity between axial P-O bonds. An averagevalue of 165.6◦ is observed from our simulations, idential to the one ob-served in 6RSA212 and signi�antly more linear than the value of 149.5 ofthe 1RUV vanadate struture.213Hydrogen bond formation between the ligand and the protein residues inthe ative site for this window is desribed in Table 6.4, in whih the aver-age distanes between atoms partiipating in protein-ligand hydrogen bonds,with the hydrogen bond oupanies, average time and number of events arelisted. The time evolution of seleted distanes between the protein andligand atoms is plotted in Supporting Information Figure C.5.
Table 6.4: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in
window centered at -0.725 Å of [Trans]oph model. The criteria for the existence of
hydrogen bonds are 1) a maximum H· · · A(acceptor) distance of 2.4 Å, 2) a minimum
D̂HA of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,Occ, is
defined as the total lifetime of each hydrogen bond by the production time. The events
are the number of times each hydrogen bond is formed. All distances are in Å. HSP
stands for a doubly protonated His.Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsGLN 11 Hǫ21 - CYT O1P 2.105(0.148) 3.035(0.119) 0.80 12.00 1LYS 41 Hζ1 - CYT O1P 2.030(0.413) 2.839(0.109) 0.80 12.00 1WATER 179 - CYT O1P 2.157(0.383) 3.042(0.279) 0.80 6.00 2HSP 12 Hǫ2 - CYT O2P 1.787(0.036) 2.821(0.057) 1.00 15.00 1PHE 120 HN - CYT O2P 2.324(0.157) 3.287(0.153) 0.40 6.00 1WATER 11 - CYT O2P 2.053(0.153) 2.984(0.138) 1.00 15.00 1WATER 628 - CYT O3′ 2.555(0.110) 1.40 10.50 2HSP 119 Hδ1 - CYT O5′ 1.837(0.115) 2.805(0.092) 1.00 15.00 1WATER 628 - CYT O5′ 1.648(0.141) 2.522(0.107) 1.00 15.00 1

† Arithmeti average hydrogen bond distane for 15.0 ps, with standard deviation in paren-theses.
‡ Arithmeti average distane between the orresponding heavy atoms in 15.0 ps, withstandard deviation in parentheses.O1P equatorial oxygen makes 3 strong hydrogen bond interations withthe amino side hain of residue Lys41, Gln11 and a water moleule. Theoupany of eah hydrogen bond is 0.8 while the average distanes are

< R > = 2.030 Å, < R > = 2.105 Å and < R > = 2.157 Å, respetively(see Table 6.4 and Figure C.5). On the other hand, equatorial O2P oxygenmakes two strong hydrogen bond interations with imidazolium side hainof His12 and a water moleule, and one weaker hydrogen bond interationwith the main hain of Phe120. The average distanes are < R > = 1.787Å, < R > = 2.053 Å and < R > = 2.324 Å, respetively, with a hydrogen



142 6.3 Resultsbond oupany of Occ = 1.00 for His12 and the water moleule and Occ= 0.4 for Phe120. It worth mentioning, that in some dianioni windowsresidue His119 makes a fourth hydrogen bond interation with this equatorialoxygen. However, in this window the average distane between heavy atomsis 3.422 Å. Interestingly, O2′ does not make any hydrogen bond interationin this window. Although, His12's Hǫ2 is at a hydrogen bond distane fromthis atom, however, the interations are < 5.0 ps.Furthermore, equatorial oxygen O3′ makes a strong hydrogen bond in-teration with a water moleule (Occ = 1.00), and somewhat a weaker in-teration with the other hydrogen of the same water moleule (Occ = 0.40).The heavy atoms average distane is 2.555 Å.Finally, O5′ makes two strong hydrogen bond interations, with the imi-dazolium side hain of residue His119 and with a water moleule (< R > =1.837 Å and < R > = 1.648 Å, respetively). The oupany is 1.0 for bothof them.In Figure 6.4, the RDFs between solvent's oxygen atoms and seletedatoms of the oxyphosphorane speies an be found. The analysis of RDFsan give interesting insight into the solvation harateristis of the oxyphos-phorane moiety. Brie�y, O5′ axial oxygen, O2P and O3′ equatorial oxygenspresent a highly ordered water interation, high peak followed by a dereasetowards a minimum with negligible or very small value of RDF, indiatingthe presene of a strong interation of the oxygen atoms with a very stru-turally ordered water moleule. The gO5′−OW
has a maximum value of 3.2at 2.5 Å whih drops till 0.1 at 2.9 Å, while gO3′−OW

maximum is 2.7 at 2.6Å and falls till 0.0 at 2.9 Å. gO2P−OW
maximum is 3.1 at 2.9 Å and dereasesto 0.0 at 3.5 Å. With respet to axial O2′ , the RDF presents signatures of apoorly solvated situation that indiate less ordered solvent and more rapidexhange relative to the RDFs for the axial O5′ .Monoanioni Struture: window entered at RC = 0.725 ÅNext we analyze the window entered at the reation oordinate RC = 0.725Å. The oxyphosphorane struture average values are list in Table 6.1. The re-ation oordinate mean values are 1.787(0.033) Å for rbreak, and 1.046(0.025)Å for rform. Therefore, in this simulation we are studying a monoanionioxyphosphorane, that has a pentaovalent phosphorus atom with a distortedtrigonal-bipyramid geometry.The average and standard deviation values of the oxyphosphorane's P-OX distanes for this window are 1.733(0.032) Å for P-O2′ , 1.822(0.036) Å forP-O5′ , 1.620(0.024) Å for P-O2P , 1.511(0.020) Å for P-O1P and 1.733(0.032)Å for P-O3′ . Compared to the two uridine-vanadate rystallographi stru-tures,212,213 all bonds are shorter (see Table 6.1). With respet to the previ-ous dianioni struture, there is a signi�ant shortening in the two axial P-Obond lengths, 0.08 Å, for P-O5′ and 0.10 Å, for P-O2′ , and a lengthening



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 143of the P-O2P bond by 0.09 Å. Therefore, now the two non-bridging phos-phoryl oxygens show a di�erene in bond length of 0.11 Å. Notie that thisanisotropy in phosphoryl oxygen bond lengths have been used to identify amonoanioni uridine vanadate in the past.60 The longest P-O distane stillorresponds to P-O5′ in the monoanioni phosphorane. Quite interestingly,the angles de�ning the trigonal-bipyramid struture of the oxyphosphoraneshow little hange from the dianioni to the monoanioni struture. This isspeially interesting for the O5′-P-O2′ angle, whih goes from 166.5◦ in thedianioni struture to 162.9◦ in the monoanioni oxyphosphorane.In Table 6.5, we an �nd seleted data for the hydrogen bond formationbetween the oxyphosphorane and the protein residues, namely, average dis-tanes between atoms partiipating in protein-ligand hydrogen bonds, withthe hydrogen bond oupanies, average time and number of events.O1P equatorial oxygen makes 2 strong hydrogen bond interations withthe amino side hain of residue Lys41, < R > = 2.908 Å, and with Gln11,
< R > = 3.128 Å, whih oupanies are 1.0, and somewhat a not thatstrong hydrogen bond interation with a water moleule, Occ = 0.6, (thesame water moleule whih was making a hydrogen bond interation withO1P in the dianioni struture) and a weaker interation with other watermoleule. These water moleules do not interat simultaneously with O1P ,�rst one of them makes the hydrogen bond interation and after the otherone makes it (see Table 6.5 and Figure C.6). On the other hand, the hy-drogen bond between His12 and O2P equatorial oxygen is maintained in themonoanioni simulation, although now His12 is neutral and O2P is the donoratom instead of the aeptor. Hǫ2 is hydrogen bonding His12 during all thesimulation, with an oupany of 1.0 and average distane of 1.787 Å. In-terestingly, there is no hydrogen bond interations between this equatorialatom and the solvent in the monoanioni struture. O2′ axial oxygen is alsohydrogen bonded by His12's Hǫ2, < R > = 2.401 Å and Occ = 0.4. Fur-thermore, equatorial oxygen O3′ makes a weak hydrogen bond interationwith imidazolium side hain of residue His119 (Occ = 0.4, < R > = 2.401Å) and a strong interation with a water moleule (Occ = 1.0, < R > =1.883 Å). This water moleule is also hydrogen bonding O5′ axial oxygen(Occ = 0.40). Finally, O5′ makes a strong hydrogen bond interation withimidazolium side hain of His119 (Occ = 1.0, < R > = 1.892 Å).The analysis of the RDFs of Figure 6.4 an shed light on the hangesin solvation struture of the oxyphosphorane upon protonation. The RDFsshow a less solvated oxyphosphorane ompared to the dianioni struture.It presents similar harateristis as the ones ommented above for the di-anioni ase, exept for O2P and O5′ . O2P equatorial oxygen and O5′ axialoxygen show a loss of diret solvent interations upon O2P protonation.



144 6.3 Results
Figure 6.4: Distribution of water around oxyphosphorane’s oxygens is shown for
two windows of [Trans]oph model, RC = -0.725 Å in black, and RC = 0.725 Å
in red. O2′ is at top left corner, at top right corner O5′ is depicted, O1P and O2P
non-bridging phosphoryl atoms are in the middle left and right, respectively, and
finally O3′ atom is at the bottom left corner.
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Table 6.5: Statistics of protein-ligand and water-ligand hydrogen-bonds observed in
window centered at 0.725 Å of [Trans]oph model. The criteria for the existence of hydro-
gen bonds are 1) a maximum H· · · A(acceptor) distance of 2.4 Å, 2) a minimum̂DHA
of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,Occ, is defined
as the total lifetime of each hydrogen bond by the production time. The events are the
number of times each hydrogen bond is formed. All distances are in Å. HSP stands for a
doubly protonated His. Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsGLN 11 Hǫ21 - CYT O1P 2.227(0.245) 3.128(0.181) 1.00 15.00 1.00LYS 41 Hζ3 - CYT O1P 2.191(0.434) 2.908(0.128) 1.00 15.00 1.00WATER 179 - CYT O1P 2.592(0.930) 3.318(0.610) 0.60 9.00 1.00WATER 4851 - CYT O1P 3.910(1.273) 4.468(1.107) 0.40 6.00 1.00HSP 12 Hǫ(a)

2 - CYT O2′ 2.401(0.139) 3.378(0.158) 0.40 6.00 1.00HSP 119 Hǫ1 - CYT O3′ 2.401(0.268) 3.091(0.199) 0.40 6.00 1.00WATER 5618 - CYT O3′ 1.883(0.227) 2.721(0.160) 1.00 15.00 1.00HSP 119 Hδ1 - CYT O5′ 1.892(0.155) 2.789(0.095) 1.00 15.00 1.00WATER 5618 - CYT O5′ 2.460(0.300) 3.250(0.269) 0.40 6.00 1.00HSP 12 Hǫ(a)
2 - HSP 12 Nǫ2 1.787(0.033) 2.807(0.055) 1.00 15.00 1.00

† Arithmeti average hydrogen bond distane for 15.0 ps, with standard deviation in paren-theses.
‡ Arithmeti average distane between the orresponding heavy atoms in 15.0 ps, with standarddeviation in parentheses.6.4 DisussionThe present work presents a series of QM/MM moleular dynami simula-tions of RNase A - 3',5'-CpA transphosphorylation's and hydrolysis' phos-phorane intermediate models, with the aim of omparing the relative energyof a dianioni and a monoanioni oxyphosphorane within the struture ofRNase A. These oxyphosphoranes are important intermediates in the hydro-lysis reation of phosphodiester bonds by RNase A. Two models have beentaken into aount, one [Hyd℄oph , related to the intermediate of the hydro-lysis step of the reation, and [Trans℄oph orresponding to the transphospho-rylation's intermediate. The monoanioni oxyphosphoranes are formed bya proton transfer from His12, whih is hydrogen bonded to O2P with highstability.For both oxyphosphoranes, the monoanioni struture is lower in en-ergy than the dianioni intermediate by -3.2 kal/mol and -4.1 kal/mol for[Hyd℄oph and [Trans℄oph , respetively. We will analyze these numbers tak-ing into aount the value of the pK2

a for oxyphosphoranes and the valueof the pKa for a histidine. The experimental pKa of a histidine is 6.04.250



146 6.4 DisussionThere are di�ulties to estimate experimental pKas of oxyphosphoranes dueto their inherent instability. However, theoretial estimations248 points tovalues of 7.9 and 14.3 for pK1
a and pK2

a , respetively. This implies that insolution the reation energy for proton transfer between an oxyphosphoraneand a histidine an be estimated as -11.4 kal/mol.
His+ + [Phos]−2 → His+ [Phos]−1

∆G =
(
pKa(His) − pK2

a(Phos)
)
× 2.303RT

= −11.4 kcal/molThis reation energy for proton transfer is signi�antly lower than the valuesobtained from our PMF in RNase A, namely, -3.2 kal/mol ([Hyd℄oph ) and-4.1 kal/mol ([Trans℄oph ). This indiates that ompared to solution values,RNase A is introduing a signi�ant stabilization of the dianioni [Hyd℄ophand [Trans℄oph with respet to the monoanioni strutures. The stabilizationis higher for [Hyd℄oph than for [Trans℄oph , by around 1 kal/mol. The sta-bilization of dianioni oxyphosphorane strutures has also been pointed outby Elsässer et al.61 in the ontext of the hydrolysis reation in RNase A.However, we �nd than an extra stabilization of these intermediates an beattained by protonation of equatorial O2P oxygen, and this protonation maybe involved in the orresponding reation mehanism. However, protonationof O2P ould also lead to higher barriers in the breaking of the oxyphos-phoranes, and therefore, our present alulations an not assure whether thereation goes through a monoanioni type mehanism. Glennon et al.251found in the transphosphorylation step an almost equal probability for bothprotonation states with a slightly stronger support for the mehanism witha dianioni struture.Our QM/MM simulations an also give relevant results with respet tothe strutural hanges with respet to the protonation state of the oxyphos-phoranes. This type of data have been onsidered in the past60 as guidaneto infer the protonation state for a given X-Ray struture. Our results, al-beit orresponding to short simulations, an shed light on spei� struturalparameters a�eted by the protonation of the oxyphosphorane. We on-sider three types of strutural hanges: i) the ones aused in the internaloordinates of the oxyphosphorane itself, ii) the ones aused in the intera-tion between the oxyphosphoranes and the protein and iii) hanges in thesolvation shell around the oxyphosphoranes.The largest hanges in P-O bond distanes upon protonation orrespondsto the equatorial P-O2P and the two axial P-O3T/5′ and P-O2′ distanes. Asexpeted, the protonation of O2P oxygen leads to a lengthening of the P-Obond by almost 0.1 Å. This indues an asymmetry of 0.1 Å ([Hyd℄oph ) and0.11 Å ([Trans℄oph ) in the P-O bonds with non-bridging phosphoryl oxygens.This asymmetry has been taken as signature in the past for monoanionivanadates.60 The axial P-O bond distanes are also highly a�eted by the



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 147protonation state of the oxyphosphorane. In both oxyphosphorane stru-tures, there is a signi�ant shortening of axial P-O bond distanes in themonoanioni phosphorane, being the tendeny more enhaned in [Trans℄ophthan in [Hyd℄oph . Irrespetive of the protonation state, the largest P-Odistane orresponds to P-O2′ in [Hyd℄oph , but to P-O5′ in [Trans℄oph .Thus, based on these strutural data the P-O2′ bond is more ativated inthe [Hyd℄oph model than in [Trans℄oph , whih shows a higher ativation forP-O5′ . Other geometrial parameters show only small hanges upon proto-nation of the oxyphosphorane. One should emphasize the small hange inthe departure of the axial O3T/5′ -P-O2′ angle from linearity, whih an betaken as a representative of the degree of distortion of the oxyphosphoranestruture from an idealized trigonal bipyramid struture. The hanges inthis angle upon protonation is only of 2-3◦, whih fall within the �utuationvalue of this angle in eah dynamis. It should be emphasized that neutraloxyphosphorane strutures show axial O-P-O angles lose to 180◦, indiatingthe lose relation between distortion of the trigonal bipyramid and aumu-lation of negative harge in the oxyphosphorane. Range et al.252 found aneutral oxyphosphoranes axial angle range between 175.2◦ and 176.6◦, and arange between 160.4◦ and 168.4◦ for the monoanioni oxyphosphoranes, sim-ilar to the one found by Lopez et al.,253 160◦ and 162◦. These last o-workersalso report an angle ∼ 163◦ for dianioni oxyphosphoranes. Our results arein good agreement with the ited ones.The hydrogen bond pattern between the oxyphosphorane substrate andresidues of the ative site is sensible to the protonation state of the phospho-ranes, speially in the ase of [Hyd℄oph . We have found that the position ofLys41 is sensible to the protonation state of the oxyphosphorane. In the aseof [Hyd℄oph , protonation at O2P leads to a stronger interation between theamino group of Lys41 and the O2′ leaving group, and a weaker interationbetween this amino group and O1P equatorial oxygen. However in [Trans℄ophthe position of Lys41 shows little hanges upon formation of the monoan-ioni phosphorane. In addition, imidazolium side hain of His119 is diretlyhydrogen bonding O3T axial oxygen in the dianioni [Hyd℄oph , but it makesa water bridge interation in the monoanioni one. Again little hanges areobserved in the ase of [Trans℄oph , the interation between His119 and O5′is onserved in both dianioni and monoanioni oxyphosphoranes. Besides,the imidazolium side hain of residue His119 is observed in its ative, A,onformation62 for all oxyphosphoranes in any protonation state. However,the position of His12 in [Hyd℄oph and [Trans℄oph is almost una�eted by theprotonation of O2P equatorial oxygen, the only hange is that Nδ1 and O2Pwill swith the proton donor/aeptor harater upon protonation. Otherresidues, like Gln11 in [Hyd℄oph and in [Trans℄oph are less a�eted by theprotonation state of the oxyphosphoranes, whereas Phe120 in [Hyd℄oph andin [Trans℄oph shows sensible loss of interations with the substrate when go-ing from the dianioni to monoanioni oxyphosphoranes. The end result is



148 6.5 Conlusionsthat upon formation of a monoanioni phosphorane, there are on one hand,less diret interations between the substrate and the residues of the ativesite (O2P and Phe120, O3′ and His119, and O3T and His119 in [Hyd℄oph ,and O2P and Phe120 in [Trans℄oph ), and others show a hange in the hydro-gen bonding pattern, like the strengthening of Lys41 and O2′ interation in[Hyd℄oph .The pass from dianioni to monoanioni oxyphosphorane has a sizablee�et on its solvation. However its e�et an vary in [Hyd℄oph and [Trans℄ophstrutures. In [Trans℄oph , the formation of a monoanioni phosphorane leadsto loss of waters at the �rst shell of oxyphosphorane oxygens. This is spe-ially dramati for O2P , for whih the �rst peak is ompletely lost whenpassing from dianioni to monoanioni struture. In [Hyd℄oph , however,the situation is more mixed, with some oxygens as O2P losing again its di-ret interation with a water moleule upon protonation, but with otheroxygens, suh as equatorial O3′ and O1P , enhaning the interation with sol-vent. In our opinion, the main result from all the RDF's analysis is the lossof diret water interation with O2P upon its protonation. Our reent MMdynamis243 showed that dianioni strutures show a very highly orderedwater moleule hydrogen bonded to O2P , whih has also been deteted inX-Ray strutures.50,60,213 In a reent publiation,243 we assumed that therole of this water moleule was to stabilize the salt bridge with the positivelyharged His12, as observed to be the ase of phosphates interations withimidazole.239 The present alulations on�rm this hypothesis and nielyshown how upon protonation at O2P and disappearane of the salt bridge,the strength of the interation with this water moleule is lost. In otherwords, the presene of a highly order water moleule at the O2P positionseems to be a lear signature for a dianioni oxyphosphorane struture inRNase A.6.5 ConlusionsIn the present paper, we present QM/MM umbrella sampling simulationswith the aim to study the relative energy of dianioni and monoanionioxyphosphoranes that are intermediates in the transphosphorylation and hy-drolysis reations of RNA by RNase A. The formation of the monoanionioxyphosphorane is done from a proton transfer from His12 to O2P .For both [Hyd℄oph and [Trans℄oph models we have found that the forma-tion of a monoanioni phosphorane from a proton transfer from His12 leadsto a lower energy struture than the formation of a salt bridge between adianioni phosphorane and a positively harged histidine. The relative freeenergies are -4.1 kal/mol and -3.2 kal/mol for [Trans℄oph and [Hyd℄oph mod-els. These values are lower in absolute value than the estimated values insolution based on pKa's of histidines and oxyphosphoranes, whih indiates



Dianioni versus Monoanioni Oxyphosphorane Intermediatesin the Hydrolysis of RNA Catalyzed by RNase A 149a signi�ant stabilization of RNase A of the dianioni oxyphosphorane stru-ture. Our alulations demonstrate that further stabilization of the struturean be done by a proton transfer from His12.Strutural data of the oxyphosphorane and the hydrogen bond patternof the substrate and residues and water moleules of the ative site are alsosensible to the protonation state of the oxyphosphorane. In this sense, wehave found that the protonation of O2P leads to an asymmetry in the P-O bonds with non-bridging phosphoryl oxygens and to a shrinking of P-Oaxial distanes. Other internal parameters, like the axial O-P-O angle, areless a�eted.We have also found that interation of [Hyd℄oph with the residues of theative site is speially sensible to the protonation state of the oxyphospho-rane. For instane, the interation of Lys41 with O2′ is signi�antly rein-fored upon protonation at O2P . Finally, our alulations on�rm previoustheoretial �ndings of the role of a spei� water moleule and O2P inter-ation in the stabilization of a salt bridge between dianioni phosphoranesand positively harged histidines, �nding a dramati loss of this interationupon disappearane of the salt bridge due to monoanioni oxyphosphoraneformation. In this sense, the presene of a highly ordered water moleule atthe O2P position an be taken as a signature for the presene of a dianionioxyphosphorane intermediate.



150 6.5 Conlusions



Chapter 7Potential Energy Surfaes ofRNase A - CpA Complex7.1 IntrodutionThe potential energy surfaes (see Setion 3.3.4) of polyatomi moleulesare very hard to visualize, sine they involve a large number of dimensions.Usually, slies through PES's that involve only a single or two oordinatesare taken, whih show the relevant redued-dimensionality energy urves orsurfaes.Di�erent PES's of RNase A - 3',5'-CpA hydrolysis reation have beenstudied analyzing di�erent reation oordinates. Several adiabati mapshave been generated with the aim to have a better understanding of thesteps of the reation. An adiabati map is a simple way to examine mole-ular motion by harateristi low-energy paths along a presribed reationoordinate. For eah ombination of these onformational oordinates, theentire potential energy of the system is minimized to approximate behaviorfor the motion under study, the reation oordinate is �xed while all otherdegrees of freedom are fully minimized.Here only some of the studied PES are going to be exposed.7.2 Computational DetailsStohasti Boundary Conditions without eletrostati uto� are applied inthese QM/MM alulations (see Setion 3.3.6). The system is partitionedinto three zones. The reation zone from 0 Å to 21 Å was surrounded bya bu�er region of 4 Å , whih used Langevin dynamis (β=62.0 ps−1 forwater and β=250.0 ps−1 for the enzyme) to serve as a onstant temperaturebath. Besides, a deformable boundary potential was used to reprodue theontainment e�et of bulk solvent outside the bu�er zone.174



152 7.2 Computational DetailsThe starting struture is taken from our previous alulations on MDsimulations of RNase A - CpA transition-state like omplexes243 (see Chap-ter 4 and page 126). The protool inludes an initial equilibration of theon�guration produed by MD simulations, followed by a short run whereonly the MM part is free to move, while the QM part is kept frozen. Wa-ter moleules were initially relaxed for 300 steps of steepest desents158,160energy minimization keeping all solute atoms and ion positions restrainedto their initial oordinates (see Setion 3.3.4). The restraints on the ionswere then released, and the solvent (water and ions) were relaxed with 300steps SD energy minimization. Then the restraints on the solute exeptfor the QM region were released and another relaxation of 300 steps of SDenergy minimization was done. One the MM region is minimized anotherset of minimizations were done with a RESD183 restrained on the ombina-tion of the axial distanes of the oxyphosphorane, to maintain its struture.First a 500 step SD minimization was done, followed by two more minimiza-tions of 500 steps using the adopted-basis set Newton-Raphson (ABNR)method.126,127,161 From this starting point, restrained MD with the QMpart �x, was performed starting at 0 K and heating to 298 K over 18 ps,and arried out to 125 ps. Then, the whole system is allowed to move for 40ps. Finally, a set of SD and ABNR minimizations were performed until thetolerane average gradient was less than 0.0001 kal/mol·Å−1.One we got the initial struture, we performed di�erent RESD mini-mizations to get the adiabati maps. Eah of the strutures is minimized�rst by 100 steps SD minimization and a tolerane average gradient of 0.1kal/mol·Å−1, ontinued by two ABNR minimizations of 10000 steps eahand tolerane average gradient of 0.01 kal/mol·Å−1 and 0.001 kal/mol·Å−1,respetively.On the other hand, after the PES are onstruted and the lower-energypath seleted, some DFT single point energy alulations were performed onthose strutures.DFT Single Point CalulationsDFT methodology114�117 with two di�erent hybrid funtionals, the gradientorreted hybrid B3LYP 254�256 and the hybrid meta GGA MPWB1K,257with Pople's 6-311++G(2df,2p) triple-zeta basis set are applied to alulatesingle point energies of the previously de�ned low-energy path strutures. Allthe energy alulations were arried out with the GAUSSIAN03 pakage.258As mention in the General Introdution (see Setion 3.1), it is impossible tomake a DFT alulation of suh big system ( > 7000 atoms), therefore twodi�erent options have been used:QM(1)DFT : The previously mentioned QM part (44 atoms for [Trans℄ophand 41 atoms for [Hyd℄oph systems, see Figure 6.1) is taken into a-



Potential Energy Surfaes of RNase A - CpA Complex 153ount for the DFT alulations. Using the link atom method (see Se-tion 3.4.1) to saturate the valeny of the QM part, our new systemshave a total of 62 atoms for the transphosphorylation step and 56 forthe hydrolysis step. One the energy of those systems is alulated, theenvironment e�et is added. Where the environment e�et is de�nedas the di�erene between the total energy of the whole system (> 7000atoms) and the energy of the QM part at AM1/d-PhoT//MM level,with MM harges set to zero.QM(2)DFT : We onsider that the residues in a radius ≤ 4.5 Å from thephosphorus atom are the most in�uened atoms in the reation. Hene,only the previously mentioned QM part (44 atoms for [Trans℄oph and41 atoms for [Hyd℄oph systems) and the residues at a distane ≤ 4.5 Åfrom the phosphorus atom are taken into aount in these alulations,whih makes up a new system of 154 QM atoms for the transphospho-rylation step and 131 QM atoms for the hydrolysis step. The atomsoutside this sphere of 4.5 Å are not taken into aount.7.3 Transphosphorylation step7.3.1 Classial MehanismThe lassial mehanism73,76 suggests a onerted aid-base atalysis, whereHis12 ats as a base and His119 ats as an aid in the transphosphorylationstep (see Setion 2.3.2), therefore, we studied the reation PES involvingthose proton transfers as reation oordinates (see Figure 7.1).
Ra = (NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 −O2′)

Rb = (NδHis119
1 −HδHis119

1 ) − (HδHis119
1 −O5′)where the reation oordinates range between

−1.1 Å ≤ Ra ≤ 2.0 Å
−1.8 Å ≤ Rb ≤ 2.0 ÅImidazole side hain of His12 abstrats the 2'-hydroxyl proton and His119protonates one of the oxyphosphorane's axial oxygens, O5′ .The reatant (3',5'-CpA, neutral His12 and ationi His119) and theprodut (C >p and ationi His12 and His119) states have the minimumenergy values in this PES, see Figure 7.1 and Table 7.1. The two statesare separated by an energy barrier ∼ 38.0 kal/mol. A similar value isobtained at QM(1)DFT level of theory, 37.7 - 40.1 kal/mol, however, itdereases till 16.1 - 17.8 kal/mol when QM(2)DFT is applied. Although the



154 7.3 Transphosphorylation step
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Figure 7.1: The top Figure is a scheme of the reaction coordinates. Ra =
(NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) reaction coordinate represents a
proton transfer from His12 to O2′ oxyphosphorane’s axial oxygen, and Rb =
(NδHis119

1 − HδHis119
1 ) − (HδHis119

1 − O5′) represents a proton transfer from
His119 to O5′ oxyphosphorane’s axial oxygen. The Figure at the bottom is the
Potential Energy Surface of the cited reaction coordinates. The black circles rep-
resent the proposed reaction path, for which single point energy calculations have
been done at DFT level of theory. R, P and TS denote the reactant, product and
transphosphorylation transition state, respectively. The distances are in Å and the
energies in kcal/mol.reation path suggests an one step mehanism, it is a re�etion of the hosenoordinates (we an not ontrol the axial bond distanes with them). It isknown that it is a two step mehanism, sine there is a stable oxyphosphorane



Potential Energy Surfaes of RNase A - CpA Complex 155intermediate in the reation28,61,82,88,253 (see Part II). The �rst step is aonerted nuleophili attak (formation of P-O2′ bond) and proton transferfrom O2′ to His12, and the seond step is the leavage and protonation ofthe leaving group (see Figure D.1).The energy barrier orresponds to a dianioni oxyphosphorane struture(both axial bonds are formed, P-O2′=1.86 Å and P-O5′=1.70 Å), whereO1P equatorial oxygen is hydrogen bonded by the side hain of Lys41, andboth axial oxygens, O2′ and O5′ , are hydrogen bonded by His12 and His119,respetively (see Figure D.1). It is important to remark, that the hydro-gen bond formed in the reatant state between His119 and O2P equatorialoxygen, disappears as the reation proeeds. The energies obtained for theprodut struture are also sensible to the type of QM(#)DFT used, bothfuntionals give similar results.
Table 7.1: Single point energies in kcal/mol for the TS and product states of the
reaction coordinates Ra = (NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 −O2′) and Rb =
(NδHis119

1 −HδHis119
1 ) − (HδHis119

1 −O5′). The 6-311++G** basis set is applied
for DFT calculations. QM(1)DFT QM(2)DFTAM1/d-PhoT//MM B3LYP MPWB1K B3LYP MPWB1KTS 38.0 40.1 37.7 16.1 17.8Produt 2.6 10.9 11.1 -2.1 -2.97.3.2 Alternative mehanism: Lys41 as base atalystOn the other hand, Wladkowski and o-workers60,85�87 (see Setion 2.3.2)proposed a mehanism where Lys41 ats as the atalyti base in the trans-phosphorylation step of the reation, instead of His12. Therefore, we de-ided to analyze the energy di�erene between the 2'-hydroxyl hydrogenabstration by His12 or by Lys41 in the reatant struture (3',5'-CpA), seeFigure 7.2. The reation oordinates are

R1 = (NǫHis12
2 −HǫHis12

2 ) − (HǫHis12
2 −O2′)

R2 = (NζLys41 −HζLys41) − (HζLys41 −O2′)where
1.4 Å ≥ R1 ≥ −1.2 Å

−1.9 Å ≤ R2 ≤ 1.2 ÅFirst a set of RESD minimizations over R1 reation oordinate is arriedout. It is important to remark that as the 2'-hydroxyl proton is transferred to



156 7.3 Transphosphorylation stepHis12, the oxyphosphorane gets formed, P-O2′ axial distane dereases untilthe bond is formed (see Figure D.2). Then, one the 2'-hydroxyl oxygen isdeprotonated by His12 a new set of RESD minimizations over R2 is arriedout to transfer HζLys41 to O2′ oxygen. Now, as the proton is being transferredfrom Lys41 to O2′ oxygen, the oxyphosphorane gets broken by the leavageof the P-O2′ bond.The ontour of these RESD minimizations is shown in Figure 7.2. Thereatant dinuleotide (monoanioni) is energetially more stable when His12is neutral and Lys41 is ationi (left hand side), rather than when Lys41is neutral and His12 is ationi (right hand side). The energy di�erenebetween both strutures is 15.7 kal/mol, whih dereases tilt ∼ 10 kal/molwhen the energy is realulated applying QM(1)DFT level of theory, anduntil ∼ 9 kal/mol when QM(2)DFT is used (see Table 7.2). This is ingood agreement with the fat that at neutral pH, Lys41 is more likely tobe protonated than unprotonated. If we take the literature standard valuesof histidine (pKa 6.04) and lysine (pKa 10.53),234 the energeti ost of thedeprotonation of Lys41 by His12 is ∼ 6.24 kal/mol.Nevertheless, the energy barrier of the deprotonation of 2'-hydroxyl oxy-gen is smaller in R2 (Lys41 ats as the base) than in R1 (His12 ats as thebase). The energy di�erene in R2 ranges from ∼ 7 kal/mol with MPWB1Kfuntional to 11.4 kal/mol when the semiempirial methodology is applied,see Table 7.2. Taking into aount the energy penalty to pay for deprotona-tion of Lys41 (∼ 16 kal/mol) and the energy barrier we get for 2'-hydroxylproton abstration by Lys41 (∼ 11 kal/mol), the overall proess is ompet-itive with His12 ating as the base atalyst (see Table 7.2), i.e., the overallenergy barriers are similar in both reation oordinates, R1 and R2. There-fore, we an not rule out that Lys41 ats as the base atalyst.
Table 7.2: Single point energies in kcal/mol for RNase A - 3’,5’-CpA complex,
neutral Lys41 and cationic His12 structure; the [Trans]oph , cationic Lys41 and
cationic His12 structure; and for the transition states, in the reaction coordinates
R1 = (NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) and R2 = (NζLys41 −
HζLys41) − (HζLys41 − O2′). The 6-311++G** basis set is applied for DFT
calculations. QM(1)DFT QM(2)DFTAM1/d-PhoT//MM B3LYP MPWB1K B3LYP MPWB1KTS R1 24.9 11.0 12.1 16.9 13.7[Trans℄oph 14.8 5.1 2.7 9.9 6.4TS R2 27.1 20.7 17.7 18.8 15.4

§ 15.7 10.7 10.2 8.7 8.6
§ RNase A - 3',5'-CpA omplex, neutral Lys41 and ationi His12TS R1 orresponds to a dianioni oxyphosphorane struture with three
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Figure 7.2: The top figure is a scheme of the reaction coordinates R1 =
(NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 −O2′) which represents 2’-hydroxyl hydrogen
abstraction by His12, and R2 = (NζLys41 −HζLys41) − (HζLys41 −O2′) that
represents a proton transfer from Lys41 to O2′ oxygen. The figure at the bottom is
the Potential Energy Surface of the cited reaction coordinates. Distances are in Å
and energy in kcal/mol.
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2 and O2′ axial oxygen, aseond one between O1P equatorial oxygen and residue Lys41, and a lastone between His119 and O5′ axial oxygen. The energy inrement found



158 7.3 Transphosphorylation stepat that point orresponds to the derease of P-O2′ distane from 2.5 Å to1.8 Å (see Figures 7.2 and D.2). Similarly, TS R2 point orresponds to adianioni oxyphosphorane struture with three hydrogen bond interations:one between Lys41 and O2′ axial oxygen, a seond one between HǫHis12
2and O2P equatorial oxygen, and the last one between HδHis119

1 and O5′axial oxygen. The energy drop found in this point is related to the P-O2′ bond leavage. It is interesting to remark that when R1 is analyzed,HζLys41 is at a hydrogen bond distane from O1P non-bridging equatorialphosphoryl oxygen, while when R2 is analyzed HǫHis12
2 is at a hydrogen bonddistane from the other non-bridging equatorial phosphoryl oxygen, O2P .This suggests, that those two residues an stabilize the exess of negativeharge at the oxyphosphorane non-bridging positions. In addition, HδHis119

1is at a hydrogen bond distane from O5′ oxygen in both reation oordinates,in a orret position to at as the aid atalyst. Nevertheless, it is not at ahydrogen bond distane from O2P oxygen, as proposed by Haydok80,81 andBreslow79 (see Setion 2.3.2).7.3.3 Other reation mehanismsHaydok and Breslow have proposed (see Setion 2.3.2) that there is anativation of the phosphate previous to the nuleophili attak by eitherprotonating one of the equatorial phosphoryl oxygens, or by spei� hydro-gen bonding from His119 to one of the phosphoryl oxygens. In order toanalyze these possibilities, we investigated another two PES's, orrespond-ing to, i) a proton transfer from the ationi His12 to O2P equatorial oxygenas the nuleophili attak of the unprotonated O2′ axial oxygen ours (seeFigure 7.3), and ii) the 2'-hydroxyl proton abstration by His12 as His119donates Hδ1 proton to O2P equatorial oxygen (see Figure 7.4).In ase i) we do not see the proton transfer of HǫHis12
2 to O2P oxy-gen previous to the oxyphosphorane formation proposed by Haydok (Fi-gure D.3). That mehanism is energetially more unfavorable, energy barrier

∼ 26 kal/mol, than the onerted mehanism, energy barrier ∼ 6 kal/mol(see Figure 7.3). Moreover, during the nuleophili attak, both studiedPES's do not show the hydrogen bond interation between HδHis119
1 andO2P oxygen proposed in the mehanisms of Haydok80,81 and Breslow79 (Fig-ures D.3 and D.4). Case ii) presents an energy barrier ∼ 25 kal/mol for thenuleophili attak without the hydrogen bond interation of HδHis119
1 andO2P , and a barrier of ∼ 36 kal/mol when that hydrogen bond exists, seeFigure 7.4.On the other hand, it is important to remark, that Lys41 is at a hy-drogen bond distane from O1P equatorial oxygen when the oxyphospho-rane is formed in both PES's, i) Rb = (P − O2′) − (P − O5′) ≤ 0.3 Åor ii) Ra = (NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) ≤ 0.1 Å (Figures D.3and D.4). Besides, in the ase ii) HδHis119
1 is at hydrogen bond distane
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Figure 7.3: The top figure is a scheme of the applied reaction coordinates. Ra =
(NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 − O2P ) reaction coordinate represents a proton
transfer from His12 to O2P phosphoryl oxygen, while Rb = (P − O2′) −
(P − O5′) represents the formation/cleavage of the oxyphosphorane. The figure
at the bottom is the Potential Energy Surface of the combination of cited reaction
coordinates. The distances are in Å and the energies in kcal/mol.from O5′ axial oxygen, when the oxyphosphorane is formed and His119is ationi, Ra = (NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) ≤ 0.1 Å and
Rb = (NδHis119

1 −HδHis119
1 ) − (HδHis119

1 −O2P ) ≤ -1.0 Å.
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Figure 7.4: The top figure is a scheme of the applied reaction coordinates.
Ra = (NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) reaction coordinate repre-
sents a proton transfer from His12 to O2′ oxyphosphorane’s axial oxygen, while
Rb = (NδHis119

1 −HδHis119
1 ) − (HδHis119

1 −O2P ) represents the proton transfer
from His119 to O2P phosphoryl oxygen. The bottom figure is the Potential Energy
Surface of the cited reaction coordinate. The distances are in Å and the energies in
kcal/mol.7.4 Hydrolysis step7.4.1 Classial MehanismThe lassial mehanism73,76 suggests a onerted aid-base atalysis, whereHis12 ats as an aid and His119 ats as a base in the hydrolysis step (see



Potential Energy Surfaes of RNase A - CpA Complex 161Setion 2.3.2), therefore, we studied the reation PES involving those protontransfers as reation oordinates (see Figure 7.5).
Ra = (NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 −O2′)

Rb = (NδHis119
1 −HδHis119

1 ) − (HδHis119
1 −O3T )where the reation oordinates range between

−1.0 Å ≤ Ra ≤ 2.0 Å
−0.8 Å ≤ Rb ≤ 1.5 ÅImidazole side hain of His119 abstrats a proton from the nuleophile's oxy-gen (O3T ) and imidazolium side hain of His12 protonates O2′ axial oxygen.The reatant (C >p, ationi His12 and neutral His119) and the prod-ut (3'-Cp, neutral His12 and ationi His119) states have the minimumenergy values in this PES, see Figure 7.5 and Table 7.3. The two states areseparated by an energy barrier ∼ 23 kal/mol. A similar value is obtainedat QM(1)DFT level of theory, however, it dereases till 15.4 kal/mol whenQM(2)DFT with MPWB1K funtional is applied. Those values are aboveand below the observable value of 19 kal/mol.259 The energies obtainedfor the produt struture are also sensible to the QM(#)DFT and funtionalused, but all are in good agreement with observations, -4 kal/mol.259 Al-though the reation path suggests an one step mehanism, it is a re�etionof the hosen oordinates (we an not ontrol the axial bond distanes withthem). It is known that it is a two step mehanism, sine there is a stableoxyphosphorane intermediate in the reation28,61,82,88,253 (see Part II). The�rst step is a onerted nuleophili attak (formation of P-O3T bond) andproton transfer from the nuleophile's oxygen O3T to His119, and the seondstep is the leavage of P-O2′ bond and protonation of O2′ by His12.The energy barrier orresponds to a dianioni oxyphosphorane struture(P-O2′=1.73 Å and P-O3T=1.89 Å), where the side hain of Lys41 is hy-drogen bonding O1P equatorial oxygen, 1.8 Å (see Figure D.5). Besides,imidazolium side hain of His12 is hydrogen bonding O2′ axial oxygen (1.4Å) and His119 is abstrating the proton from O3T axial oxygen (1.5 Å).Furthermore, we do not see any proton transfer or hydrogen bond betweenHis119 and O2P equatorial oxygen and the leavage of P-O2′ bond oursbefore a total proton transfer from His12 to O2′ oxygen (P-O2′=2.5 Å andO2′-Hǫ2=1.4 Å).7.4.2 Alternative mehanism: Lys41 as aid atalystOn the other hand, Wladkowski and o-workers60,85�87 and Lopez et al.29(see Setion 2.3.2) proposed a mehanism where Lys41 ats as the aid in the
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Figure 7.5: The top figure is a scheme of the reaction coordinates used to analyze
the classical mechanism in the hydrolysis step. Ra = (NǫHis12

2 − HǫHis12
2 ) −

(HǫHis12
2 − O2′) reaction coordinate represents a proton transfer from His12 to

O2′ oxyphosphorane’s axial oxygen, while Rb = (NδHis119
1 − HδHis119

1 ) −
(HδHis119

1 −O3T ) represents a proton transfer from O3T oxyphosphorane’s axial
oxygen to His119. The bottom figure is the Potential Energy Surface of the cited
reaction coordinates. The black circles represent the proposed reaction path, for
which single point energy calculations have been done at DFT level of theory. R,
P and TS denote the reactant, product and hydrolysis transition state, respectively.
The distances are in Å and the energies in kcal/mol.hydrolysis step of the reation, instead of His12. Therefore, we deided toanalyze the energy di�erene between the protonation of 2'-hydroxyl oxygenby His12 or Lys41 in the produt struture (3'-Cp), see Figure 7.6. The
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Table 7.3: Single point energies in kcal/mol for different reaction coordinates.
RC1 corresponds to the combination of the reaction coordinates Ra = (NǫHis12

2 −
HǫHis12

2 ) − (HǫHis12
2 −O2′) and Rb = (NδHis119

1 −HδHis119
1 ) − (HδHis119

1 −
O3T ). RC2 corresponds to the combination of the reaction coordinates R1 =
(NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 − O2′) and R2 = (NζLys41 −HζLys41) −
(HζLys41 −O2′). QM(1)DFT QM(2)DFTAM1/d-PhoT//MM B3LYP MPWB1K B3LYP MPWB1KRC1

TS 22.665 22.563 22.627 20.929 15.454Produt -14.084 -4.313 -7.167 -1.504 -6.363RC2
¶ 11.151 15.160 15.415 8.295 8.479
§ 9.617 6.459 6.179 -0.557 1.734

¶ RNase A - 3'-Cp−2 omplex, ationi His12 and Lys41.
§ RNase A - 3'-Cp−1 omplex, neutral Lys41 and ationi His12.reation oordinates are

R1 = (NǫHis12
2 −HǫHis12

2 ) − (HǫHis12
2 −O2′)

R2 = (NζLys41 −HζLys41) − (HζLys41 −O2′)where
0.9 Å ≥ R1 ≥ −0.7 Å

−0.7 Å ≤ R2 ≤ 1.2 ÅFirst a set of RESD minimizations over R1 reation oordinate is arriedout. As the proton is being transfer to His12, the distanes between P andO2′ and between HζLys41 and O2′ derease a little bit, from 2.8 Å to 2.6 Å ,and from 2.0 Å to 1.8 Å , respetively (see Figure D.6). Then, one His12 hasbeing protonated a new set of RESD minimizations over R2 is arried outto transfer HζLys41 to the unprotonated 2'-hydroxyl oxygen. Now, as theproton is transferred from Lys41, the distane between P and 2'-hydroxyloxygen inreases 0.1 Å , and the distane between HǫHis12
2 and O2′ inreasesfrom 1.9 Å to 2.2 Å. On the other hand, taking into aount both sets ofminimizations, P-O3T axial bond and the distane between HδHis119

1 andO3T remain onstant. The distane between HǫHis12
2 and O2P phosphoryloxygen dereases from 2.4 Å to 1.8 Å , while HζLys41 O1P and HδHis119

1 O2Pphosphoryl oxygens distanes inrease from 2.0 Å to 2.3 Å and from 3.3 Åto 3.5 Å, respetively.



164 7.4 Hydrolysis step
Figure 7.6: The top figure is a scheme of the reaction coordinates R1 =
(NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) which represents 2’-hydroxyl pro-
ton abstraction by His12, while R2 = (NζLys41 −HζLys41) − (HζLys41 −O2′)
represents a proton transfer from Lys41 to O2′ oxygen. The bottom figure is the
Potential Energy Surface of the cited reaction coordinates. Distances are in Å and
energy in kcal/mol.¶ represents RNase A - 3’-Cp−2 complex, with cationic His12
and Lys41, and§ represents RNase A - 3’-Cp− complex, with neutral Lys41 and
cationic His12.
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The ontour of these RESD minimizations is shown in Figure 7.6. Theprodut (3'-Cp, monoanioni) is more stable when His12 is neutral and Lys41is ationi (left hand side), rather than when Lys41 is neutral and His12 isationi (right hand side). The energy di�erene between both states is 9.6kal/mol if we take as referene R1 = 0.9 Å and as the last point R2 = 0.8 Å.



Potential Energy Surfaes of RNase A - CpA Complex 165However, the energy ontour of the seond set of minimizations, the one or-responding to R2 reation oordinate, is not very reliable. The DFT energyrealulations show that the energy should derease as Lys41 protonates O2′oxygen. QM(1)DFT dereases the energy till ∼ 6 kal/mol, and QM(2)DFTtill ∼ -0.6 kal/mol if B3LYP funtional is applied (see Table 7.3). These lastresults are in onordane with the fat that Lys41 may at as the aid in thehydrolysis step, as proposed by Wladkowski,60,85�87 Lopez29 and Elsässer.617.5 Assoiative versus dissoiative mehanismThe hydrolysis of phosphodiesters is generally thought to follow an assoia-tive mehanism.260�262 Early experimental studies remarked that dissoia-tive mehanism is highly unlikely for the hydrolysis of phosphodiesters.260More reent 18O kineti isotope studies90 and determination of βlg Brønsted-type slopes for the leavage of hydroxide-ion-atalyzed RNA phosphodiesterbonds263�266 also support an assoiative mehanism. The results obtainedhere from the analysis of di�erent reation oordinates, learly agree withthat view. We an onluded that the reation mehanism an be lassify asassoiative. In the transphosphorylation step, before the leavage of P-O5′bond, P-O2′ must be formed, and in the hydrolysis step before the leavageof P-O2′ bond, P-O3T must be formed.The transphosphorylation lassial mehanism subsetion (Setion 7.3.1)shows that there is a �rst onerted mehanism step between the nuleophiliattak of O2′ oxygen and the 2'-hydroxyl proton abstration by His12. Thisstep is followed by the leavage and protonation of P-O5′ bond by HδHis119
1(see Figure D.1). The P-O axial distanes of the TS are around 1.8 Å forP-O2′ and 1.7 Å for P-O5′ . Lys41 as base atalyst subsetion (Setion 7.3.2)shows similar results: 2'-hydroxyl proton abstration by His12 or Lys41 o-urs simultaneously to P-O2′ bond leavage. The P-O axial distanes ofthe [Trans℄oph are around 1.7 Å for P-O2′ and 1.8 Å for P-O5′ . Finally,the hydrolysis lassial mehanism subsetion (Setion 7.4.1) shows a �rstonerted step between the nuleophili attak and the nuleophile's protonabstration by His119, whih is followed by the leavage and protonation ofP-O2′ bond by HǫHis12

2 (see Figure D.5). The P-O axial distanes of the TSare around 1.7 Å for P-O2′ and 1.9 Å for P-O5′ .
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Further WorkQM/MM methodology has been applied in this part of the Thesis to an-alyze the hydrolysis reation mehanism of RNase A. The �rst hapter ofthis part, Chapter 6, presents the strutures and an energeti pro�le of thedianioni versus monoanioni transphosphorylation's and hydrolysis' high-energy phosphate intermediates that RNase A has to stabilize in order toatalyze the reation. The MD simulations presented for eah window arequite short, 15ps. We reognize that longer dynamis should be need togive more representative/realisti pattern of hydrogen bond interations andsolvation of the omplex. Work along the elongation of these simulations isunder progress.On the other hand, in Chapter 7 we show PES of some studied reationoordinates for the transphosphorylation and hydrolysis step of RNase A-3',5'-CpA omplex hydrolysis reation. This hapter has been one of themost ompliated ones, due to the di�ulty on hoosing a good reationoordinate. One that allows us to follow all the steps of the reation me-hanism. Although, plenty of reation oordinates have been studied, someof them without any suessful results, there are more reation oordinatesone ould try. Besides, it would be desirable to run MD simulations in orderto give results with a properly equilibrated environment. We have alreadystarted work along this line, but there are several di�ulties as the proper re-ation oordinate to hoose. Due to the time limitation of this thesis projet,work on this will be ontinued in the future.
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Part IVAppendix





Chapter ASupporting Information ofChapter 4Time evolution of ligand dihedral angles, phase angles, torsional dihedralangles and seleted distanes are shown in the Supporting Information.
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Figure A.1: Root-mean-square deviation of the reactant model at top, the
[Trans]TS mimic model in the middle and the [Hyd]TS mimic model at the bot-
tom, are represented. On each plot the all-heavy-atom RMSD is shown in blue, the
overall backbone in black and the active site residues backbone (His12, His119,
Lys41 and the ligand) in red. The RMSD is from the starting conformation over-
lapping backbone of residues 3 to 122 , plotted as a function of the simulation
time.
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Figure A.2: Time evolution of selected ligand dihedral angles and phase angle for
the simulations corresponding to each complex. On the left column the glycosyl
dihedral angles of cytosine (χC in black ) and adenine (χA in red ) with His119
χ1 in green andχ2 in blue are depicted, while on the right column the phase angle
of cytosine in black and adenine in red are shown. The first row correspond to
the reactand model, the middle one to the [Trans]TS model and the last one to the
[Hyd]TS model.
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Figure A.3: Time evolution of reactant model’s phosphate torsional dihedral an-
gles are shown in the first row. Distances between O1P phosphoryl oxygen and
imidazolium side chain of residue His119 (in red), main chain of residue Phe120
(in green), side chain of Gln11 (in blue) and Cyt H2′ atom (in black) are depicted
in the middle left. In the middle right, the distances between ammonium ion of
residue Lys41 and Cyt 2’-hydroxyl oxygen (O2′) are shown. Finally, at lower left
corner, ditances between side chain of residue His119 and O3′ (in red) and O5′ (in
black) phosphate oxygens are depicted.
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Figure A.4: [Trans]TS model’s time evolution of some phosphodiester torsional
dihedral angles are shown at upper left corner. Distances between O2P equato-
rial oxygen and imidazolium side chain of residue His12 (in black), main chain of
Phe120 (in green) and a water molecule (in red) are depicted at upper right cor-
ner. At lower left corner, the distances between imidazolium side chain of residue
His119 and O5′ axial oxygen, O3′ and O2P equatorial oxygens are shown. Fi-
nally, at lower right corner distances between O1P equatorial oxygen and Gln11
(in black) and between O2′ axial oxygen and His12 (in red) are plotted.
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Figure A.5: [Hyd]TS model’s time evolution of some phosphodiester torsional
dihedral angles are shown at upper left corner. Distances between O2P equatorial
oxygen and residues His12 (in blue), Phe120 (in orange) and a water molecule
are depicted in the middle left. At upper right corner, the distances between O1P
equatorial oxygen and residues Lys41 and Gln11 (in black) are shown. Finally, at
lower right corner distances between O2′ axial oxygen and His12 (in green), Lys41
and a water molecule (in orange) are plotted.
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Chapter BSupporting Information ofChapter 5A omplete analysis of transphosphorylation transition state mimi [S:O1P℄Transmodel last 2193 ps is done in this supporting information. Time evolution ofligand dihedral angles, phase angles, torsional dihedral angels and seleteddistanes are shown.Conformational dynamisThe time evolution of key dihedral angles that de�ne the onformation of thesubstrate and residue His119 are shown in Figure B.2 and average values arelist in Table B.1. The �utuation of glyosyl dihedral angles χC and χA issmall, signifying that both glyosyl dihedral angles syn and high-anti onfor-mation are stable throughout the simulation. The average values are 40.03◦and -64.59◦ respetively. Nevertheless, we have to take into aount that χCsu�ers a transition from its usual anti onformation to syn, between the �rstpart of the simulation and this last part. The ytidine ribose essentialy staysin North C3′-endo onformation throughout the simulation, while the adeno-sine ribose oupies mainly a South C2′-endo onformation with transitionsto other pukers. The average values are 28.73◦ and 163.98◦ respetively (seeFigure B.3 and Table B.5). Besides, α phosphodiester dihedral angle under-goes a onformational transition at ∼ 4240 ps, from trans to gauhe−, whilefrom ∼ 3907 ps to 4776 ps, γC phosphodiester dihedral angle undergoes aonformational transition from gauhe+ to gauhe− (see Figure B.5). It isthe �rst time we see transitions to gauhe− onformation. Finally, imida-zolium side hain of residue His119 retains an ative A-type onformationlike in the [native℄Trans model,243 with a mean χ1 value of -157.43◦ and χ2value of -106.52◦ (see Figure B.2).



184
Figure B.1: Root-mean-square deviation of [S:O1P]Trans and [S:O2P]Trans on the first
row are depicted. In the middle, [S:O1P,O2P]Trans and [S:O1P,O2P]Hyd dithio models
are shown. Finally, in the last row [S:O1P]Hyd and [S:O2P]Hyd models are depicted.
On each plot the all-heavy-atom RMSD is shown in blue, the overall backbone in
black and the active site residues backbone (His12, His119, Lys41 and the ligand)
in red. The RMSD is from the starting conformation overlapping backbone of
residues 3 to 122 , plotted as a function of the simulation time.
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Figure B.2: χ dihedral angles of all the studied models, plotted as a function
of the simulation time. On the first row [S:O1P]Trans and [S:O2P]Trans model’sχ
dihedral angles are depicted. In the middle, [S:O1P,O2P]Trans and [S:O1P,O2P]Hyd

dithio models are shown. Finally, in the last row [S:O1P]Hyd and [S:O2P]Hyd models
are depicted.
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Figure B.3: Phase of all the studied models, plotted as a function of the simulation
time. On the first row [S:O1P]Trans and [S:O2P]Trans model’s phase are depicted. In
the middle, [S:O1P,O2P]Trans and [S:O1P,O2P]Hyd dithio models are shown. Finally,
in the last row [S:O1P]Hyd and [S:O2P]Hyd models are depicted.
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192Hydrogen bond interationsThe hydrogen bond formation between the ligand and the protein residuesin the ative site is desribed in Table B.6, in whih the average distanesbetween atoms partiipating in protein-ligand hydrogen bonds, with thehydrogen-bond oupanies, average time and number of events are listed.The time evolution of seleted distanes between protein and ligand atoms isplot in Figure B.6. In the simulation of the [native℄Trans model,243 the phos-phodiester group makes strong hydrogen bond interations with the two at-alyti histidines, His12 and His119, Gln11, Phe120 and a water moleule, andsomewhat weaker interations with Lys41 and some water moleules. While,in this part of this thio substitution most of those interations dissapear andsome new one interations appear (see Table B.6).The equatorial O2P non-bridge oxygen forms strong hydrogen bond in-teration with some water moleules, in addition to hydrogen bonding withimidazolium side hain of residue His12 between ∼ 3907 ps and 5107 ps,
< R > = 3.733 Å and Occ = 0.50 (see Figure B.6). In ontrast to all stud-ied transphosphorylation-type transition state mimi models ([native℄Trans ,�rst 3807ps of [S:O1P℄Trans and [S:O2P℄Trans ), there is not any hydrogen bondinteration between residue Phe120 and O2P equatorial oxygen. However,there is a weak hydrogen bond interation between residue His119 and thisequatorial oxygen (Occ = 0.04 and < R > = 4.160 Å), as in the other thiosubstituted transphosphorylation models, whih only ours between 3807ps and 3906 ps. The onformational hange of ytidine glyosyl dihedralangle from anti to syn onformation and of γC from gauhe+ to gauhe−,indue a strutural hange in the protein. Residue Phe120 is displaed fromthe veinity of O2P equatorial oxygen, while some other residues get loserto the ative site, i.e. Ser59, Thr45 (see Figure B.6 and Table B.6). On theother hand, equatorial S1P atom makes strong hydrogen bond interationwith some water moleules. Surprisingly, there is only one residue whihforms hydrogen bond interations with this atom, residue Thr45 with an av-erage distane of 3.896 Å and an oupany of 0.21 (see Table B.6). NeitherLys41 or Gln11 are near S1P equatorial atom in this part of the simulation.O2′ axial oxygen also presents a new weak hydrogen bond interation withresidue Ser59, while noone of the residues present in the other transphospho-rylation models appear. This new interation only ours between ∼ 3807ps and 3900 ps, and has an average distane of 4.925 Å with an oupany of0.04 (see Table 5.2 and Figure B.6). In addition, O2' makes strong hydrogenbond interations with some water moleules, instead of with only one wa-ter moleule as in the �rst part of [S:O1P℄Trans and [S:O2P℄Trans simulations.This maybe due to the fat that χC su�ers a onformational hange at thebegining of this last part of the simulation.Similar to [native℄Trans , [S:O1P℄Trans , [S:O2P℄Trans and [S:O1P,O2P℄Transmodels, imidazolium side hain of residue His119 forms a strong hydrogen
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Table B.6: Statistics of protein-ligand and water-ligand hydrogen-bonds observed
in the simulation of the [S:O1P]Trans mimic model for the last 2193 ps of the produc-
tion time. The criteria for the existence of hydrogen bonds are 1) a maximum H· · ·
A(acceptor) distance of 2.4 Å for oxygens and 3.0 Å for sulfurs, 2) a minimum̂DHA
of 120◦ and 3) a hydrogen bond lifetimeτ ≥ 5.0 ps. The occupancy,Occ, is defined
as the total lifetime of each hydrogen bond by the production time. The events are the
number of times each hydrogen bond is formed. All distances are in Å.Distane Hydrogen BondAtom pair MD† MD‡ Occ 〈τ〉(ps) # EventsTHR 45 Hγ1 - CYT S1P 3.896(0.876) 4.734(0.384) 0.21 45.00 11.00WATER - CYT S1P 2.16 17.85 288.00HSP 12 Hǫ2 - CYT O2P 3.733(4.547) 4.176(2.470) 0.50 149.36 8.00HSP 119 Hδ1 - CYT O2P 4.160(0.288) 5.099(0.277) 0.04 95.00 1.00WATER - CYT O2P 0.91 60.52 57.00SER 59 Hγ1 - CYT O2′ 4.925(0.940) 5.578(0.997) 0.04 95.00 1.00WATER - CYT O2′ 0.99 21.08 112.00 0HSP 119 Hδ1 - CYT O3′ 2.503(0.169) 3.208(0.138) 0.32 21.14 36.00WATER - CYT O3′ 0.03 17.50 4.00HSP 119 Hδ1 - ADE O5′ 2.097(0.089) 3.028(0.051) 0.83 50.35 39.00WATER - ADE O5′ 0.01 11.67 3.00
† Arithmeti average hydrogen bond distane in the prodution simulation, 2193 ps, withsquare standard deviation in parentheses.
‡ Arithmeti average distane between the orresponding heavy atoms in the prodution tra-jetory, with square standard deviation in parentheses.bond interation with O5′ axial oxygen (< R >=2.097 Å and Occ = 0.83)and a quite weak interation with O3′ equatorial oxygen (< R >=2.503 Åand Occ = 0.32), stronger than in the other simulations (see Table B.6).Solvation of the substrateDetermination of ligand-solvent interations in the ative site is of paramountimportane to reveal the role of spei� water moleules and bulk solvente�ets in enzymati mehanism. We analize two aspets of ligand-solventinterations: spei� interations with water moleule through the formationof hydrogen bonds, and statistial distribution of water moleules aroundkey atoms of the substrate through the analysis of the orresponding radialdistribution funtions.The [S:O1P℄Trans omplex exhibits a variety of interations between theligand substrate and solvent (see Table B.6). Eah hydrogen-bonding atomof the ligand interats with several di�erent water moleules in the ourse



194of this last part of the prodution simulation. It is remarkable that O2′axial oxygen interats with more than one water moleule, in ontrast tothe [native℄Trans and [S:O1P,O2P℄Trans models, where O2′ axial oxygen doesnot make any hydrogen bond interation with the solvent, and in ontrastto the �rst 3807 ps of [S:O1P℄Trans and [S:O2P℄Trans models where it interatswith only one water moleule (see above). The largest hydrogen bond groupoupany (2.16) orresponds to hydrogen bond interations with S1P , whilethe largest lifetime-average of solvent hydrogen bonds (60.52 ps) orrespondsto hydrogen bond interations with O2P equatorial oxygen. It is remarkablethe weak interation between water moleules and O3′ equatorial oxygen andO5′ axial oxygen. The hydrogen bond group oupany are 0.03 and 0.01with 4 and 3 events respetively.Regarding radial distribution funtions (RDF), this last part of the sim-ulation of the [S:O1P℄Trans model, reveals that non-bridging equatorial atomsand O2′ axial oxygen's have the largest probability to �nd water moleules intheir surrondings, between all the studied transphosphorylation-type om-plexes, while O3′ and O5′ probabilities derease (see Figure B.4). S1P equa-torial and O2′ axial atoms have a fully-exposed solvent interation, while O3′and O5′ resembles a poorly-solvated situation. Besides, O2′ axial oxygen hasthe greates peak 6.12 at 2.7 Å.
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Figure B.4: Radial distribution functions of water oxygens around phosphoryl
atoms, for the transphosphorylation transition state mimic thio substituted models.
Equatorial phosphoryl atoms are at the top, on the left corner 1P and on the right
2P. At the center O2′ axial oxygen is on the left and P atom on the right, while at
the bottom O3′ equatorial oxygen is on the left and O5′ axial oxygen on the right.
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196
Figure B.5: Backbone torsional dihedral angles of all the transphosphorylation-
type studied models, plotted as a function of the simulation time. On the first row
[S:O1P]Trans model’s torsional angles are depicted. In the middle, [S:O2P]Trans model
is shown. Finally, in the last row [S:O1P,O2P]Trans model is depicted.
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Figure B.6: Time evolution of [S:O1P]Trans transphosphorylation transition state
model’s important distances between the ligand and the enzyme residues.
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Figure B.7: Transphosphorylation transition state mimic [S:O2P]Trans ’s important
distances between the ligand and the enzyme residues, plotted as a function of
simulation time.
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Figure B.8: [S:O1P,O2P]Trans transphosphorylation transition state mimic’s impor-
tant distances between the ligand and the enzyme residues, plotted as a function of
the simulation time.
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200
Figure B.9: Backbone torsional dihedral angles of all the hydrolysis-type studied
models, plotted as a function of the simulation time. On the first row [S:O1P]Hyd

model’s torsional angles are depicted. In the middle, [S:O2P]Hyd model is shown.
Finally, in the last row [S:O1P,O2P]Hyd model is depicted.
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Figure B.10: Time evolution of [S:O1P]Hyd hydrolysis transition state mimic im-
portant distances between the ligand and the enzyme residues.
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Figure B.11: Time evolution of [S:O2P]Hyd hydrolysis transition state mimic im-
portant distances between the ligand and the enzyme residues.
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Figure B.12: Time evolution of [S:O1P,O2P]Hyd hydrolysis transition state mimic
important distances between the ligand and the enzyme residues.
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Chapter CSupporting Information ofChapter 6Averaged strutural parameters of the dinuleotides, time evolution of lig-and dihedral angles, phase angles, torsional dihedral angles and seleteddistanes, and the radial distribution of waters around phosphorus atom aredepited in the Supporting Information.
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Figure C.1: Time evolution at each window of selected ligand dihedral and phase
angles for the two complexes’ simulations. On the left column the glycosyl dihe-
dral angles of cytidine (χC in black ) and adenosine (χA in red ) with His119χ1
(in green) andχ2 (in blue) are depicted, while on the right column the phase angle
of cytidine (in black) and adenosine (in red) are shown. The first row correspond
to the [Hyd]TS model and the second one to the [Trans]TS model.

Figure C.2: Phosphodiester torsional dihedral angles’ time evolution at each win-
dow are shown on the left for [Hyd]TS model and on the right for [Trans]TS .
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Figure C.3: Dianionic [Hyd]oph model’s time evolution of some distances in win-
dow centered at reaction coordinate -0.675 Å.

Figure C.4: Dianionic [Hyd]oph model’s time evolution of some distances in win-
dow centered at reaction coordinate 0.65 Å.
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Figure C.5: Dianionic [Trans]oph model’s time evolution of some distances in
window centered at reaction coordinate -0.725 Å.
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Figure C.6: Monoanionic [Trans]oph model’s time evolution of some distances in
window centered at reaction coordinate 0.725 Å.
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Figure C.7: Distribution of water around phosphorus atom is shown for two win-
dows of [Hyd]oph model in the left hand-side (RC = -0.675 Å in black,RC = 0.65
Å in red) and for other two windows of [Trans]oph in the right hand-side (RC =
-0.725 Å in black,RC = 0.725 Å in red).

0 2 4 6 8 10
r (Å)

0

0.5

1

1.5

2

2.5

3

3.5

g P
 -

 O
W
 (

r)

RC = -0.675 (Å)
RC = 0.65 (Å)

0 2 4 6 8 10
r (Å)

0

0.5

1

1.5

2

2.5

g P
 -

 O
W
 (

r)

RC = -0.725 (Å)
RC = 0.725 (Å)



Chapter DSupporting Information ofChapter 7Representation of important distanes of the studied di�erent reation oor-dinates.



212
Figure D.1: Representation of some important distances of the QM part for Ra =
(NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 −O2′) and Rb = (NδHis119
1 −HδHis119

1 ) −
(HδHis119

1 − O5′) reaction coordinates in the transphosphorylation step. All the
distances are in Å.
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Figure D.2: Some important distances of the QM part for the combination of
R1 = (NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) and R2 = (NζLys41 −
HζLys41) − (HζLys41 − O2′) reaction coordinates in the transphosphorylation
step. All distances are in Å.
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Figure D.3: Some important distances of the QM part of Ra = (NǫHis12
2 −

HǫHis12
2 ) − (HǫHis12

2 − O2P ) and Rb = (P − O2′) − (P − O5′) reaction co-
ordinates in the transphosphorylation step. All distances are in Å.



Supporting Information of Chapter 7 215
 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8

r(
P

-O
2’

)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1
(N

δ 1
-H

δ 1
) 

- 
(H

δ 1
-O

2P
)

(a) P-O2′

 1.56

 1.58

 1.6

 1.62

 1.64

 1.66

 1.68

 1.7

 1.72

 1.74

 1.76

 1.78

r(
P

-O
5’

)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(b) P-O5′

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

r(
H

ε 2
-O

2’
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

() Hǫ2-O2′

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8

 3

r(
H

ε 2
-N

ε 2
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(d) Hǫ2-Nǫ2

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

r(
H

δ 1
-N

δ 1
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(e) Hδ1-Nδ1

 0.8

 1

 1.2

 1.4

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8

r(
H

δ 1
-O

2P
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(f) Hδ1-O2P

 2.2

 2.3

 2.4

 2.5

 2.6

 2.7

 2.8

 2.9

 3

 3.1

 3.2

r(
H

ζ-
O

2’
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(g) Hζ-O2′

 1.76

 1.78

 1.8

 1.82

 1.84

 1.86

 1.88

 1.9

 1.92

 1.94

r(
H

ζ-
O

1P
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(h) Hζ-O1P

 1.6

 1.8

 2

 2.2

 2.4

 2.6

 2.8

r(
H

ε 2
-O

2P
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(i) Hǫ2-O2P

 1.8

 2

 2.2

 2.4

 2.6

 2.8

 3

r(
H

δ 1
-O

5’
)

-1 -0.5  0  0.5  1  1.5  2
(Nε2-Hε2) - (Hε2-O2’)

-1.5

-1

-0.5

 0

 0.5

 1

(N
δ 1

-H
δ 1

) 
- 

(H
δ 1

-O
2P

)

(j) Hδ1-O5′

Figure D.4: Some important distances of the QM part for Ra = (NǫHis12
2 −

HǫHis12
2 )−(HǫHis12

2 −O2′) and Rb = (NδHis119
1 −HδHis119

1 )−(HδHis119
1 −O2P )

reaction coordinates in the transphosphorylation step. All distances are in Å.
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Figure D.5: Representation of some important distances of the QM part for Ra =
(NǫHis12

2 −HǫHis12
2 ) − (HǫHis12

2 −O2′) and Rb = (NδHis119
1 −HδHis119

1 ) −
(HδHis119

1 − O3T ) reaction coordinates in the hydrolysis step. All the distances
are in Å.
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Figure D.6: Some important distances of the QM part for the combination of
R1 = (NǫHis12

2 − HǫHis12
2 ) − (HǫHis12

2 − O2′) and R2 = (NζLys41 −
HζLys41) − (HζLys41 − O2′) reaction coordinates in the hydrolysis step. All
distances are in Å.
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